KAPLAN)

- MEDICAL

USMLE Step 1

Physiology

Lecture Notes

*USMLE™ is a joint program of the Federation of Sia= . =dica Boards of the United States, Inc. and the National Board of Medical Examiners.



KAPLAN)

MEDICAL

USMLE Step 1

Physiology

Lecture Notes

BK4030J *USMLE™ is a joint program of the Federation of State Medical Boards of the United States and the National Board of Medical Examiners.



©2013 Kaplan, Inc.

All rights reserved. No part of this book may be reproduced in any form, by photostat,
microfilm, xerography or any other mcans, or incorporated into any information retrieval
system, electronic or mechanical, without the written permission of Kaplan, Inc.

Not for resale.



Authors
L. Britt Wilson, Ph.D.

Associate Professor
Department of Pharmacology, Physiology, and Neuroscience
University of South Carolina School of Medicine
Columbia, SC

Raj Dasgupta M.D., EA.C.P,, EC.C.P.
Assistant Professor of Clinical Medicine
Department of Medicine, Division of Pulmonary, Critical Care and Sleep Medicine
Keck School of Medicine of USC, University of Southern California
Los Angeles, CA

Conrad Fischer, M.D.
Associate Professor of Medicine
Associate Professor of Physiology
Associate Professor of Pharmacology
Touro College of Medicine
New York, NY

Frank P. Noto, M.D.
Assistant Professor of Internal Medicine
Site Director, Internal Medicine Clerkship and Sub-Internship
Icahn School of Medicine at Mount Sinai
New York, NY

Hospitalist
Elmhurst Hospital Center
Queens, NY

Contributors

Wazir Kudrath, M.D.
Kaplan Faculty

Chris Paras, D.O.
Kaplan Faculty






Preface. . ..o e

Section I: Fluid Distribution and Edema

Chapter 1: Fluid Distributionand Edema ......................

Section ll: Excitable Tissue

Chapter 1: lonic Equilibrium and Resting Membrane Potential. . . . .
Chapter 2: The Neuron Action Potential and Synaptic Transmission. . .

Chapter 3: Electrical Activity of the Heart ......................

Section lll: Skeletal Muscle

Chapter 1: Excitation-Contraction Coupling ....................

Chapter 2: Skeletal Muscle Mechanics. ........................

Section IV: Cardiac Muscle Mechanics

Chapter 1: Cardiac Muscle Mechanics. ........................

Section V: Peripheral Circulation

Chapter 1: General Aspects of the Cardiovascular System .........

Chapter 2: Regulation of Blood Flow and Pressure . ..............

Section VI: Cardiac Cycle and Valvular Heart Disease

Chapter 1: Cardiac Cycle and Valvular Heart Disease ............

Section VII: Respiration

Chapter 1: Lung Mechanics ...................cooviiinn...
Chapter 2: Alveolar-Blood Gas Exchange ......................
Chapter 3: Transport of 0, and CO, and the Regulation of Ventilation . .

Chapter 4: Causes and Evaluation of Hypoxemia................

Contents

KAPLAN) MEDICAL

v




vi

IKAPLAN) MEDICAL

. Section VIlI: Renal Physiology

Chapter 1: Renal Structure and Glomerular Filtration ............... 193
Chapter 2: Solute Transport: Reabsorption and Secretion........... 207
Chapter 3: Clinical Estimation of GFR and Patterns of Clearance. ... . 219

Chapter 4: Regional Transport .. ...............coiiiiiiin.... 225

Section IX: Acid-Base Disturbances

Chapter 1: Acid-Base Disturbances ....................ccvenent 243

Section X: Endocrinology

Chapter 1: General Aspects of the Endocrine System .............. 259
Chapter 2: Hypothalamic-Anterior Pituitary System................ 265
Chapter 3: Posterior Pituitary . . ................coiiiiiiinan.n. 269
Chapter 4: Adrenal Cortex ...........cooviiiieieneiaiiineaan.., 277
Chapter 5: Adrenal Medulla.....................oooiiiiin... 305
Chapter 6: Endocrine Pancreas ...............cccovvvvivninen... 309
Chapter 7: Hormonal Control of Calcium and Phosphate............ 325
Chapter 8: Thyroid Hormones . ...............ccovvviinininnn... 337
Chapter 9: Growth, Growth Hormone and Puberty................ 353
Chapter 10: Male Reproductive System.......................... 359
Chapter 11: Female Reproductive System........................ 367

Section Xl: Gastrointestinal Physiology

Chapter 1: Gastrointestinal Physiology .......................... 387



Preface

These 7 volumes of Lecture Notes represent the most-likely-to-be-tested material on :
the current USMLE Step 1 exam. Please note that these are Lecture Notes, not re- :
view books. The Notes were designed to be accompanied by faculty lectures—live,on :
video, or on the web. Reading them without accessing the accompanying lectures is

not an effective way to review for the USMLE.

To maximize the effectiveness of these Notes, annotate them as you listen to lectures. :
To facilitate this process, we've created wide, blank margins. While these margins are :
occasionally punctuated by faculty high-yield “margin notes,” they are, for the most :

part, left blank for your notations.

Many students find that previewing the Notes prior to the lecture is a very effective :
way to prepare for class. This allows you to anticipate the areas where you'll need to
pay particular attention. It also affords you the opportunity to map out how the in- :
formation is going to be presented and what sort of study aids (charts, diagrams, etc.) :
you might want to add. This strategy works regardless of whether you're attending a

live lecture or watching one on video or the web.

Finally, we want to hear what you think. What do you like about the Notes? What could
be improved? Please share your feedback by e-mailing us at medfeedback@kaplan.com. :

Thank you for joining Kaplan Medical, and best of luck on your Step 1 exam!

Kaplan Medical
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Fluid Distribution and Edema

DISTRIBUTION OF FLUIDS WITHIN THE BODY

Total Body Water
o Intracellular fluid (ICF): approximately 2/3 of total of body water
o Extracellular fluid (ECF): approximately 1/3 of total body water
o Interstitial fluid (ISF): approximately 3/4 of the extracellular fluid
e Plasma volume (PV): approximately 1/4 of the extracellular fluid

e Vascular compartment: contains the blood volume which is plasma and
the cellular elements of blood, primarily red blood cells

It is important to remember that membranes can serve as barriers. The 2 impor-
tant membranes are illustrated in Figure I-1-1. The cell membrane is a relative :
barrier for Na*, while the capillary membrane is a barrier for plasma proteins.

ICF ECF
¥
i
'
: Solid-line division represents
e cell membrane
ISF  (aseuie s
; volume Dashed line division represents
: : capillary membranes
i
'
Figure I-1-1.

Osmosis

The distribution of fluid is determined by the osmotic movement of water. Os-
mosis is the diffusion of water across a semipermeable or selectively permeable :
membrane. Water diffuses from a region of higher water concentration to a re-
gion of lower water concentration. The concentration of water in a solution is :
determined by the concentration of solute. The greater the solute concentration '
is, the lower the water concentration will be. :

The osmotic properties are defined by:
e Osmolarity:
mOsm (milliosmoles)/L = concentration of particles per liter of solution
e Osmolality: :

mOsm/kg = concentration of particles per kg of solvent (water being
the germane one for physiology/medicine)

IKAPLAN) MEDICAL 3
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Note

The value provided for chloride is the
one most commonly used, but it can
vary depending upon the lab.

Ranges:

Na*: 136-145 mEq/L
K*:3.5-5.0 mEq/L

Cl: 100-106 mEq/L

HCO,™: 22-26 mEq/L

BUN: 8-25 mg/dl

Cr (creatinine): 0.8—1.2 mg/dl

Glucose: 60—100 mg/dl

4 KAPLAN) MEDICAL

i Itis the number of particles that is crucial. The basic principles are demonstrated
i in Figure I-1-2.

Figure I-1-2.

© This figure shows 2 compartments separated by a membrane that is permeable to
i water but not to solute. Side B has the greater concentration of solute (circles) and
¢ thus a lower water concentration than side A. As a result, water diffuses from A to
i B, and the height of column B rises, and that of A falls.

i Effective osmole: If a solute doesn’t easily cross a membrane, then it is an “effec-
: tive” osmole for that compartment. In other words, it creates an osmotic force for
i water. For example, plasma proteins do not easily cross the capillary membrane
. and thus serve as effective osmoles for the vascular compartment. Sodium does
: not easily penetrate the cell membrane, but it does cross the capillary membrane,
i thus it is an effective osmole for the extracellular compartment.

Extracellular Solutes

. The figure below represents a basic metabolic profile/panel (BMP). These are the
{ common labs provided from a basic blood draw. The same figure to the right
i represents the normal values corresponding to the solutes. Standardized exams
: provide normal values and thus knowing these numbers is not required. How-
i ever, knowing them can be useful with respect to efficiency of time.

[Na*] [CIH] | BUN 140 | 104 | 15
/Glucose /80
[K*] | [HCO,] Cr \ 4 | 24 | 1 \

Figure I-1-3.
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Osmolar Gap

The osmolar gap is defined as the difference between the measured osmolality
and the estimated osmolality using the equation below. Using the data from the
BMP, we can estimate the extracellular osmolality using the following formula:

glucose mg % urea mg %

ECF Effective osmolality = 2(Na*) mEq/L + 13 —mz

The basis of this calculation is:
e Na™ is the most abundant osmole of the extracellular space.

e Na' is doubled because it is a positive charge and thus for every positive
charge there is a negative charge, chloride being the most abundant, but
not the only one.

e The 18 and 2.8 are converting glucose and BUN into their respective
osmolarities (note: their units of measurement are gm/dl).

e Determining the osmolar gap aids in narrowing the differential diagno-
sis. While many things can elevate the osmolar gap, some of the more
common are: ethanol, methanol, ethylene glycol, acetone, and mannitol.
Thus, an inebriated patient has an elevated osmolar gap.

Graphical Representation of Body Compartments

It is important to understand how body osmolality and the intracellular and ex- :
tracellular volumes change in clinically relevant situations. Figure I-1-4 is one way
to present this information. The y axis is solute concentration or osmolality. The x
axis is the volume of intracellular (2/3) and extracellular (1/3) fluid. :

If the solid line represents the control state, the dashed lines show a decrease in
osmolality and extracellular volume but an increase in intracellular volume.

Concentration of Solute

Volume Volume

Figure I-1-4. Darrow-Yannet Diagram

o Extracellular volume
When there is a net gain of fluid by the body, this compartment always
enlarges. A net loss of body fluid decreases extracellular volume.

e Concentration of solutes

This is equivalent to body osmolality. At steady-state, the intracellular
concentration of water equals the extracellular concentration of water
(cell membrane is not a barrier for water). Thus, the intracellular and
extracellular osmolalities are the same.

IKAPLAN) MEDICAL 5
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e Intracellular volume

This varies with the effective osmolality of the extracellular compart-
ment. Solutes and fluids enter and leave the extracellular compartment
first (sweating, diarrhea, fluid resuscitation, etc.). Intracellular volume is
only altered if extracellular osmolality changes.

e If ECF osmolality increases, cells lose water and shrink. If ECF osmolal-
ity decreases, cells gain water and swell.

i Below are 6 Darrow-Yannet diagrams illustrating changes in volume and/or os-
i molality. You are encouraged to examine the alterations and try to determine
i what occurred and how it could have occurred. Use the following to approach
i these alterations (answers provided on subsequent pages):

i Does the change represent net water and/or solute gain or loss?

{ Indicate various ways in which this is likely to occur from a clinical perspective,
. i.e, the patient is hemorrhaging, drinking water, consuming excess salt, etc.

Changes in volume and concentration (dashed lines)

Figure I-1-5.

PSR

iy N A

Figure I-1-6.
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Figure I-1-7.

Figure I-1-8.

Figure I-1-9.

Figure I-1-10.

KAPLAN) MEDICAL 7
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: Explanations

i Figure I-1-5: Patient shows loss of extracellular volume with no change in osmo-
¢ lality. Since extracellular osmolality is the same, then intracellular volume is un-
i changed. This represents an isotonic fluid loss (equal loss of fluid and osmoles).
. Possible causes are hemorrhage, isotonic urine, or the immediate consequences
i of diarrhea or vomiting.

: FigureI-1-6: Patientshows loss of extracellular and intracellular volume with rise in
i osmolality. This represents a netloss of water (greater loss of water than osmoles).
i Possiblecausesare inadequate water intake or sweating. Pathologically, this could be
: hypotonic water loss from the urine resulting from diabetes insipidus.

i Figure I-1-7: Patient shows gain of extracellular volume, increase in osmolal-
. ity, and a decrease in intracellular volume. The rise in osmolality shifted water
{ out of the cell. This represents a net gain of solute (increase in osmoles greater
i than increase in water). Possible causes are ingestion of salt, hypertonic infusion
: of solutes that distribute extracellularly (saline, mannitol), or hypertonic infu-
i sion of colloids. Colloids, e.g. dextran, don’t readily cross the capillary membrane
. and thus expand the vascular compartment only (vascular is part of extracellular
i compartment).

: Figure I-1-8: Patient shows increase in extracellular and intracellular volumes
: with a decrease in osmolality. The fall in osmolality shifted water into the cell.
i Thus, this represents net gain of water (more water than osmoles). Possible
: causes are drinking significant quantities of water (could be pathologic primary
: polydipsia), drinking significant quantities of a hypotonic fluid, or a hypotonic
i fluid infusion (saline, dextrose in water). Pathologically this could be abnormal
i water retention such as that which occurs with syndrome of inappropriate ADH.

: Figure I-1-9: Patient shows increase in extracellular volume with no change in
: osmolality or intracellular volume. Since extracellular osmolality didn’t change,
¢ then intracellular volume is unaffected. This represents a net gain of isotonic
i fluid (equal increase fluid and osmoles). Possible causes are isotonic fluid infu-
: sion (saline), drinking significant quantities of an isotonic fluid, or infusion of
{ an isotonic colloid. Pathologically this could be the result of excess aldosterone.
i Aldosterone is a steroid hormone that causes Na* retention by the kidney. At first
: glance one would predict excess Na* retention by aldosterone would increase the
i concentration of Na* in the extracellular compartment. However, this is rarely
. the case because water follows Na*, and even though the total body mass of Na*
i increases, its concentration doesn't.

: Figure I-1-10: Patient shows decrease in extracellular volume and osmolality
¢ with an increase in intracellular volume. The rise in intracellular volume is the
i result of the decreased osmolality. This represents a net loss of hypertonic fluid
: (more osmoles lost than fluid). The only cause to consider is the pathologic state
i of adrenal insufficiency. Lack of mineralcorticoids, e.g., aldosterone causes excess
: Na* loss.
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Table I-1-1. Summary of Volume Changes and Body Osmolarity Following
Changes in Body Hydration

ECF Body ICF D-Y
Volume Osmolarity Volume Diagram

Loss of isotonic fluid { no change no change

Hemorrhage
Diarrhea
Vomiting

Gain of isotonic fluid ) no change no change

Isotonic saline

Gain of hypertonic fluid ¥ i l
Hypertonic saline

Hypertonic mannitol

ECF = extracellular fluid; ICF = intracellular fluid; D-Y = Darrow-Yannet

REVIEW AND INTEGRATION

Although the following is covered in more detail later in this book (Renal and
Endocrine sections), let’s review 2 important hormones involved in volume regu-
lation: aldosterone and anti-diuretic hormone (ADH), also known as arginine va-

sopressin (AVP).

Aldosterone

One of the fundamental functions of aldosterone is to increase sodium reabsorp- |
tion in principal cells of the kidney. This reabsorption of sodium plays a key role :
in regulating extracellular volume. Aldosterone also plays an important role in i
regulating plasma potassium and increases the secretion of this ion in principal |

cells. The 2 primary factors that stimulate aldosterone release are:
e Plasma angiotensin II (Ang II)

e Plasma K*

KAPLAN) MEDICAL

9




Section | ¢ Fluid Distribution and Edema

10

IKAPLAN) MEDICAL

. ADH (AVP)

i ADH stimulates water reabsorption in principal cells of the kidney via the V, recep-
i tor. By regulating water, ADH plays a pivotal role in regulating extracellular osmo-
i lality. In addition, ADH vasoconstricts arterioles (V, receptor) and thus can serve as
i a hormonal regulator of vascular tone. The 2 primary regulators of ADH are:

e Plasma osmolality (directly related): an increase stimulates, while a
decrease inhibits

e Blood pressure/volume (inversely related): an increase inhibits, while a
decrease stimulates

: Renin

. Although renin is an enzyme, not a hormone, it is important in this discussion
i because it catalyzes the conversion of angiotensinogen to angiotensin I, which
. in turn is converted to Ang II by angiotensin converting enzyme (ACE). This is
: the renin-angiotensin-aldosterone system (RAAS). The 3 primary regulators of
i renin are:

e Perfusion pressure to the kidney (inversely related): an increase inhibits,
while a decrease stimulates

e Sympathetic stimulation to the kidney (direct effect via B-1 receptors)

e Nat delivery to the macula densa (inversely related): an increase inhib-
its, while a decrease stimulates

. Negative Feedback Regulation

: Examining the function and regulation of these hormones one should see the
. feedback regulation. For example, aldosterone increases sodium reabsorption,
: which in turn increases extracellular volume. Renin is stimulated by reduced
i blood pressure (perfusion pressure to the kidney; reflex sympathetic stimula-
i tion). Thus, aldosterone is released as a means to compensate for the fall in arte-

i rial blood pressure. As indicated, these hormones are covered in more detail later
i in this book.

. Application

: Given the above, you are encouraged to review the previous Darrow-Yannet dia-
i grams and predict what would happen to levels of each hormone in the various
: conditions. Answers are provided below.

Figure I-1-5: Loss of extracellular volume stimulates RAAS and ADH.

Figure I-1-6: Decreased extracellular volume stimulates RAAS. This drop in
i extracellular volume stimulates ADH, as does the rise osmolarity. This setting
¢ would be a strong stimulus for ADH.

. Figure I-1-7: The rise in extracellular volume inhibits RAAS. Itis difficult to pre-
¢ dict what will happen to ADH in this setting. The rise in extracellular volume
. inhibits, but the rise in osmolality stimulates, thus it will depend upon the mag-
. nitude of the changes. In general, osmolality is a more important factor, but sig-
: nificant changes in vascular volume/pressure can exert profound effects.
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Figure I-1-8: The rise in extracellular volume inhibits RAAS and ADH. In addi- !

tion, the fall in osmolality inhibits ADH.

Figure I-1-9: The rise in extracellular volume inhibits both.

Figure I-1-10: Although the only cause to consider is adrenal insufficiency, if this
scenario were to occur, then the drop in extracellular volume stimulates RAAS. It
is difficult to predict what happens to ADH in this setting. The drop in extracel- :
lular volume stimulates, but the fall in osmolality inhibits, thus it depends upon

the magnitude of the changes.’

MICROCIRCULATION

Filtration and Absorption

Fluid flux across the capillary is governed by the 2 fundamental forces that cause

water flow:
e Hydrostatic, which is simply the pressure of the fluid

e Osmotic (oncotic) forces, which represents the osmotic force created by
solutes that don’t cross the membrane (discussed earlier in this section)

Each of these forces exists on both sides of the membrane. Filtration is defined as
the movement of fluid from the plasma into the interstitium, while absorption is :
movement of fluid from the interstitium into the plasma. The interplay between :

these forces is illustrated in Figure I-1-11.

Filtration(+)

interstitium

Capillary{ u - ‘vblsorption(—)

Figure I-1-11. Starling Forces

Forces for filtration
P = hydrostatic pressure (blood pressure) in the capillary

This is directly related to:
e Blood flow (regulated at the arteriole)
e Venous pressure
e Blood volume

Ty = oncotic (osmotic) force in the interstitium
e This is determined by the concentration of protein in the interstitial
fluid.
e Normally the small amount of protein that leaks to the interstitium is
minor and is removed by the lymphatics.
e Thus, under most conditions this is not an important factor influencing
the exchange of fluid.

P = Hydrostatic pressure

= Osmotic (oncotic) pressure
(mainly proteins)

KKAPLAN) MEDICAL
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Qf = fluid movement

k = filtration coefficient

12 IKAPLAN) MEDICAL

: Forces for absorption
: . = oncotic (osmotic) pressure of plasma

o This is the oncotic pressure of plasma solutes that cannot diffuse across
the capillary membrane, i.e., the plasma proteins.

e Albumin, synthesized in the liver, is the most abundant plasma protein
and thus the biggest contributor to this force.

P = hydrostatic pressure in the interstitium

e This pressure is difficult to determine.

e In most cases it is close to zero or negative (subatmospheric) and is not
a significant factor affecting filtration versus reabsorption.

e However, it can become significant if edema is present or it can affect

glomerular filtration in the kidney (pressure in Bowman’s space is anal-
ogous to interstitial pressure).

. Starling Equation
© These 4 forces are often referred to as Starling forces. Grouping the forces into those

i that favor filtration and those that oppose it, and taking into account the properties
i of the barrier to filtration, the formula for fluid exchange is the following:

Qf=k [(P, + T) - (P + 7))

¢ The filtration coefficient depends upon a number of factors but for our purposes
: permeability is most important. As indicated below, a variety of factors can increase
i permeability of the capillary resulting in a large flux of fluid from the capillary into
¢ the interstitial space.

i A positive value of Qf indicates net filtration; a negative value indicates net ab-
: sorption. In some tissues (e.g., renal glomerulus), filtration occurs along the entire
¢ length of the capillary; in others (intestinal mucosa), absorption normally occurs
: along the whole length. In other tissues, filtration may occur at the proximal end
¢ until the forces equilibrate.

Lymphatics
: The lympbhatics play a pivotal role in maintaining a low interstitial fluid volume
: and protein content. Lymphatic flow is directly proportional to interstitial fluid
. pressure, thus a rise in this pressure promotes fluid movement out of the intersti-

i tium via the lymphatics.

i The lymphatics also remove proteins from the interstitium. Recall that the
: lymphatics return their fluid and protein content to the general circulation by
i coalescing into the lymphatic ducts, which in turn empty into to the subcla-
i vian veins.
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Questions
1. Given the following values, calculate a net pressure:
P-.=25mm Hg
Pip=2 mm Hg
T =20 mm Hg
T =1 mm Hg

2. Calculate a net pressure if the interstitial hydrostatic pressure is -2 mm Hg.

Answers
1. +4 mm Hg
2. +8 mm Hg

EDEMA (PATHOLOGY INTEGRATION)

Edema is the accumulation of fluid in the interstitial space. It expresses itself in
peripheral tissues in 2 different forms: ]

e Pitting edema: In this type of edema, pressing the affected area with a :
finger or thumb results in a visual indentation of the skin that persists for :
some time after the digit is removed. This is the “classic,” most common :
type observed clinically. It generally responds well to diuretic therapy.

e Non-pitting edema: As the name implies, a persistent visual indentation
is absent when pressing the affected area. This occurs when interstitial
oncotic forces are elevated (proteins for example). This type of edema
does not respond well to diuretic therapy.

Primary Causes of Peripheral Edema

Significant alterations in the Starling forces which then tip the balance toward
filtration, increase capillary permeability (k), and/or interrupted lymphatic :
function can result in edema. Thus: '

o Increased capillary hydrostatic pressure (P): causes can include the
following:

— Marked increase in blood flow, e.g., vasodilation in a given vascular bed
— Increasing venous pressure, e.g., venous obstruction or heart failure

— Elevated blood volume (typically the result of Na™ retention),
e.g., heart failure

o Increased interstitial oncotic pressure (1) primary cause is thyroid
dysfunction (elevated mucopolysaccharides in the interstitium)

— These act as osmotic agents resulting in fluid accumulation and a
non-pitting edema. Lymphedema (see below) can also increase 7.

e Decreased vascular oncotic pressure (T): causes can include the following:
— Liver failure

— Nephrotic syndrome

IKAPLAN) MEDICAL
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o Increased capillary permeability (k): Circulating agents, e.g., tumor
necrosis factor alpha (TNF-alpha), bradykinin, histamine, cytokines
related to burn trauma, etc., increase fluid (and possibly protein) filtra-
tion resulting in edema.

e Lymphatic obstruction/removal (lymphedema): causes can include the
following:

Filarial (W. bancrofti—elephantitis)
Bacterial lymphangitis (streptococci)
Trauma

Surgery

Tumor

Given that one function of the lymphatics is to clear interstitial proteins,
lymphedema can produce a non-pitting edema because of the rise in 7,

. Pulmonary Edema

i Edema in the interstitium of the lung can result in grave consequences. It can in-
. terfere with gas exchange, thus causing hypoxemia and hypercapnia (see Respira-
: tion section). A low hydrostatic pressure in pulmonary capillaries and lymphatic
i drainage helps “protect” the lungs against edema. However, similar to peripheral
i edema, alterations in Starling forces, capillary permeability, and/or lymphatic
i blockage can result in pulmonary edema. The most common causes relate to el-
i evated capillary hydrostatic pressure and increased capillary permeability.

e Cardiogenic (elevated P)

Most common form of pulmonary edema

Increased left atrial pressure, increases venous pressure, which in turn
increases capillary pressure

Initially increased lymph flow reduces interstitial proteins and is pro-
tective

First patient sign is often orthopnea (dyspnea when supine), which
can be relieved when sitting upright

Elevated pulmonary wedge pressure provides confirmation

Treatment: reduce left atrial pressure, e.g., diuretic therapy

e Non-cardiogenic (increased permeability): adult respiratory distress
syndrome (ARDS)

Due to direct injury of the alveolar epithelium or after a primary
injury to the capillary endothelium

Clinical signs are severe dyspnea of rapid onset, hypoxemia, and dif-
fuse pulmonary infiltrates leading to respiratory failure

Most common causes are sepsis, bacterial pneumonia, trauma, and
gastric aspirations

Fluid accumulation as a result of the loss of epithelial integrity

Presence of protein-containing fluid in the alveoli inactivates surfac-
tant causing reduced lung compliance

Pulmonary wedge pressure is normal or low
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VOLUME MEASUREMENT OF COMPARTMENTS

To measure the volume of a body compartment, a tracer substance mustbe easily :
measured, well distributed within that compartment, and not rapidly metabo-
lized or removed from that compartment. In this situation, the volume of the
compartment can be calculated by using the following relationship: :

A V = volume of the compartment to
V& < i | be measured
: | C=concentration of tracer in the
For example, 300 mg of a dye is injected intravenously; at equilibrium, the con- | | compartment to be measured
centration in the blood is 0.05 mg/mL. The volume of the compartment that :
300 mg : | A=amount of tracer
contained the dye is volume = ——————=6,000 mL.
0.05 mg/mL

This is called the volume of distribution (VOD).

Properties of the tracer and compartment measured

Tracers are generally introduced into the vascular compartment, and they dis-
tribute throughout body water until they reach a barrier they cannot penetrate.
The 2 major barriers encountered are capillary membranes and cell mem- :
branes. Thus, tracer characteristics for the measurement of the various compart-
ments are as follows: :

e Plasma: tracer not permeable to capillary membranes, e.g., albumin

e ECEF: tracer permeable to capillary membranes but not cell membranes,
e.g., inulin, mannitol, sodium, sucrose

o Total body water: tracer permeable to capillary and cell membranes,
e.g., tritiated water, urea

Blood Volume versus Plasma Volume

Blood volume represents the plasma volume plus the volume of RBCs, which is
usually expressed as hematocrit (fractional concentration of RBCs).

The following formula can be utilized to convert plasma volume to blood volume:

plasma volume

Blood volume ="y o atocrit

For example, if the hematocrit is 50% (0.50) and plasma volume = 3 L, then:
3L
Blood volume = 7= =61L

If the hematocrit is 0.5 (or 50%), the blood is half RBCs and half plasma. There-
fore, blood volume is double the plasma volume. 5

Blood volume can be estimated by taking 7% of the body weight in kgs. For
example, a 70 kg individual has an approximate blood volume of 5.0 L. :

KAPLAN) MEDICAL 15
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¢ The distribution of intravenously administered fluids is as follows:
b e Vascular compartment: whole blood, plasma, dextran in saline
e ECEF: saline, mannitol
e Total body water: DSW-5% dextrose in water
— Once the glucose is metabolized, the water distributes 2/3 ICF, 1/3 ECF

Chapter Summary
e ECF/ICF fluid distribution is determined by osmotic forces.

e ECF sodium creates most of the ECF osmotic force because it is the most
prevalent dissolved substance in the ECF that does not penetrate the cell
membrane easily.

e The BMP represents the plasma levels of 7 important solutes and is a
commonly obtained plasma sample.

e If ECF sodium concentration increases, ICF volume decreases. If ECF sodium
concentration decreases, ICF volume increases. Normal extracellular
osmolality is about 290 mOsm/kg (osmolarity of 290 mOsm/L).

e Vascular/interstitial fluid distribution is determined by osmotic and
hydrostatic forces (Starling forces).

e The main factor promoting filtration is capillary hydrostatic pressure.
e The main factor promoting absorption is the plasma protein osmotic force.

e Pitting edema is the result of altered Starling forces and/or lymphatic
obstruction.

e Non-pitting edema results from lymphatic obstruction and/or the
accumulation of osmotically active solutes in the interstitial space (thyroid).

e Pulmonary edema can be cardiogenic (pressure induced) or non-cardiogenic
(permeability induced).
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SECTION I I

Excitable Tissue







lonic Equilibrium and
Resting Membrane Potential

OVERVIEW OF EXCITABLE TISSUE

Figure II-1-1 provides a basic picture of excitable cells and the relative concentra-
tion of key electrolytes inside versus outside the cell. The intracellular proteins
have a negative charge.

In order to understand and apply what governs the conductance of ions as it
relates to the function of excitable tissue (nerves and muscle), it is important to
remember this relative difference in concentrations for these ions. In addition, it
is imperative to understand the following 5 key principles.

1. Membrane potential (E_)

e There is a separation of charge across the membrane of excitability tis-
sue at rest. This separation of charge means there is the potential to do
work and is measured in volts. Thus, E_, represents the measured value.

2. Electrochemical gradient

e Ions diffuse based upon chemical (concentration) gradients (high to
low) and electrical gradients (like charges repel, opposites attract).
Electrochemical gradient indicates the combination of these 2 forces.

3. Equilibrium potential
e This is the membrane potential that puts an ion in electrochemical equi-
librium, i.e., the membrane potential that results in no NET diffusion
of an ion. If reached, the tendency for an ion to diffuse in one direction
based upon the chemical gradient is countered by the electrical force in
the opposite direction. The equilibrium potential for any ion can be cal-
culated by the Nernst equation (see below).

4. Conductance (g)

e Conductance refers to the flow of an ion across the cell membrane. Ions
move across the membrane via channels (see below). Open/closed states
of channels determine the relative permeability of the membrane to a
given ion and thus the conductance. Open states create high permeabil-
ity and conductance, while closed states result in low permeability and
conductance.

5. Net force (driving force)

e This indicates the relative “force” driving the diffusion of an ion. It is
estimated by subtracting the ions equilibrium potential from the cell’s
membrane potential. In short, it quantitates how far a given ion is from
equilibrium at any membrane potential.
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[Na*]-High [CIH~-High

[Ca2+]—High . [K*]-Low

*free cytosolic
concentration

Figure II-1-1. Basic Schematic of an Excitable Cell

. ION CHANNELS
i Tons diffuse across the membrane via ion channels. There are 3 basic types of ion
i channels (Figure II-1-2).

Ungated (leak)

e Always open
e Direction the ion moves depends upon electrochemical forces

e Important for determining resting membrane potential of a cell

Voltage-gated

e Open/closed state is determined primarily by membrane potential
(voltage)

e Change in membrane potential may open or close the channel

Ligand-gated

e Channel contains a receptor

e State of the channel (open or closed) is influenced by the binding of a
ligand to the receptor

e Under most circumstances, the binding of the ligand opens the channel
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Gate: open/closed fRecI:epto(;
state dependent on or ligan
voltage
Extracellular
Cytosol - j i ij ::!EEEEES
Ungated (leak) Voltage-gated Ligand-gated

Figure lI-1-2. Classes of lon Channels

NMDA Receptor (Exception to the Rule)

Above, we defined the 3 basic classes into which ion channels fall. The NMDA
(N-methyl-D-aspartic acid) is an exception because it is both voltage- and k- :

gand-gated.
Na+ , Ca*
Receptor for Receptor for
ligand ligand
Mg2+ :
K+

E,, is more negative than E, is less negative than

~—70 mV, thus channel is ~—70 mV, thus Mg?*block

blocked by Mg?*. is removed and ligand

binding opens.

Figure lI-1-3. NMDA Receptor

Voltage-gated

e The pore of the NMDA receptor is blocked by Mg?* if E_ is more nega-
tive than ~ —=70 mV.

e This Mg?* block is removed if E_ becomes less negative than ~ —70 mV.

e Thus, the NMDA receptor exhibits characteristics of a voltage-gated
channel.

KKAPLAN) MEDICAL
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Ey+ = equilibrium potential

[X*], = concentration outside
(extracellular)

[X*]; = concentration inside
(intracellular)

Z = value of the charge
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i Ligand-gated
i Glutamate and aspartate are the endogenous ligands for this receptor. Binding of

: one of the ligands is required to open the channel, thus it exhibits characteristics
: of aligand-gated channel.

e IfE_ is more negative than ~ —70 mV, binding of the ligand does not
open the channel (Mg?* block related to voltage prevents).

e IfE_ is less negative than ~ =70 mV, binding of the ligand opens the
channel (even though no Mg?* block at this E_, channel will not open
without ligand binding).

The NMDA receptor is a non-selective cation channel (Na*, K*, and Ca?* flux
i through it). Thus, opening of this channel results in depolarization. Although the
: NMDA receptor is likely involved in a variety of functions, the 2 most important
{ are (1) memory and (2) pain transmission. With respect to memory, NMDA has
: been shown to be involved in long-term potentiation of cells, thought to be an
¢ important component of memory formation. With respect to pain transmission,
i NMDA is expressed throughout the CNS and has been proven in numerous stud-
i ies to play a pivotal role in the transmission and ultimate perception of pain.

EQUILIBRIUM POTENTIAL

: Equilibrium potential is the membrane potential that puts an ion in electro-
i chemical equilibrium, and it can be calculated using the Nernst equation. This
i equation computes the equilibrium potential for any ion based upon the con-
{ centration gradient.

60 (X',
EX+ = 7 loglo —[X+]i

Key points regarding the Nernst equation:

e The ion always diffuses in a direction that brings the E_ toward its equi-
librium.

e The overall conductance of the ion is directly proportional to the net
force and the permeability (determined by ion channel state) of the
membrane for the ion.

e The E_ moves toward the Ey of the most permeable ion.

e The number of ions that actually move across the membrane is neg-
ligible. Thus, opening of ion channels does not alter intracellular or
extracellular concentrations of ions under normal circumstances.

. Approximate Equilibrium Potentials for the Important lons
It is difficult to measure the intracellular concentration of the important electrolytes,
i thus equilibrium potentials for these ions will vary some across the various referenc-
i es. The following representreasonable equilibrium potentials for the key electrolytes:

Eg, ~-95mV Ey,, ~ +70 mV

Eg, ~ -76 mV Ec,,, ~ +125mV
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Definitions :
In depolarization, E_ becomes less negative (moves toward zero). In hyperpo-
larization, E_ becomes more negative (further from zero). :

Resting Membrane Potential

Potassium (K*)

There is marked variability in the resting membrane potential (1E ) for excitable
tissues, but the following generalizations are applicable. :
e 1E_ for nerves is ~ -70 mV while rE__ for striated muscle is ~ —90 mV.

e Excitable tissue has a considerable number of leak channels for K*, but :
not for CI-, Na*, or Ca?*. Thus, K* conductance (g) is high in resting cells.

e Because of this high conductance, rE_ is altered in the following ways .
by changes in the extracellular concentration of K*:

— Hyperkalemia depolarizes the cell. If acute, excitability of nerves is
increased (nerve is closer to threshold for an action potential) and
heart arrhythmias may occur.

— Hypokalemia hyperpolarizes the cell. This decreases the excitability
of nerves (further from threshold) and heart arrhythmias may occur.

Tk K* leak YK K+ leak

Hyperkalemia: Depolarizes Hypokalemia: Hyperpolarizes

Figure lI-1-3. Effect of Changes in Extracellular K* on Resting Membrane Potential

Altering the g for K* has the following effects:

e Increasing g causes K* to leave the cell, resulting in hyperpolarization of
the cell. Recall that increasing g for an ion causes the E_ to move toward
the equilibrium potential for that ion. Thus, the cell will move from -70
mV toward -95 mV.

e Decreasing g depolarizes the cell (cell moves away from K* equilibrium).
This applies to K* because of its high resting g. :

IKAPLAN) MEDICAL 23




Section Il ¢ Excitable Tissue

24

. The Na*/K* ATPase

i Although the cell membrane is relatively impermeable to Na*, it is not completely
: impervious to it. Thus, some Na* does leak into excitable cells. This Na* leak into
i the cells is counterbalanced by pumping it back out via the Na*/K* ATPase (Fig-
i urell-1-6). Important attributes of this pump are:

Intracellular Extracellular

Na Leak

4‘---""

e """
K Pump

K Diffusion ssssssssissss=ad>

Figure lI-1-6. Steady-State Resting Relationship between
lon Diffusion and Na/K-ATPase Pump

e The stoichiometry is 3 Na* out, 2 K* in. This means the pump is elec-
trogenic because more positive charges are removed from inside the cell
than are replaced. This helps maintain a negative charge inside the cell.

e Three solutes are pumped out in exchange for 2 solutes. This causes a
net flux of water out of the cell. This pump is important for volume
regulation of excitable tissue.

. Chloride (C1)
: e Cl gislow at rest. Thus, decreasing g or changing the extracellular

concentration has minimal effect on rE 5

e Assuming rE_ is -70 mV, increasing CI~ g hyperpolarizes the cell
(Em moves toward equilibrium for CI~, which is -76 mV, see also
Figure II-1-4).

e IfrE_ is -80 mV or more negative, increasing Cl- g depolarizes the cell.

. Sodium (Na*)
: e Na™ gis very low at rest. Thus decreasing g or changing the extracellular

concentration has no effect on I‘Em.

e Increasing Na* g depolarizes the cell (E_ moves to equilibrium for Na*,
which is +70 mV, see also Figure II-1-4).

IKAPLAN) MEDICAL




Cl- channel

Increasing CI- g Hyperpolarizes

Chapter 1 ¢ lonic Equilibrium and Resting Membrane Potential

Na* Na* channel

. Aa*

Na*

Increasing Na* g Depolarizes

Figure 11-1-4. Effect of Increase CI- g (left) or Na* g (right)

Calcium (Ca2%)

e Similar to Na*, Ca?* g is very low at rest. Thus decreasing g or changing
the extracellular concentration has no effect on rE .

e Increasing Ca®" g depolarizes the cell (E_ moves toward equilibrium for

Ca?t, which is +125 mV).
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Chapter Summary

Avoltage exists across the membrane of excitable tissue, with the inside of
the cell being negative with respect to the outside.

lons diffuse based upon electrochemical gradients and always diffuse in
a direction that brings the membrane potential closer to the equilibrium
potential for that ion.

Equilibrium potential is the membrane potential that puts anion in
electrochemical equilibrium and is computed by the Nernst equation.

Conductance (g) of an ion is determined by the relative state of ion channels
and the proportion of ion channels in a given state.

The further the membrane potential is from the ion’s equilibrium potential,
the greater the net force for that ion.

lon channels are either ungated (leak), voltage-gated, or ligand-gated. The
NMDA receptor is the exception, because it is both ligand and voltage-gated.

Resting cells have a relatively high K* conductance. Thus, changing the
conductance of K* and/or altering the extracellular concentration of K*
changes membrane potential.

Alterations in extracellular CI~ and Na* do not significantly change resting
membrane potential.

The Na*—K* ATPase plays a crucial role in maintaining a low intracellular
concentration of Na*, keeping the inside of the cell negative, and regulating
intracellular volume.




The Neuron Action Potential
and Synaptic Transmission

OVERVIEW OF THE ACTION POTENTIAL

The action potential is a rapid depolarization followed by a repolarization
(return of membrane potential to rest). The function is:

e Nerves: conduct neuronal signals
e Muscle: initiate a contraction

Figure II-2-1 shows the action potential from 3 types of excitable cells. Even
though there are many similarities, there are differences between these cell types, :
most notably the duration of the action potential. In this chapter, we discuss the
specific events pertaining to the nerve action potential, but the action potential :
in skeletal muscle is virtually the same. Thus, what is stated here can be directly
applied to skeletal muscle. Because the cardiac action potential has several differ- :
ences, it will be discussed in the subsequent chapter.

30 - Motor neuron  Skeletal muscle Cardiac ventricle

20
10

-10 Note the different
=20 - time scales

30 4 2 msec 5 msec 200 msec
-40 - =
-50 -
-60 -
-70 -

o i

Figure lI-2-1. Action Potentials from 3 Vertebrate Cell Types

(Redrawn from Flickinger, C.J., et al.: Medical Cell Biology, Philadelphia, 1979,
W.B. Saunders Co.)

Em (mV)

VOLTAGE-GATED ION CHANNELS

In order to understand how the action potential is generated, we must first dis-
cuss the ion channels involved.

Voltage-gated (fast) Na* Channels

The opening of these channels is responsible for the rapid depolarization phase
(upstroke) of the action potential. Figure II-2-2 shows the details of the fast Na* :
channel. It has 2 gates and 3 conformational states: '
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Clinical Correlate

As indicated in the previous chapter,
hyperkalemia depolarizes neurons.
Acutely, this increases excitability
because the cell is closer to threshold.
However, this depolarization opens
some fast Na* channels. Over time,
these channels transition into the
inactivated state. Because E, never
returns to its original resting E |
(hyperkalemia keeps cell depolarized),
the fast Na* channel is unable to
transition back to the closed state and

is thus “locked” in the inactivated state.

This reduces the number of fast Na*
channels available to open, resulting in
the reduced neuronal excitability seen
with chronic hyperkalemia.
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; Closed 0
Activated pen .
gate (Rest) (Activated) Inactivated
Extracellular
“N"H" 10.0/0000000000(
0,000000000.8, 5000096000000
Cytosol ~—
lnactlvatlon
gate
Typical transition of states
Closed Open :
; ——> Inactivated
(Rest) (Activated)
This transition
T cannot occur l
Repolarization

Figure lI-2-2. Voltage-gated (fast) Na* Channel

e Closed: In the closed state, the activation gate (m-gate) is closed and the
inactivation gate (h-gate) is open. Because the activation gate is closed,
Na* conductance (g) is low.

e Open: Depolarization causes the channel to transition to the open state,
in which both gates are open and thus Na* g increases. The elevated Na*
g causes further depolarization, which in turn opens more Na* chan-
nels, causing further depolarization. In short, a positive-feedback cycle
can be initiated if enough Na* channels open at or near the same time.
Bear in mind, there are numerous fast Na* channels in every cell, and
each one has its own threshold voltage for opening.

o Inactivated: After opening, the fast Na* channel typically transitions to
the inactivated state. In this state, the activation gate is open and inactiva-
tion gate (h-gate) is closed. Under normal circumstances, this occurs when
membrane potential becomes positive as a result of the action potential.

e Once the cell repolarizes, the fast Na* channel transitions back to the
closed state, and is thus ready to reopen to cause another action potential.

: Key point: Once a Na* channel inactivates, it cannot go back to the open state
: until it transitions to the closed state (see Figure I1-2-2). The transition to the
i closed state typically occurs when the cell repolarizes. However, there are condi-
i tions in which this transition to the closed state doesn’t occur.

Important fact: Extracellular Ca?* blocks fast Na* channels.

Voltage-gated K* Channels

e Closed at resting membrane potential
e Depolarization opens, but kinetics are much slower than fast Na* channels

e Primary mechanism for repolarization
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THE ACTION POTENTIAL

Subthreshold Stimulus

these are subthreshold stimuli. Important points regarding these stimuli are:

e The membrane repolarizes (returns to rest).

larization is complete, the depolarization of the second stimulus adds

onto the depolarization of the first (the 2 depolarizations sum together). :

S

E 160

E I

c

&)

° 0

% Overshoot

S Threshold\ Subthreshold responses
Qo

g ————— Hyperpolarization
= 0 N Wl

| | | | | |

0 1 2 3 4 5
- Time (msec)
c
D
5 Increasing
© .
> I Stimulus
B Strength
=]
E
n

Figure lI-2-3. The Neuron Action Potential

Threshold Stimulus

The green line in Figure II-2-3 depicts the action potential. Provided the initial :
stimulus is great enough to depolarize the neuron to threshold, then an action :
potential results. The following represents the events that occur during an action
potential, which is an application of the aforementioned discussion on ion channels. :

e At threshold, a critical mass of fast Na* channels open, resulting in fur-
ther depolarization and the opening of more fast Na* channels.

e Because Na* g is high (see also Figure II-2-4), the E_ potential rapidly
approaches the equilibrium potential for Nat (~ +70 mV)

e As membrane potential becomes positive, fast Nat channels begin to

inactivate (see above), resulting in a rapid reduction in Na* conductance :

(see also Figure II-2-4).

. Bridge to Pharmacology

Tetrodotoxin (TTX), saxitoxin (STX), and
local anesthetics (“caine drugs™) block

. 9 o . .. i fastNa* channels, thereby preventin

The blue and purple lines in Figure II-2-3 show changes in membrane potential : . . IR F
. ] . . . : . : : an action potential.

(E,) to increasing levels of stimuli, but neither result in an action potential. Thus, :

Bridge to Pharmacology

e The degree of depolarization is related to the magnitude of the stimulus. :
Ciguatoxin (CTX: fish) and batrachotoxin
. (BTX: frogs) are toxins that block

e It can summate, which means if another stimulus is applied before repo- @ ™ "<
: inactivation of fast Na* channels.
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V = Membrane potential (action potential)
dna = Sodium ion conductance

gk = Potassium ion conductance

30
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Conductance (mmh/cm?2)

Key Points

Voltage-gated K* channels open in response to the depolarization, but
since their kinetics are much slower, the inward Na* current (upstroke
of the action potential) dominates initially.

K* g begins to rise as more channels open. As the rise in E_ approaches
its peak, fast Na* channels are inactivating, and now the neuron has a
high K* g and a low Na* g (see also Figure I1I-2-4).

The high K* g drives E_ toward K* equilibrium (~ -95 mV) resulting in
a rapid repolarization.

As E_ becomes negative, K* channels begin to close, and K* g slowly

returns to its original level. However, because of the slow kinetics, a
period of hyperpolarization occurs.

The upstroke of the action potential is mediated by a Na* current (fast
Na* channels).

Although the inactivation of fast Na* channels participates in repo-
larization, the dominant factor is the high K* g due to the opening of
voltage-gated K* channels.

The action potential is all or none: Occurs if threshold is reached,
doesn’t occur if threshold is not reached.

The action potential cannot summate.

Under normal conditions, the action potential regenerates itself as it
moves down the axon, thus it is propagated (magnitude is unchanged).

—+80
Ena B
s
13
| £
11}
-70
| ! | | B
0 1 2 3 4

Time (msec)

Figure 11-2-4. Axon Action Potential and Changes in Conductance
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PROPERTIES OF ACTION POTENTIALS

Refractory Periods

Absolute refractory period

The absolute refractory period is the period during which no matter how strong
the stimulus, it cannot induce a second action potential. The mechanism under-
lying this is the fact that during this time, most fast Na* channels are either open
or in the inactivated state. The approximate duration of the absolute refractory :
period is illustrated in Figure II-2-5. The length of this period determines the :

maximum frequency of action potentials.

Relative refractory period

The relative refractory period is that period during which a greater than thresh-
old stimulus is required to induce a second action potential (see approximate :

length in Figure II-2-5). The mechanism for this is the elevated K* g.

Absolute Relative
refractory refractory
period period

+50 —
- ‘
E O
-70 < s
| 1 | T 1
0 1 2 3 4
Time (msec)

Figure 1I-2-5. Refractory Periods

Conduction Velocity of the Action Potential
The 2 primary factors influencing conduction velocity in nerves are:

e Cell diameter: The greater the cell diameter, the greater the conduction
velocity. A greater cross-sectional surface area reduces the internal elec-
trical resistance.

e Myelination: Myelin provides a greater electrical resistance across the cell
membrane, thereby reducing current “leak” through the membrane. The
myelination is interrupted at the nodes of Ranvier where fast Na* chan-
nels cluster. Thus, the action potential appears to “bounce” from node to
node with minimal decrement and greater speed (salutatory conduction).

: Bridge to Pathology

Multiple sclerosis and Guillain-Barre
are demyelinating diseases. Loss of
myelin results in current leakage across
i the membrane. Because of this, the
magnitude of current reaching the

¢ clusterof fast Na* channels is unable
to cause threshold depolarization,

i resulting in a conduction block.
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. SYNAPTIC TRANSMISSION

Neuromuscular Junction (NM])

. The synapse between the axons of an alpha-motor neuron and a skeletal muscle
. fiber is called the neuromuscular junction (NM]). The terminals of alpha-mo-
i tor neurons contain acetylcholine (Ach), thus the synaptic transmission at the
¢ neuromuscular junction is one example of cholinergic transmission. The basics
i of neurotransmitter release described in this section are applicable to synaptic
¢ transmission for all synapses.

o Presynaptic
o0 2+ / 0P ) membrane
(@B g5 O (&
e 0 0~ Postsynaptic
. [ membrane
Synaptic cleft ———— p/ACh (skeletal muscle)
ECF il i
g Na*
ICF (EPP) Ligand-gated

channel

Figure II-2-6. Neuromuscular Transmission and Nicotinic Synapses

. Sequence of events
: 1. The action potential travelling down the motor neuron depolarizes the
presynaptic membrane.

2. This depolarization opens voltage-gated Ca?* channels in the presynap-
tic membrane, resulting in Ca?* influx into the presynaptic terminal.

3. The rise in Ca?* causes synaptic vesicles to release their contents, in this
case, Ach. The amount of neurotransmitter release is directly related to
the rise in cytosolic Ca?*, i.e., the more Ca?* that enters, the more neu-
rotransmitter released.

4. Ach binds to a nicotinic receptor located on the muscle membrane (N,
receptor). The N, receptor is a non-selective monovalent cation chan-
nel (both Na* and K* can traverse). Given that Na* has a much greater
net force (see Chapter 1 of this section), depolarization occurs. This
depolarization is called an end-plate potential (EPP). The magnitude of
the EPP is directly related to the amount of Ach released.
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5. The resulting depolarization opens fast Na* channels on the muscle

membrane (sarcolemma) causing an action potential in the sarcolemma.

Under normal circumstances, an action potential in the motor neuron
releases enough Ach to cause an EPP that is at least threshold for the
action potential in the skeletal muscle cell. In other words, there is a
one-to-one relationship between an action potential in the motor neu-
ron and an action potential in the skeletal muscle cell.

6. The actions of Ach are terminated by acetylcholinesterase (AchE), an
enzyme located on the postsynaptic membrane that breaks down Ach
into choline and acetate. Choline is taken back into the presynaptic ter-
minal (reuptake), hence providing substrate for re-synthesis of Ach.

Other cholinergic synapses

Neuronal nicotinic (N)) receptors

Outside of the CNS, these primarily reside in autonomic ganglia. Recall that pre-
ganglionic neurons are cholinergic and these fibers synapse on nicotinic recep-
tors in the ganglia.

Muscarinic receptors

innervated by parasympathetic postganglionic neurons.

Synapses Between Neurons

Figure II-2-7 illustrates synaptic junctions between neurons. In general, the syn-

produced by ligand-gated ion channels. Some other important aspects associ-
ated with these synapses are:

e Synapses are located on the cell body and dendrites.

e The currents produced at these synapses travel along the dendritic and
cell body membranes.

o The axon hillock—initial segment region has a high density of fast Na*
channels and is the origin for the action potential of the axon.

e The closer the synapse is to this region, the greater its influence in deter-
mining whether an action potential is generated.

e If the sum of all the inputs reaches threshold, an action potential is
generated and conducted along the axon to the nerve terminals.

. Bridge to Pharmacology

Botulinum toxin is a protease that
destroys proteins needed for the fusion
i and release of synaptic vesicles. This
toxin targets cholinergic neurons,

! resulting in flaccid paralysis.

Bridge to Pharmacology

Latrotoxin, the venom from the black-
: widow spider, opens presynaptic Ca?*
Muscarinicreceptors are G-protein coupledreceptors. These reside in target tissues channels, resulting in excess Ach
i release.

. Bridge to Pharmacology
Many pesticides, as well as some
. . . ; -ty : th [ , block AchE,

aptic potentials produced are either excitatory or inhibitory (see below) and are :e:{lellt?:;ti: ;gee;:f) l:ngt; ‘ at; AU

¢ in cholinergic synapses.

Bridge to Pharmacology

i Avariety of compounds can block

N,, receptors (non-depolarizing
neuromuscular blockers), while
succinylcholine binds to this receptor
causing the channel to remain open
(depolarizing neuromuscular blocker).

: Bridge to Pathology

Two important pathologies related

¢ to neuromuscular junctions are
myasthenia gravis and Lambert-Eaton
¢ syndrome. The most common form of
i myasthenia gravis is an autoimmune

¢ condition in which antibodies are

© created that block the Ny receptor.
Lambert-Easton is also an autoimmune
: condition, but the antibodies block

. the presynaptic voltage-gated Ca2*
channels.
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Dendrites

Initial Myelin Vesicles of
segment sheath transmitter

Figure lI-2-7. Synapse Transmission between Neurons

. Excitatory postsynaptic potential (EPSP)
EPSP is excitatory if it increases the excitability of the postsynaptic neuron, i.e.,
i it is more likely to fire an action potential.
: e Itis primarily the result of increased Na* g.
e It is similar to the EPP found at the neuromuscular junction.
e Important receptors that produce:
— Nicotinic: Endogenous ligand is Ach and include Ny; and N.

— Non-NMDA (N-methyl-D-aspartic acid): Endogenous ligands are
glutamate and aspartate (excitatory amino acid transmitters), and
Na* g is increased when they bind.

— NMDA: Endogenous ligands are the excitatory amino acids and it is a
non-selective cation channel (discussed in the preceding chapter).

. Inhibitory postsynaptic potential (IPSP)
IPSP is inhibitory if it decreases the excitability of the postsynaptic neuron, i.e.,
{ it is less likely to fire an action potential.
. e It is primarily the result of increased Cl g.
e Important receptors that produce:
— GABA,;: Endogenous ligand is GABA (gamma-aminobutryic acid).

— Glycine: Endogenous ligand is glycine.
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Electrical Synapses

e In contrast to chemical synaptic transmission, there is a direct flow of
current from cell to cell.

e This cell-to-cell communication occurs via gap junctions; because the
cells are electrically coupled, there is no synaptic delay.

e Cardiac and single-unit smooth muscle cells have these electrical synapses.

REVIEW AND INTEGRATION

In this section, we review much of the preceding information and add in applica- :
ble new information as it pertains to clinical signs indicative of alterations in the :
normal physiological function just discussed. These are clinical signs intended :
to help further reinforce the important physiology and thus aid the student in :
recognizing possible causes of these clinical signs. This is not intended to fully :
represent all the specific signs/symptoms related to each and every condition in-
dicated.

Decreased Neuronal Excitability/Conduction

Clinical signs could include: weakness; ataxia; hyporeflexia; paralysis; sensory
deficit. Possible causes include the following. :

Table lI-2-1

lon Disturbances Loss of Neurons/ Demy- Toxins/Drugs
elination

Hypokalemia Guillian-Barre Local anesthetics (“caine”  Depolarizing N,, blockers

drugs)

Chronic hyperkalemia ALS (amyotrophic lateral TIX Non-depolarizing N,
sclerosis) blockers

Hypercalcemia Aging STX Lambert-Eaton

Myasthenia gravis

Botulinum
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. Increased Neuronal Excitability/Conduction

{ Clinical signs could include hyperreflexia, spasms, muscle fasciculations, tetany,
: tremors, paresthesias, and convulsions. Possible causes include the following.

Table lI-2-2

lon Disturbances Loss of Neurons/ Toxins/Drugs

Demyelination

Acute hyperkalemia Multiple sclerosis CTX AchE inhibitors
Hypocalcemia BTX Latrotoxin
Chapter Summary

e The action potential is an explosive change in membrane potential. It carries
electrical impulses from one nerve to the next or from the nerve to a target
tissue. In muscle, it initiates contraction.

e The depolarization phaseis sodium influx through voltage-gated, fast Na*
channels. These channels are required for neuronal and skeletal muscle
action potentials.

e The positive membrane potential produced the upstroke of the action
potential causes fast Na* channels to transition into the inactivated state.

e Repolarization is primarily mediated by voltage-gated K* channels. Blocking
these channels greatly slows the repolarization process.

e The absolute refractory period is the result of fast Na* channels being in
either the open or inactivated state.

e Conduction velocity of the neuronal action potential is determined by
diameter of the neuron, and the level of myelination.

e Synaptic transmission involves the entry of extracellular calcium into the
nerve terminal. This calcium triggers the release of the transmitter.

e The postsynaptic membrane is dominated by ligand-gated ion channels. In
most cases, this allows either an influx of sodium (EPP or EPSP) or an influx
of chloride (IPSP).

e Termination of acetylcholine’s action is mainly by enzymatic destruction,
whereas with other neurotransmitters, it is reuptake by the presynaptic
membrane and/or diffusion away from the site of action.

e Electrical synapses are bidirectional and faster than chemical synapses,
which are unidirectional.
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Electrical Activity of the Heart

PROPERTIES OF CARDIACTISSUE

Different cells within the heart are specialized for different functional roles. In
general, these specializations are for automaticity, conduction, and/or contraction.

Automaticity

Cardiac cells initiate action potentials spontaneously. Further, the cells are elec-

trically coupled via gap junctions. Thus, when a cell fires an action potential, it :

typically sweeps throughout the heart. Although all cardiac tissue shows sponta-
neous depolarization, only the following 3 are germane.

e Sinoatrial (SA) node cells are specialized for automaticity. They spon-
taneously depolarize to threshold and have the highest intrinsic rhythm
(rate), making them the pacemaker in the normal heart. Their intrinsic
rate is ~ 100/min.

e Atrioventricular (AV) node cells have the second highest intrinsic
rhythm (40-60/min). Often, these cells become the pacemaker if SA
node cells are damaged.

e Although not “specialized” for automaticity per se, Purkinje cells do
exhibit spontaneous depolarizations with a rate of ~ 35/min.

Conduction

All cardiac tissue conducts electrical impulses, but the following are particularly

specialized for this function.

e AV node: These cells are specialized for slow conduction. They have
small diameter fibers, a low density of gap junctions, and the rate of
depolarization (phase 0, see below) is slow in comparison to tissue that
conducts fast.

e Purkinje cells: These cells are specialized for rapid conduction. Their
diameter is large, they express many gap junctions, and the rate of depo-

larization (phase 0, see below) is rapid. These cells constitute the HIS-
Purkinje system of the ventricles.

Contraction

Although myoctes have a spontaneous depolarization and they conduct electrical

impulses, they contain the protein machinery to contract.

Conduction Pathway

Because cells are electrically coupled via gap junctions, excitation to threshold

of one cell typically results in the spread of this action potential throughout the :

KAPLAN)
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i heart. Inthe normal heart, the SA node is the pacemaker because ithasthe high-
¢ est intrinsic rhythm. Below is the normal conduction pathway for the heart.

atrial muscle

SA node — internodal fibers — AV node (delay) — Purkinje fibers — ventricular muscle

. CARDIAC ACTION POTENTIALS

Resting Membrane Potential (Non-Nodal Cells)

. Potassium conductance is high in resting ventricular or atrial myocytes. This is
i also true for Purkinje cells. Because of this, resting membrane potential is close
i to K* equilibrium potential. This high-resting K* conductance is the result to 2
: major types of channels.

Ungated potossium channels

Always open and unless the membrane potential reaches the potassium equilib-
i rium potential (~ -95 mV), a potassium flux (efflux) is maintained through these
i channels.

Inward K* rectifying channels (IK,)
: e Voltage-gated channels that are open at rest.
e Depolarization closes.

e They open again as the membrane begins to repolarize.

Action Potential (Non-Nodal Cells)

. Understanding the ionic basis of cardiac action potentials is important for un-
i derstanding both cardiac physiology and the electrocardiogram (ECG), which
: is a recording of the currents produced by these ionic changes. In addition,
: antiarrhythmic drugs exert their effects by binding to the channels that produce
. these ionic currents.

. Inthissection, we go through the various phases of the action potentials that occur
: in myocytes and Purkinje cells. Action potentials generated by nodal cells (SA and
i AV) are discussed later. Although there are slight differences in the action poten-
. tials generated by atrial and ventricular myocytes, as well as Purkinje cells, these
i differences are not included here. Furthermore, it is important to remember that
. cardiac cells are electrically coupled by gap junctions. Thus, when a cell fires an ac-
! tion potential, it spreads and is conducted by neighboring cells.

Figure II-3-1 shows the labeled phases of the action potential from a ventricular
: myocyte and the predominant ionic currents related to the various phases.
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: Bridge to Pathology
Na+ Conductance : In Figure 11-3-1, note that Na*
conductance during phase 2 is still
slightly elevated. Some of these
channels are very slow to inactivate and
: data suggest that genetic alterations

i can resultin a significant Na* current

High '— during phase 2. This Na* current delays

Low

Ca2+ Conductance . repolarization, resulting in a prolonged

QT. This genetic alteration appears

Low i to play a role in congenital long QT
i syndrome.
A prolonged QT interval can cause a
High : form of ventricular tachycardia known
Ik. Current i astorsades de pointes. There are
! other factorsincrease the QT interval,
Low thus possibly producing torsades de
pointes.
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Figure lI-3-1. Action Potential in a Ventricular Myocyte

Phase 0
e Upstroke of the action potential

e Similar to nerve and skeletal muscle, mediated by the opening of volt-
age-gated, fast Na* channels (note high Na* conductance)

e Conduction velocity is directly related to rate of change in potential
(slope). Stimulation of -1 receptors, e.g., epinephrine and norepineph-
rine, increases the slope and thus increases conduction velocity.

e Creates the QRS complex of the ECG
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Bridge to Pharmacology

Class | antiarrhythmic agents block fast

Na* channels, resulting in a change

in phase 0. Blocking these channels
reduces conduction velocity, an action
that can be beneficial, e.g., use of
lidocaine to reduce conduction and
stabilize the heart when the tissue
becomes ischemic.

Bridge to Pharmacology

Class Il antiarrhythmic drugs block K*
channels. This delays repolarization,
resulting in a long QT interval.
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: Phase1

e Slight repolarization mediated by a transient potassium current

e Sodium channels transition to the inactivated state (note reduction in
Na* conductance).

Phase 2 (plateau)

e Depolarization opens voltage-gated Ca?* channels (primarily L-type)
and voltage-gated K* channels (IK; current being one example).

e The inward Ca?" current offset by the outward K* current results in
little channel in membrane potential (plateau).

o The influx of Ca?* triggers the release of Ca?* from the SR (Ca**
induced Ca®* release), resulting in cross-bridge cycling and muscle con-
traction (see next chapter).

e Creates the ST segment of the ECG

e Thelong duration of the action potential prevents tetany in cardiac
muscle (see next chapter).

Phase 3

e Repolarization phase

e L-type channels begin closing, but rectifying K* currents (IK; current
being one example) still exist resulting in repolarization.

e IK, channels reopen and aid in repolarization.
e Creates the T wave of the EKG

Phase 4

e Resting membrane potential

e Fast Na*, L-type Ca®", and rectifying K+ channels (IKR) close, but IK,
channels remain open.

Action Potential (Nodal Cells)

Nodal tissue (SA and AV) lacks fast Nat channels. Thus, the upstroke of the ac-
! tion potential is mediated by a Ca®* current rather than an Na* current. In addi-
¢ tion, note that phases 1 and 2 are absent.
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Figure 1I-3-2. SA Nodal (Pacemaker) Action Potential
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Phase 4
e Resting membrane potential

e Given this tissue is specialized for automaticity (see above), these cells
show a spontaneous depolarization at rest. This spontaneous depolar-
ization is referred to as the “pacemaker” potential and results from:

- Inward Ca?* current: Primarily related to T-type Ca?* channels.
These differ from the L-type in that they open at a more negative
membrane potential (~ -70 mV).

— Inward Na' current: This inward Na* current is referred to as the
“funny” current (I;) and the channel involved is a hyperpolarization-
activated cyclic nucleotide-gated (HCN) channel. HCN are non-
selective monovalent cation channels and thus conduct both Na* and
K*. However, opening of these channels evokes a sodium-mediated
depolarization (similar to nicotinic receptors, see previous chapter).
These channels open when the membrane repolarizes (negative
membrane potential), and they close in response to the depolariza-
tion of the action potential.

— Outward K* current: There is a reduced outward K* current as the
cell repolarizes after the action potential. Reducing this current helps
to produce the pacemaker potential.

Phase 0
e Upstroke of the action potential
e Mediated by opening of L-type (primarily) Ca?* channels

e Note the time scale: the slope of phase 0 is not steep in nodal tissue like it
is in ventricular myocytes or the upstroke of the action potential in nerves.
This is part of the reason conduction velocity is slow in the AV node.

Phase 3
e Repolarization phase
e Mediated by voltage-gated K* channels

CONTROL OF NODAL EXCITABILITY

Catecholamines
£ o AN
©
S -40- NE
£ 0N
EJ —80
81|

Figure 1I-3-3. Sympathetic Effects on SA Nodal Cells
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Bridge to Pharmacology

Class Il antiarrhythmics are the beta-
blockers, while class IV antiarrhythmics
are the Ca2* channel blocks. These
drugs reduce automaticity and
conduction through the AV node

and can be very efficacious in
tachyarrhythmias.
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e Norepinephrine (NE) from postganglionic sympathetic nerve terminals
and circulating epinephrine (Epi)
e B-1receptors; Gs—cAMP; stimulates opening of HCN and Ca?* channels
e Increased slope of pacemaker potential (gets to threshold sooner)
e Functional effect
— Positive chronotropy (SA node): increased HR
— Positive dromotropy (AV node): increased conduction velocity

through the AV node
. Parasympathetic
: a\
=
T -204
g ACh
5 —40
o
'TS _60 ] L ———————— o —————— r
S g e
w

Figure lI-3-4. Parasympathetic Effects on SA Nodal Cells

e Achreleased from post-ganglionic fibers.
e M, receptor; Gi-Go; Opens K* channels and inhibits cAMP
e Hyperpolarizes; reduced slope of pacemaker potential
e Functional effect
— Negative chronotropy (SA node): Decreased HR

— Negative dromotropy (AV node): Decreased conduction velocity
through the AV node



ELECTROCARDIOLOGY

The Electrocardiogram (EKG or ECG)

The normal pattern is demonstrated in Figure II-3-5.

— PR — S e ST >

b QT

Figure II-3-5. Normal Pattern of an ECG

Chapter 3 o Electrical Activity of the Heart

P wave: atrial depolarization

QRS complex: ventricular depolarization (40-100 msec)
R wave: first upward deflection after the P wave

S wave: first downward deflection after an R wave

T wave: ventricular repolarization

PR interval: start of the P wave to start of the QRS complex
(120-200 msec); mostly due to conduction delay in the AV node

QT interval: start of the QRS complex to the end of the T wave;
represents duration of the action potential (see Figure II-3-6)

ST segment: ventricles are depolarized during this segment;
roughly corresponds to the plateau phase of the action potential

J point: end of the S wave; represents isoelectric point

Note: Height of waves is directly related to (a) mass of tissue, (b)
rate of change in potential, and (c) orientation of the lead to the
direction of current flow.

Figure II-3-6 further illustrates the alignment of the cardiac action potential and

the ECG recording. To recap:
e Phase 0 produces the QRS complex.
Phase 3 produces the T wave.

°
o The ST segment occurs during phase 2.
[ ]

The QT interval represents the duration of the action potential and this
interval is inversely related to heart rate. For example, stimulation of
sympathetics to the heart increases heart rate and reduces the duration
of the action potential, thus decreasing the QT interval.
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R
= T
Y 0 W % M\ ECG
Q S
| QT Interval |

Figure I1-3-6. Ventricular Action Potential Versus ECG

Standard Conventions

Begin 1 sec 2 sec 3 sec

0 1

Four intervals = 75 beats/min
or

Four beats in 3 sec =4 x 20 =80 beats/min

Figure lI-3-7. Estimation of Heart Rate

44 KAPLAN) MEDICAL



Chapter 3 o Electrical Activity of the Heart

Figure II-3-7 shows a normal ECG trace from a single lead. The ECG measures :
volts (Y-axis) per unit time (X-axis) and the scales are standardized. Note the
heavier (darker) lines both horizontally and vertically. These represent “big” box- :
es, each of which is further subdivided into 5 “small” boxes. :

e Y-axis (volts): one big box = 0.5 mV
— Because there are 7 big boxes above the bottom line in Figure II-3-7,
the total height is 3.5 mV.

e X-axis (time): one big box = 0.2 sec (200 msec)

— Because there are 5 subdivisions within each big box, each small box
is 0.04 sec (40 msec). As noted in Figure II-3-7, 5 big boxes equal one
second.

Reading an ECG

The ECG is a powerful clinical tool and it takes years of training to become fully :
competent in detecting the many abnormalities it can detect. Thus, a detailed ex- :
planation is beyond the scope of this book. However, there are some arrhythmias
and alterations that one should be able to recognize early in one’s medical train- :
ing. The following represents a step-wise approach that should allow the student :
to detect these alterations in the ECG. :

Step 1: rate and rhythm

If provided, use the rhythm strip (lead II) that typically runs the length of the
recording and is located on the bottom of the printout. We will use a single trace :
illustrated in Figure II-3-7. :

e Rhythm: Qualitatively look at the trace and determine if there is a
steady rhythm. This means the R waves occur regularly, i.e., the space
between each is approximately the same. If so then there is a steady
rhythm; if not then an unsteady rhythm.

e Rate: It is typically not necessary to determine the exact heart rate
(HR); rather, simply determine if it is within the normal range (60-100
beats/min). The simplest way to do this is to find an R wave that is on
a heavy (darker) vertical line, and note where the next R wave occurs
with respect to the following count of subsequent heavy vertical lines
(Illustrated in Figure II-3-7):

1 = 300 beats/min

2=150
3=100
4=75
5=60
6 =50

For example, if the subsequent R wave occurs at the second heavy line
from the first R wave, then HR is 150 beats/min. If it occurs at the third
heavy line from the first R wave, then HR is 100 beats/min, and so on.
In Figure I1-3-7, it occurs at the fourth heavy line, thus HR is 75 beats/
min for this ECG.

KKAPLAN) MEDICAL

45




Section Il ¢ Excitable Tissue

If the subsequent R wave occurs between heavy lines, then the HR is
between the values denoted for those lines. Even though it won’t be a
precise number, one can ascertain whether it is above or below the nor-
mal range.

Step 2: Waves
: e Qualitatively examine the trace for the presence of P, QRS, and T. Can
they be seen and do they look somewhat “normal”?

Step 3: PR interval
' e Find the PR interval and determine if it is in the normal range (120—
200 msecs). This normal range translates into 3-5 small boxes.

e Look at several cycles to see if the PR interval is consistent.

Step 4: Estimate the mean electrical axis (MEA)

e The MEA indicates the net direction (vector) of current flow during
ventricular depolarization.

e Each lead can be represented by an angle, as is illustrated in Figure
I1-3-8. Although the MEA axis can be determined very precisely, it is
not important to do so at this stage. Instead, we will simply define what
quadrant (quadrant method) the MEA falls in using a very simplified
approach.

Figure lI-3-8. Axis Ranges
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Quadrant method
lead —aVF lead —aVF
e.’“':fme. left axis
right axis | 4eviation
deviation
lead —| lead +! lead —| lead +
right axis | normal
deviation
lead +aVF lead +aVF
lead —aVF lead —aVF
lead - 3 lead +| lead - Q) lead +I
lead +aVF lead +aVF
Voltages: Voltages:
lead + lead —I
lead —-aVF lead +aVF
left axis deviation right axis deviation

Figure II-3-9. Quadrant Method

e Determine the net QRS deflection (upward minus downward) in lead
I and aVFE. Using these 2 leads allows us to partition the mathematical
grid into 4 basic quadrants (upper left panel of Figure II-3-9).

o If the net deflections for leads I and aVF are positive, then the MEA is
between 0° and 90°, and is thus normal (upper right panel of Figure
I1-3-9). Note: The normal range for MEA is -30° and +110°. Even
though the quadrant method is not precise, it is close enough at this
juncture.

o If the net deflection is positive in lead I and negative in aVF, then the

MEA is between 0° and -90°, and there is a left axis deviation (lower left

panel of Figure II-3-9).
— Causes of left axis deviation are:

o Left heart enlargement, either left ventricular hypertrophy or dilation

o Conduction defects in the left ventricle, except in the posterior
bundle branch

o Acute MI on right side tends to shift axis left unless right ventricle

dilates

o If the net deflection is negative in lead I and positive in aVF, then the

MEA is between 90° and 180°, and there is a right axis deviation (lower

right panel of Figure II-3-9).

Voltages:
lead +l
lead +aVF
normal axis
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— Causes of right axis deviation are:
o Right heart enlargement, hypertrophy, or dilation

o Conduction defects of right ventricle or the posterior left bundle
branch

o Acute MI on left side tends to shift axis right unless left ventricle
dilates

ARRHYTHMIAS/ECG ALTERATIONS

A detailed description of the various arrhythmias is beyond the scope of this
i book, but we will go through some of the ones that should be recognizable to
i students early in their medical education.

Heart Blocks

. First-Degree
Long PR interval (>200 msec; one big box)
: o Illustrated in Figure II-3-10
e Slowed conduction through the AV node
o Characteristics: rate and rhythm are typically normal

WWW/\_JM

Figure lI-3-10. First-Degree Heart Block

: Second-Degree
Every QRS complex is preceded by a P wave, but not every P wave is followed by
¢ a QRS complex.
: e Some impulses are not transmitted through the AV node.
e Two types:
— Mobitz type I (Wenckebach; Figure II-3-11): Progressive prolonga-
tion of PR interval until a ventricular beat is missed and then the
cycle begins again. This arrhythmia will have an unsteady rhythm.
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B NG X5 16 SR B R S0 BN

Figure II-3-11. First-Degree Heart Block

— Mobitz type II (Figure II-3-12): The PR interval is consistent, i.e., it
doesn’t lengthen and this separates it from Wenckebach. The rhythm
can be steady or unsteady depending upon block ratio (P to QRS
ratio: 2:1, 3:1, 3:2, etc.).

T II |13 II II No lQFIS II

Figure lI-3-12. Second-Degree AV Nodal Block

Third-Degree (Complete)
Complete dissociation of P waves and QRS complexes (Figure I11-3-13)
e Impulses are not transmitted through the AV node.

e Characteristics: steady rhythm (usually) and very slow ventricular HR
(usually); no consistent PR interval because impulses are not transmitted
through the AV node; rate for P waves is different than rate for R waves

Figure 1I-3-13. Complete Heart Block
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. Atrial Flutter
i Very fast atrial rate (>280 beats/min)

e Although fast, atrial conduction is still intact and coordinated.

e Characteristics: “saw-tooth” appearance of waves between QRS complexes;
no discernible T waves; rhythm typically steady

Figure lI-3-14. Atrial Flutter

. Atrial Fibrillation

Uncoordinated atrial conduction

e Lack of a coordinated conduction results in no atrial contraction

e Characteristics: unsteady rhythm (usually) and no discernible P waves

A

Figure 1I-3-15. Atrial Fibrillation

Wolff-Parkinson-White Syndrome

Accessory pathway (Bundle of Kent) between atria and ventricles

e Characteristics: short PR interval; steady rhythm and normal rate (usually);
slurred upstroke of the R wave (delta wave); widened QRS complex

e The cardiac impulse can travel in retrograde fashion to the atria over the
accessory pathway and initiate a reentrant tachycardia.

Figure 1I-3-16
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Other Factors Changing the ECG

ST segment changes
o Elevated: Transmural infarct or Prinzmetal angina (coronary vasospasm)
e Depressed: Subendocardial ischemia or exertional (stable) angina

Postassium

e Hyperkalemia: Increases rate of repolarization, resulting in sharp-spiked
T waves and a shortened QT interval.

e Hypokalemia: Decreases rate of repolarization, resulting in U waves and
a prolonged QT interval.

Calcium
e Hypercalcemia: Increases the QT interval
e Hypocalcemia: Decreases the QT interval

IKAPLAN) MEDICAL
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Chapter Summary

e Different parts of the heart have cardiac tissue that is specialized for
automaticity, conduction, and contraction.

e Myocytes and Purkinje cells have fast Na* channels, while nodal cells (SA
and AV) lack these channels. Thus, the upstroke of the action potential
(phase 0) is much faster in myocytes and Purkinje cells.

e There are 5 phases for cardiac action potentials from myocytes and Purkinje
cells, but only 3 phases for nodal cells.

e The plateau phase (phase 2) is due to influx of calcium through L-type
channels and potassium efflux via voltage-gated channels.

e Repolarization is due to open potassium channels.

e Nodal cellsinthe heart are characterized by an unstable phase 4 (resting
membrane potential) that is primarily mediated by calcium and the sodium
“funny” current.

e In SA nodal cells, sympathetics (B-1) increase the slope of the pacemaker
potential and thus the intrinsic rate, whereas parasympathetics (M,)
hyperpolarize and decrease the intrinsic rate.

e The mean electrical axis of the heart is about 60°. It tends to move toward
hypertrophied tissue and away from infarcted tissue.

e First-degree heartblock is a slowed conduction through the AV node, second-
degree heart block is the lack of transmission of some impulses through the
AV node, and third-degree heart block is a total block at the AV node.

e There are 2 types of second-degree block: Wenckebach (Mobitz type I) and
Mobitz type Il

e Atrial flutteris characterized by a steady rhythm and a “saw tooth” wave
appearance between QRS complexes

e Atrial fibrillation is characterized by an unsteady rhythm and lack of
discernible P waves.

e Wolff-Parkinson-White syndrome is characterized by an accessory pathway
between the atria and ventricles. This shortens the PR interval and may
produce a reentrant tachycardia.
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Excitation-Contraction Coupling

SKELETAL MUSCLE STRUCTURE-FUNCTION
RELATIONSHIPS

Ultrastructure of a Myofibril
e A muscle is made up of individual cells called muscle fibers.

e Longitudinally within the muscle fibers, there are bundles of myofibrils.
A magnified portion is shown in the figure below.

e A myofibril can be subdivided into individual sarcomeres. A sarcomere
is demarked by a Z lines.

e Sarcomeres are composed of filaments creating bands as illustrated
below.

e Contraction causes no change in the length of the A band, a shortening
of the I band, and a shortening in the H zone (band).

e Titin anchors myosin and is an important component of striated mus-
cle’s elasticity.

Z M Z
band line band

Magnified muscle myofibril

My ofibril

Sarcomere
Sarcomere
H : —Actin Myosin
Zgne } filament l> filament

—
—ELEL% AAR

|
| band A band Z band Titin

Figure llI-1-1. Organization of Sarcomeres
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¢ Ultrastructure of the Sarcoplasmic Reticulum

The external and internal membrane system of a skeletal muscle cell is displayed
¢ below.

T-tubule

Terminal cisternae

Sarcolemma

—— Myofibrils

Figure IlI-1-2. Skeletal Muscle Cell Membranes

T-tubule membranes are extensions of the surface membrane; therefore, the inte-
¢ riors of the T tubules are part of the extracellular compartment.

{ Terminal cisternae: The sarcoplasmic reticulum is part of the internal membrane
¢ system, one function of which is to store calcium. In skeletal muscle, most of the
i calcium is stored in the terminal cisternae close to the T-tubule system.

Functional Proteins of the Sarcomere

: Figure III-1-3 shows the relationships among the various proteins that make
¢ up the thin and thick filaments in striated muscle (skeletal and cardiac) and the
i changes that occur with contraction.

: H-Chang‘es Fdllowing
R, ey __ Attachment of Calcium to Troponin

Thin /
filament
Troponin

Actin  Tropomyosin Ca2+

binding

site B
Myosin
(cross-bridge)

Myosin-binding
site

Figure IlI-1-3. Regulation of Actin by Troponin

56 KAPLAN) MEDICAL



Chapter 1 ¢ Excitation-Contraction Coupling

Proteins of the thin filaments

e Actin is the structural protein of the thin filament. It possesses attach-
ment sites for myosin.

e Tropomyosin blocks myosin binding sites on actin.

e Troponin is composed of 3 subunits: troponin-T (binds to tropomyo-
sin), troponin-I (inhibits myosin binding to actin), and troponin-C
(binds to calcium).

— Under resting conditions, no calcium is bound to the troponin, pre-
venting actin and myosin from interacting.

— When calcium binds to troponin-C, the troponin-tropomyosin com-
plex moves, exposing actin’s binding site for myosin. (Figure III-1-3 B)

Proteins of the thick filaments

Myosin has ATPase activity. The splitting of ATP puts myosin in a “high energy’
state; it also increases myosin’s affinity for actin.

S

e Once myosin binds to actin, the chemical energy is transferred to
mechanical energy, causing myosin to pull the actin filament. This gen-
erates active tension in the muscle and is commonly referred to as “the
power stroke.”

o If the force generated by the power stroke is sufficient to move the load
(see next chapter), then the muscle shortens (isotonic contraction).

o If the force generated is not sufficient to move the load (see next chapter),
then the muscle doesn’t shorten (isometric contraction).
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: Cross-Bridge Interactions (Chemical-Mechanical
. Transduction)

i Figure ITI-1-4 illustrates the major steps involved in cross-bridge cycling in a con-
i tracting muscle.

Crossbridge

Hydrolysis of ATP
puts myosin in high
energy and high
actin affinity state.
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+ ATP dissociates '
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@ Resting muscle
« Tropomyosin: covers actin's
binding site for myosin
Cytosolic Ca2+ rises and binds to
troponin-C, exposing myosin-binding

site on actin.

@ Chemical energy converted
to mechanical aspects of contraction
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Figure lllI-1-4. Crossbridge Cycling During Contraction

e Cross-bridge cycling starts when free calcium is available and attaches
to troponin, which in turn moves tropomyosin so that myosin binds to
actin.

e Contraction is the continuous cycling of cross-bridges.

e ATP is not required to form the cross-bridge linking to actin but is
required to break the link with actin.
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e Cross-bridge cycling (contraction) continues until either of the following
occurs:

— Withdrawal of Ca?*: cycling stops at position 1 (normal resting muscle)

— ATP is depleted: cycling stops at position 3 (rigor mortis; this would
not occur under physiologic conditions)

REGULATION OF CYTOSOLIC CALCIUM

The sarcoplasmic reticulum (SR) has a high concentration of Ca*. Thus, there is
a strong electrochemical gradient for Ca?* to diffuse from the SR into the cytosol.
There are 2 key receptors involved in the flux of Ca?* from the SR into the cytosol: :
dihydropyridine (DHP) and ryanodine (RyR).

Dihydropyridine (DHP) :
e DHP is a voltage-gated Ca?* channel located in the sarcolemmal membrane

e Although it is a voltage-gated Ca?* channel, Ca?* does not flux through
this receptor in skeletal muscle. Rather, DHP functions as a voltage-sensor. :

o When skeletal muscle is at rest, DHP blocks RyR (Figure III-1-5a).

Ryanodine Receptor (RyR)
e RyR s a calcium channel on the SR membrane.

e When the muscle is in the resting state, RyR is blocked by DHP
(Fig I11-1-5a). Thus, Ca®* is prevented from diffusing into the cytosol.

T-tubule T-tubule 'gféirﬂ%
Sarcolemma P Sarcolemma
—— L — = — -
[ Cytosol Terminal cisternae / Cytosol Terminal cisternae
‘ of SR ' Ca2+ Ca?*| of SR

C a2+

A. Resting skeletal muscle B. Action potential in sarcolemma

Figure IlI-1-5. Regulation of Ca2+ Release by Sarcoplasmic Reticulum
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: Sequence
: 1. Skeletal muscle action potential is initiated at the neuromuscular junc-
tion (see section II, chapter 2).
2. The action potential travels down the T-tubule.

3. The voltage change causes a conformation shift in DHP (voltage sensor),
removing its block of RyR (Figure III-1-5b).

4. Removal of the DHP block allows Ca?* to diffuse into the cytosol (fol-
lows its concentration gradient).

5. The rise in cytosolic Ca?* opens more RyR channels (calcium-induced
calcium release).

6. Ca®* binds to troponin-C, which in turn initiates cross-bridge cycle,
creating active tension.

7. Ca®" is pumped back into the SR by a calcium ATPase on the SR mem-
brane called sarcoplasmic endoplasmic reticulum calcium ATPase
(SERCA).

8. The fall in cytosolic Ca®* causes tropomyosin to once again cover actin’s
binding site for myosin and the muscle relaxes, provided of course ATP
is available to dissociate actin and myosin.

. Key Points
: e Contraction-relaxation states are determined by cytosolic levels of Ca?*.

e The source of the calcium that binds to the troponin-C in skeletal mus-
cle is solely from the cell’s sarcoplasmic reticulum. Thus, no extracellular
Ca?* is involved.

e Two ATPases are involved in contraction:

— Myosin ATPase supplies the energy for the mechanical aspects of
contraction by putting myosin in a high energy and affinity state.

— SERCA pumps Ca?* back into the SR to terminate the contraction,
i.e., causes relaxation.

ALTERING FORCE IN SKELETAL MUSCLE

Mechanical Response to a Single Action Potential

Figure III-1-6 illustrates the mechanical contraction of skeletal muscle and the
: action potential on the same time scale.
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Active Force

Intracellular
Free Calcium

Membrane /\

Potential

Time (msec)

Figure llI-1-6. The Time Course of Events During Contraction

e Note the sequence of events: action potential causes Ca®* release.
e Release of Ca?* evokes muscle contraction (twitch).

e Note that the muscle membrane has completely repolarized well before
the start of force development.

Summation and Recruitment

Under normal circumstances, enough Ca?* is released by a single muscle action
potential to completely saturate all the troponin-C binding sites. This means :
all available cross-bridges are activated and thus force cannot be enhanced by :
increasing cytosolic Ca?*. Instead, peak force in skeletal muscle is increased in 2
ways: summation and recruitment.

Summation

e Because the membrane has repolarized well before force development,
multiple action potentials can be generated prior to force development.

e Each action potential causes a pulse of Ca®* release.

e Each pulse of Ca?* initiates cross-bridge cycling and because the muscle
has not relaxed, the mechanical force adds onto (summates) the force
from the previous action potential (Figure I1I-1-7).

e This summation can continue until the muscle tetanizes in which case
there is sufficient free Ca®* so that cross-bridge cycling is continuous.

Recruitment

e A single alpha motor neuron innervates multiple muscle fibers. The
alpha motor neuron and all the fibers it innervates is called a motor-unit.

e Recruitment means activating more motor units, which in turn engage
more muscle fibers, causing greater force production.
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Figure llI-1-7. Summation of Individual Twitches
and Fusion into Tetanus

COMPARISON OF STRIATED MUSCLES
. (SKELETALVS. CARDIAC)

i Skeletal and cardiac muscle are both striated muscle and share many similarities.
i Nevertheless, there are important differences.

: Similarities
: e Both have the same functional proteins, i.e., actin, tropomyosin, troponin,
myosin, and titin.

e A rise in cytosolic Ca?" initiates cross-bridge cycling thereby producing
active tension.

e ATP plays the same role.
e Both have SERCA.

e Both have Ry receptors on the SR and thus show calcium-induced cal-
cium release.

Bridge to Pathology Differences

Dysfunction in the titin protein has e Extracellular Ca?* is involved in cardiac contractions, but not skeletal
been associated with dilated and muscle. This extracellular Ca?* causes calcium-induced calcium release
restrictive cardiomyopathies (see next ~ : in cardiac cells.

section). e Magnitude of SR Ca?* release can be altered in cardiac (see section on

cardiac mechanics), but not skeletal muscle.

e Cardiac cells are electrically coupled by gap junctions, which do not
exist in skeletal muscle.

62 IKAPLAN) MEDICAL



Chapter 1 o Excitation-Contraction Coupling

Cardiac myocytes remove cytosolic Ca?" by 2 mechanisms: SERCA
and a Na*—Ca?* exchanger (3 Na* in, 1 Ca* out) on the sarcolemmal
membrane. Skeletal muscle only utilizes SERCA.

Cardiac cells have a prolonged action potential (Figure III-1-8). This
figure illustrates that the twitch tension is already falling (muscle start-
ing to relax) while the action potential is still in the absolute refrac-
tory period. Thus, a second action potential cannot be evoked before
the mechanical event is almost completed. This approximately equal
mechanical and electrical event prevents summation of the force and if
the muscle can’t summate, it can’t tetanize.

£
A/‘F \\ Muscle twitch
Action \
potential / \ Relative refractory
/ \ period
Absolute
refractory
; period
— ———
T T T T El |
0 100 200 300
Time (msec)

Figure llI-1-8. Force and Refractory Periods
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Chapter Summary

Actin is the structural protein of the thin filaments. The regulatory proteins
are tropomyosin and troponin, the latter binding calcium. These proteins
determine the availability of myosin binding sites on the thin filaments.

In resting skeletal muscle, DHP prevents SR Ca2* release by blocking RyR,
which is a Ca?* channel on the SR membrane. An action potential removes
this block of RyR, allowing Ca2* to flow into the cytosol, which in turn,
initiates contraction and the development of active force.

All Ca2* for skeletal muscle contraction comes from the SR, while the rise in
cytosolic Ca* comes from both the extracellular space and the SR in cardiac
muscle.

The hydrolysis of ATP by the myosin ATPase provides the energy for the
mechanical aspects of contraction. ATP also serves to dissociate actin and
myosin.

Sustained saturation of the skeletal muscle cell with free calcium causes
tetanus, which is simply the continuous cycling of all available cross-bridges.
Cardiac muscle cannot be tetanized due to the long duration of its absolute
refractory period.



Skeletal Muscle Mechanics

OVERVIEW OF MUSCLE MECHANICS

Preload :
Preload istheload on a muscle in a relaxed state, i.e., before it contracts. Applying
preload to muscle does 2 things: ;
o Stretches the muscle: This in turn, stretches the sarcomere. The greater
the preload, the greater the stretch of the sarcomere.

o Generates passive tension in the muscle: Muscle is elastic (see titin, pre-
vious chapter) and thus “resists” the stretch applied to it. Think of the
“snap-back” that occurs when one stretches a rubber band. The force of
this resistance is measured as passive tension. The greater the preload,
the greater the passive tension in the muscle.

Afterload

Afterload is the load the muscle works against. If one wants to lift a 10 Kg weight,
then this weight represents the afterload. Using the 10 kg weight example, 2 pos-
sibilities exist:
o If the muscle generates more than 10 kg of force, then the weight moves
as the muscle shortens. This is an isotonic contraction.

o If the muscle is unable to generate more than 10 kg of force, then the
muscle won’t shorten. This is an isometric contraction.

e Types of tension
— Passive: Produced by the preload
— Active: Produced by cross-bridge cycling (described in previous chapter)

— Total: The sum of active and passive tension

LENGTH-TENSION CURVES

Length-tension curves are important for understanding both skeletal and cardiac
muscle function. The graphs that follow are all generated from skeletal muscle in
vitro, but the information can be applied to both skeletal muscle and heart muscle
in vivo.

Passive Tension Curve

The green line in Figure III-2-1 shows that muscle behaves like a rubber band. :
The elastic properties of the muscle resist this stretch and the resulting tension is :
recorded. There is a direct (non-linear) relationship between the degree of stretch :
and the passive tension created that resists this stretch.
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Point A: No preload, thus no stretch and no passive tension

Point B: Preload of 1 g stretches muscle, thus increasing its resting
length, resulting in ~1 g of passive tension

Point C: Preload of 5 g increases muscle stretch, producing a greater
resting length and thus a greater passive tension.

In vivo skeletal

muscle

5 l C.
g 4 - U SR — Passive
g o *.... tension
234 & Active ®, curve
So- é tension
2 curve B
© 1+ > %
o A i

0 T T T T T 1 :

1 2 3 45 6 7
Muscle Length (units)
A B C

Infinite
afterload

In vivo skeletal muscle

Passive tension =0 Passive tension =1 Passive tension =5
Active tension =2 Active tension = 4 Active tension = 3
Total tension = 2 Total tension =5 Total tension = 8

Figure llI-2-1. Preload, Active and Passive Tension:
The Length—Tension Relationship

Active Tension

i The purple line in Figure ITI-2-1 shows the tension developed by stimulating the
i muscle to contract at the different preloads. In this example, the contraction is
: a maximal isometric contraction, i.e., the contraction produces tension, but
i the afterload is much greater than the tension the muscle develops and thus the
. muscle doesn’t shorten. Recall that active tension represents the force generated

i by cross-bridge cycling. It is important to note the shape (bell-shaped) of the
i active tension curve.
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e Preload of A: When there is no preload, the evoked muscle contraction
develops ~2 g of active tension.

e Preload of B: At this preload, the active tension produced by stimulation
of the muscle is greater, ~4 g.

e Preload of C: This preload results in less active tension than the previous
preload. Thus, active tension increases as the muscle is stretched, up to a
point. If stretched beyond this point, then active tension begins to fall.

e Optimal length (L o) L, represents the muscle length (preload) that
produces the greatest active tension. In Figure III-2-1, this occurs at the
preload designated by B.

Explanation of Bell-shaped Active Tension Curve

Figure III-2-1 shows a simplified picture of a sarcomere. Actin is the thin brown line,
while myosin is depicted in purple. The magnitude of active tension depends on the :
number of actin-myosin cross-bridges that can form (directly related). :

e Preload A: actin filaments overlap

— Thus, the force that can be exerted by myosin tugging the actin is
compromised and the active tension is less.

e Preload B (L ): all myosin heads can bind to actin, and there is separa-
tion of actin filaments

— Thus, active tension generated is greatest here because there is optimal
overlap of actin and myosin.

e Preload C: the stretch is so great that actin has been pulled away from
some of the myosin filament, and thus fewer actin-myosin interactions
are available, resulting in diminished active tension.

— If taken to the extreme, greater stretch could pull actin such that
no actin-myosin interactions can occur, and thus no active tension
results (active tension curve intersects the X-axis). This is an experi-
mental, rather than physiologic phenomenon.

o Total tension: sum of passive and active tension (bottom of Figure III-2-1)

RELATIONSHIP BETWEEN VELOCITY AND LOAD

Figure III-2-2 shows that the maximum velocity of shortening (Vmax) occurs
when there is no afterload on the muscle. Increasing afterload decreases velocity, :
and when afterload exceeds the maximum force generated by the muscle, short-
ening does not occur (isometric contraction).
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In Figure III-2-2:

*Maximum velocity (Vmax) is determined by the muscle’s ATPase activ-
ity. It is the ATPase activity that determines a fast versus a slow muscle.

**Maximum force generated by a muscle. This occurs when summation
is maximal (complete summation) and all motor units for the given mus-
cle are fully recruited. The absolute amount of force is directly related
to muscle mass and preload, with the greatest force occurring when the

preloadisatL .

Velocity

Muscle A: a smaller, slower muscle (red muscle)

Muscle B: a larger, faster muscle (white muscle)

Afterload : . . : .
As load increases, the distance shortened during a single contraction
decreases. So, with increased afterload, both the velocity of contraction
Figure llI-2-2. Force—Velocity Curve and the distance decrease.

PROPERTIES OF WHITEVS. RED MUSCLE

. White Muscle
i Generally, this is the large (powerful) muscle that is utilized short-term, e.g., ocular
: muscles, leg muscles of a sprinter. Major characteristics are as follows:

e Large mass per motor unit
e High ATPase activity (fast muscle)
e High capacity for anaerobic glycolysis

e Low myoglobin

. Red Muscle
© Generally, this is the smaller (less powerful) muscle utilized long-term (endur-
i ance muscle), e.g., postural muscle. Major characteristics are as follows:

Small mass per motor unit
Lower ATPase activity (slower muscle)
High capacity for aerobic metabolism (mitochondria)

High myoglobin (imparts red color)
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Table IlI-2-1. Histologic Features of Skeletal, Cardiac, and Smooth Muscle

Skeletal
Striated

Actin and myosin form
sarcomeres

Sarcolemma lacks
junctional complexes
between fibers

Each fiberinnervated

Troponin to bind calcium

High ATPase activity
(fast muscle)

Extensive sarcoplasmic
reticulum

T tubules form triadic
contacts with reticulum
atA-l junctions

Surface membrane lacks
calcium channels

Chapter Summary

Cardiac
Striated

Actin and myosin form
sarcomeres

Junctional complexes
between fibers including
gap junctions

Electrical syncytium

Troponin to bind calcium

Intermediate ATPase
activity

Intermediate
sarcoplasmic reticulum

T tubules form dyadic
contact with reticulum
nearZ lines

Voltage-gated calcium
channels

Smooth
Nonstriated

Actin and myosin
not organized into
sarcomeres

Gap junctions

Electrical syncytium

Calmodulin to bind
calcium

Low ATPase activity
(slow muscle)

Limited sarcoplasmic
reticulum

Lack T tubules, SR
controlled by second
messengers

Voltage-gated calcium
channels

e Preload generates passive muscle tension and stretches the sarcomere.

e The degree of sarcomere stretch determines the maximum number of cycling
cross-bridges that can result, and thus, the maximum active tension.

e Invivo, the preload of skeletal muscleis set by joint angles. When
appropriately positioned to lift a load, the muscleis at L.

e White muscle is generally large and fast (high ATPase), whereas red muscle is
smaller and slower (low ATPase).

e Skeletal muscle is fast (high ATPase), each fiber is innervated, and only
internally stored calcium is utilized for contraction. This is different from both
cardiac and smooth muscle.
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Cardiac Muscle Mechanics

SYSTOLIC PERFORMANCE OF THE VENTRICLE

Systolic performance actually means the overall force generated by the ventricular
muscle during systole. The heart does 2 things in systole: pressurizes and ejects
blood. An important factor influencing this systolic performance is the number of :
cross-bridges cycling during contraction. 5

The greater the number of cross-bridges cycling, the greater the force of contraction.

Systolic performance is determined by 3 independent variables:
e Preload
e Contractility
e Afterload

These 3 factors are summed together to determine the overall systolic per- :
formance of the ventricle. Recent work has demonstrated that they are not :
completely independent, but the generalizations made here will apply to the !
physiologic and clinical setting. :

Preload

As in skeletal muscle, preload is the load on the muscle in the relaxed state.

More specifically, it is the load or prestretch on ventricular muscle at the end of
diastole. :

Preload on ventricular muscle is not measured directly; rather, indices are utilized.

The best indices of preload on ventricular muscle are those measured directly in
the ventricles. Indices of left ventricular preload:

e Left ventricular end-diastolic volume (LVEDV)
o Left ventricular end-diastolic pressure (LVEDP)

Possibly somewhat less reliable indices of left ventricular preload are those mea-
sured in the venous system. :

e Central venous pressure (CVP)
e Pulmonary capillary wedge pressure (PCWP)
e Right atrial pressure (RAP)
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: Pulmonary wedge pressure, sometimes called pulmonary capillary wedge pressure,
i is measured from the tip of a Swan-Ganz catheter, which, after passing through
. the right heart, has been wedged in a small pulmonary artery. The tip is pointing
i downstream toward the pulmonary capillaries, and the pressure measured at the tip
: is probably very close to pulmonary capillary pressure. Since the vessel is occluded
{ and assuming minimal flow, the pressure is probably also very close to left atrial
. pressure as well. A rise in pulmonary capillary wedge pressure is evidence of an
! increase in preload on the left ventricle. In some cases, such as in mitral stenosis, it
! is not a good index ofleft ventricular preload.

: Along similar lines, measurement of systemic central venous pressure is used as
i an index of preload.

Preload factor in systolic performance (Frank-Starling mechanism)
i The preload effect can be explained on the basis of a change in sarcomere length.
¢ This is illustrated in Figure [V-1-1.

Length—Tension Relationship Frank-Starling Mechanism
Active tensio
5.0 Active tension 704  during systolbm
3 t3
(]
L 3.0 g 50 -
2 S
T 2.0 o 40
(b} et
o o
1.0 ?» 30| Passive tension during diastole
Passive tension \/
0 T 0 T T T T T
1.2 2.2 50 100 150 200 250
Sarcomere Length (um) Left Ventricular End-Diastolic Volume

(mL) Index of Preload

Figure IV-1-1. Length—Tension Relationships in Skeletal and Cardiac Muscle
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: The resting length of skeletal muscle in vivo is at a sarcomere length close to
i the optimum for maximal cross-bridge linking between actin and myosin during
i contraction (L ).

Heart muscle at the end of diastole is below this point. Thus, in a normal
i heart, increased preload increases sarcomere length toward the optimum
: actin-myosin overlap. This results in more cross-linking and a more forceful
i contraction during systole.
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Contractility (Inotropic State)
An acceptable definition of contractility would be a change in performance at a
given preload and afterload. Thus, contractility is a change in the force of con-
traction at any given sarcomere length.
e Acute changes in contractility are due to changes in the intracellular
dynamics of calcium.
e Drugs that increase contractility usually provide more calcium and at a
faster rate to the contractile machinery.
e More calcium increases the availability of cross-link sites on the actin,
increasing cross-linking and the force of contraction during systole.
e Calcium dynamics do not explain chronic losses in contractility, which
in most cases are due to overall myocyte dysfunction.

Indices of contractility

Increased dp/dt (change in pressure vs. change in time) = rate of pressure develop-
ment during isovolumetric contraction. Contractility affects the rate at which the
ventricular muscle develops active tension, which is expressed as pressure in the
ventricle during isovolumetric contraction.

Increased ejection fraction (stroke volume/end-diastolic volume). Ejection frac-
tion can now be estimated fairly easily by a noninvasive technique and is current-
ly a common clinical index of contractility. There is no ideal index of contractility.
Ejection fraction is influenced by afterload, but in most cases an increase in con-

tractility is accompanied by an increase in ejection fraction. Note that ejection '
fraction simply indicates the percentage of blood ejected from the ventricle; it :

does not by itself give information about preload or stroke volume.

When contractility increases, there are changes in addition to an increased force
of contraction. This is illustrated in Figure IV-1-2. The solid line represents left
ventricular pressure before (and the dashed line after) an increase in contractil-
ity via increased sympathetic stimulation. The numbers refer to the descriptions
after the figure.
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Figure IV-1-2. Effects of Increased Contractility
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i The overall changes induced by increased contractility can be summarized as follows:

: 1. Increased dp/dt: increased slope, thus increased rate of pressure development
2. Increased peak left ventricular pressure due to a more forceful contraction
3. Increased rate of relaxation due to increased rate of calcium sequestration

4. Decreased systolic interval due to effects #1 and #3

: Both an increased preload and an increased contractility are accompanied by an
¢ increased peak left ventricular pressure, but only with an increase in contractility is
: there a decrease in the systolic interval.

: Whereas contractility affects systolic interval, heart rate determines diastolic inter-
: val.Thus, increased sympathetic activity to the heart produces the following:

e Systolic interval decreased: contractility effect

e Diastolic interval decreased: heart rate effect

© A high heart rate (pacemaker-induced) produces a small increase in contractility
: (Bowditch effect). Because Ca2* enters the cell more rapidly than it is seques-
¢ tered by the sarcoplasmic reticulum, intracellular Ca?* increases. The increased
. contractility helps compensate for the reduced filling time associated with high
© heart rates. :

. Afterload

: Afterload is defined as the “load” that the heart must eject blood against. Exactly
what constitutes afterload to the heart is the subject of much debate. Probably, the
¢ best “marker” of afterload is systemic vascular resistance (SVR), also called total
. peripheral resistance (TPR). However, TPR is not routinely calculated clinically

: and thus arterial pressure (diastolic, mean, or systolic) is often used as the index
. of afterload.

¢ Afterload is increased in 3 main situations:

1. When aortic pressure is increased (elevated mean arterial pressure); for
example, when hypertension increases the afterload, the left ventricle has
to work harder to overcome the elevated arterial pressures.

2. When systemic vascular resistance is increased, resulting in increased
resistance and decreased compliance

3. Inaortic stenosis, resulting in pressure overload of the left ventricle

: In general, when afterload increases, there is:
e Decreased stroke volume

e Increased end-systolic volume
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VENTRICULAR FUNCTION CURVES

Ventricular function curves are an excellent graphical depiction of the effects of
preload versus contractility and afterload (Figure IV-1-3). :

100 —
g
= 50—
>
(92]
0

LVEDP (mm Hg)

Figure I1V-1-3. Family of Frank-Starling Curves

Changes in afterload and contractility shift the curve up or down, left or right.

There is no single Frank-Starling curve on which the ventricle operates. There
is actually a family of curves, each of which is defined by the afterload and the :
inotropic state of the heart: :
e Increasing afterload and decreasing contractility shift the curve down
and to the right.
e Decreasing afterload and increasing contractility shift the curve up and
to the left.

Application of Ventricular Function Curves

c Fé o y axis: index of systolic performance,
f, . e.g., stroke work, stroke volume,

: cardiac output; all are indices

of the force of ventricular

contraction

, 2] :
De F ¢ | xaxis: index of ventricular preload,
/ e.g., ventricular end-diastolic
: volume or pressure, RAP, or CVP

Systolic Performance

Ventricular Preload

Figure IV-1-4. Ventricular Function Vectors

KKAPLAN) MEDICAL 77




Section IV ¢ Cardiac Muscle Mechanics

: A ventricular function curve is the rise in ventricular performance as preload
. increases (Frank-Starling curve). Thus:

e All points on a ventricular function curve have the same contractility.

e All curves have an ascending limb, a peak point, and possibly a descend-
ing limb.

e The pericardium normally prevents the large increases in preload neces-
sary to reach the peak of a cardiac function curve.

! Starting at N, which represents a normal, resting individual:
e A = decreased performance due to a reduction in preload

e B = increased performance due to an increased preload

. Starting at N, point C represents an increased performance due to an increase in
: contractility or a reduction in afterload.

e Any point above a ventricular function curve means increased contractility,
or an acute decrease in afterload.

e Any point below a ventricular function curve means decreased contrac-
tility, or an acute increase in afterload..

Points C, D, and E represent different levels of performance due to changes in
: preload only (Frank-Starling mechanism); all 3 points have the same contractility.

i Vector I: consequences of a loss in preload, e.g., hemorrhage, venodilators (nitro-
i glycerin)
: e Performance decreases because of a loss in preload.

e The loss of venous return and preload reduces cardiac output and blood
pressure, and via the carotid sinus, reflex sympathetic stimulation to the
heart increases.

e The increased contractility partially compensates for the loss of preload.

e When there is a loss of either preload or contractility that compromises
performance, the other factor usually increases to return performance
toward normal. However, the compensatory mechanism is usually
incomplete.

Vector II: consequences of a loss in contractility, e.g., congestive heart failure

: e Performance decreases because of a loss in contractility.
e Adecrease in contractility decreases ejecion fraction, which increases preload.
o The increased preload partially compensates for the loss of contractility.

e An acute decrease in afterload, e.g., peripheral vasodilation, produces
the same change.

{ Vector IIL: consequences of an acute increase in contractility
. e Performance increases.
e The increased contractility increases ejection fraction.
e The increased ejection fraction decreases preload.

e An acute decrease is afterload, e.g., peripheral vasodilation, produces the
same shift in the curve.

: Vector IV: consequences of an acute increase in preload, e.g., volume loading in

i the individual going from the upright to the supine position.

' e Increased venous return increases preload, which increases performance
and cardiac output.
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e Increasing cardiac output raises blood pressure, and via the carotid sinus :
reflex, sympathetic stimulation to the heart decreases. :

e The decreased sympathetic stimulation reduces contractility.

All of the preceding sequences assume no dramatic change in heart rate, which :
could reduce or eliminate some of the expected changes. Whenever there is a :
change in sympathetic stimulation to the heart, there is a change in both contrac-
tility and heart rate. :

Ventricular Volumes

End-diastolic volume (EDV): volume of blood in the ventricle at the end of
diastole

End-systolic volume (ESV): volume of blood in the ventricle at the end of
systole

Stroke volume (SV): volume of blood ejected by the ventricle per beat
SV =EDV - ESV

Ejection Fraction (EF): EF = SV/EDV
(should be greater than 55% in a normal heart)

CHRONIC CHANGES: SYSTOLIC AND DIASTOLIC
DYSFUNCTION

Systolic dysfunction can be defined as an abnormal reduction in ventricular
emptying due to impaired contractility or excessive afterload.

Diastolic dysfunction is a decrease in ventricular compliance during the filling
phase of the cardiac cycle due to either changes in tissue stiffness or impaired ven- :
tricular relaxation. The consequence is a diminished Frank-Starling mechanism.

Pressure Overload

e Examples of a pressure overload on the left ventricle include hyperten-
sion and aortic stenosis.

e Initially, there is no decrease in cardiac output or an increase in preload
since the cardiac function curve shifts to the left (increased performance
due to increased contractility).

o Chronically, in an attempt to normalize wall tension (actually internal
wall stress), the ventricle develops a concentric hypertrophy. There is a
dramatic increase in wall thickness and a decrease in chamber diameter.

e The consequence of concentric hypertrophy (new sarcomes laid down
in parallel, i.e., the myofibril thickens) is a decrease in ventricular com-
pliance and diastolic dysfunction, followed eventually by a systolic dys-
function and ventricular failure.
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. Volume Overload

e Examples of a volume overload on the left ventricle include mitral and
aortic insufficiency and patent ductus arteriosus.

o Fairly well tolerated if developed slowly. A large acute volume overload
less well tolerated and can precipitate heart failure.

e Due to the LaPlace relationship, a dilated left ventricle must develop a
greater wall tension to produce the same ventricular pressures.

P=T/r

The greater the radius, the greater the
wall tension needed to generate the same
ventricular pressure.

Figure IV-1-5

e Chronically, in an attempt to normalize wall tension (actually internal
wall stress), the ventricle develops an eccentric hypertrophy (new sar-
comeres laid down end-to-end, i.e., the myofibril lengthens). As cardiac
volumes increase, there is a modest increase in wall thickness that does
not reduce chamber size.

e Compliance of the ventricle is not compromised and diastolic function
is maintained.

e Eventual failure is usually a consequence of systolic dysfunction.

: Cardiomyopathy
e Cardiac failure or more specifically congestive failure is a syndrome with
many etiologies.

e Cardiomyopathy is a failure of the myocardium where the underlying
cause originates within the myocyte.

e Excluded would be valvular heart disease, afterload problems, and coro-
nary heart disease.

e There are 3 basic types of cardiomyopathy:
— Dilated cardiomyopathy
— Restrictive cardiomyopathy
— Hypertrophic cardiomyopathy

: Dilated cardiomyopathy
E e Ventricular dilation with only a modest hypertrophy that is less than
appropriate for the degree of dilation
e It can occur for the left heart, right heart, or can include both.

e Diastolic function remains intact and helps compensate for the chamber
dilation.

e Compensation also includes increased sympathetic stimulation to the
myocardium.
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e Systolic dysfunction despite compensations via Frank-Starling and
increased contractility

e Further dilation over time and mitral and tricuspid failure enhance sys-
tolic dysfunction with eventual complete failure.

Restrictive cardiomyopathy
e Decreased ventricular compliance with diastolic dysfunction and a
decrease in ventricular cavity size
e Increased filling pressures lead to left- and right-sided congestion.
e Ventricular hypertrophy may or may not be present.

e Systolic maintained close to normal

Hypertrophic cardiomyopathy
e Septal or left ventricular hypertrophy is unrelated to a pressure overload. :

e Diastolic dysfunction due to increased muscle stiffness and impaired
relaxation

e Isa subtype of hypertrophic cardiomyopathy, often resulting in a
restriction of the ventricular outflow tract (idiopathic hypertrophic sub-
aortic stenosis) and pulmonary congestion. Currently this is referred to
clinically as hypertrophic obstructive cardiomyopathy (HOCM).

e Hypertrophy may be related to septal fiber disarray.
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Chapter Summary

e Ventricular performance is determined by the amount of preload, the level of
contractility, and afterload.

e Acutely, the preload effect determines sal;comere length, and the contractility
effect by the availability of calcium.

e The bestindices of preload are ventricular end-diastolic volume and pressure,
and indices of contractility include the rate of pressure development during
isovolumetric contraction, systolic interval, and ejection fraction. The ejection
fraction (SV/EDV) in normal individuals should usually be greater than 55%.

e Both preload and contractility alterthe force of ventricular contraction, but only
contractility has a significant effect on systolic interval (decreasing it).

e Aloss of preload or contractility produces an increase in the other factor,
which functions to minimize the loss in ventricular performance.

e Afterload on the ventricle represents the overall force the ventricular muscle
must develop to pump the blood out of the ventricle. A close approximation
for the left ventricle is the resistance of the arterioles (TPR).

e Systolic dysfunction is an abnormal reduction in ventricular emptying due to
impaired contractility or excessive afterload.

e Diastolic dysfunction is a decrease in muscle compliance and a diminished
Frank-Starling mechanism.

e A pressure overloaded ventricle causes a concentric hypertrophy, diastolic
dysfunction, and eventually a systolic dysfunction.

e Avolume overloaded ventricle causes an eccentric hypertrophy. Diastolic
function is usually maintained with failure, which is the result of a systolic
dysfunction.

e Cardiomyopathy is a failure of the myocardium where the underlying cause
originates withinthe myocyte.
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General Aspects of the
Cardiovascular System

OVERVIEW OF THE CARDIOVASCULAR SYSTEM

Figure V-1-1 illustrates the general organization of the cardiovascular system.

Pulmonary

w

Circuit

Systemic

A

Circuit

Figure V-1-1. Overview of Circulatory System

two circuits (pulmonary and systemic) connected in series.

e When circuits are connected in series, flow must be equal in the two
circuits.

e Cardiac output is the output of either the left or right ventricle, and
because of the series system, they are equal.

e The chemical composition of pulmonary venous blood is very close to
the chemical composition of systemic arterial blood

e Systemic mixed venous blood entering the right atrium has the same
composition as pulmonary arterial blood.

: In a Nutshell

The function of the heart is to transport
blood and deliver oxygen in order to

¢ maintain adequate tissue perfusion. It
: alsoremoveswaste products, e.g., CO,

The cardiovascular system consists of two pumps (left and right ventricles) and created by tissue metabolism.

Because the heartis a “demand pump”
that pumps out whatever blood comes
© back into it from the venous system,
itis effectively the amount of blood

¢ returning to the heart that determines
how much blood the heart pumps out.
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: Table V-1-1. Pressure Differential

Pressures in the Pressures in the

Pulmonary Circulation Systemic Circulation
Right ventricle 25/0 mm Hg Left ventricle 120/0 mm Hg
Pulmonary artery  25/8 mm Hg Aorta 120/80 mm Hg
Mean pulm. art. 15 mm Hg Mean art.bloodp 93 mm Hg
Capillary 7-9 mm Hg Capillary: skeletal 30 mm Hg

- renal glomerular 45-50 mm Hg

Pulmonary 5 mm Hg Peripheral veins 15 mm Hg
venous
Left atrium 5-10 mm Hg Right atrium 0 mm Hg

(central venous)

Pressure gradient 15-5=10 mm Hg | Pressure gradient 93-0=93 mm Hg

Systemic versus Pulmonary Circuit

i Cardiac output and heart rate of the two circuits are equal, so stroke volumes are
. the same. Despite this, all pressures are higher in the systemic (peripheral) cir-
¢ cuit. This shows that the vessels of the circuits are very different. The systemic cir-
¢ cuit has much higher resistance and much lower compliance than the pulmonary
i circuit. The lower pressures mean that the work of the right ventricle is much
i lower. In addition, the lower capillary pressure protects against the development
i of pulmonary edema.

Structure-Function Relationships of the Systemic Circuit

¢ Figure V-1-2 shows that the systemic circuit is a branching circuit. It begins as a
i large single vessel, the aorta, and branches extensively into progressively smaller
i vessels until the capillaries are reached. The reverse then takes place in the venous
i circuit.
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-

‘Venae |

Aorta Arteries | Veins ‘cavae

| 1

1 1
Arterioles ‘ Venules
Capillaries

Figure V-1-2. Organization of the Systemic Vessels

HEMODYNAMICS
Q: flow (mL/min)
Pressure’ FlOW, Resistance i | P upstream pressure (pressure
The Poiseuille equation represents the relationship of flow, pressure, and resistance. head) for segment or circuit
: (mm Hg)
Q= Pi-Py P,: pressure atthe end of the
R segment or circuit (mm Hg)
It can be applied to a single vessel (Figure V-1-3), an organ, or an entire circuit. R: resistance of vessels between P,
: and P, (mm Hg/mL/min)
| — Pressure gradient iy |

P, P,

Blood flow
Resistance

Figure V-1-3. Poiseuille Equation Applied to Single Vessel

The flow to an organ such as the kidney, for example, could be calculated as mean
arterial pressure minus renal venous pressure divided by the resistance of all ves-
sels in the renal circuit. :
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i Determinants of Resistance

Units of Resistance =

: The resistance of a vessel is determined by 3 major variables: R o< . 4
: r

Vessel Radius ()

Resistance = Pl—épl

mm Hg _
mL/min

pressure
volume/time

The most important factor determining resistance is the radius of the vessel. If

i resistance changes, then

the following occurs:

e Increased resistance decreases blood flow, increases upstream pressure,
and decreases downstream pressure.

e Decreased resistance increases blood flow, decreases upstream pressure
and increases downstream pressure.

e The pressure “drop” (difference between upstream and downstream) is
directly related to the resistance. There is a big pressure drop when resis-
tance is a high and minimal pressure drop when resistance is a low.

120
o
I 80 —
€
1S
9_) =4
=]
7]
3
e 40
0

Aorta

Arteries
Arterioles
Venules
Veins

Right Heart

Capillaries
Venae Cavae

Figure V-1-4. Systemic System Pressures
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Whole body application of resistance

Figure V-1-4 shows, in a horizontal subject, the phasic and mean pres-
sures from the aorta to the vena cava.

Pressure in the aorta is normally just below 100 mm Hg (about 93 mm
Hg) and decreases toward the right atrium.

The pressure dissipates, overcoming resistance. The amount of pres-
sure lost in a particular segment is proportional to the resistance of
that segment.

There is a small pressure drop in the major arteries (low-resistance seg-
ment); the largest drop is across the arterioles (highest resistance seg-
ment), and another small pressure drop occurs in the major veins (low-
resistance segment).

Local arteriolar dilation decreases arteriolar resistance, which increases flow
and pressure downstream (more pressure and more flow get downstream).

Likewise, local arteriolar constriction increases arteriolar resistance, and
flow and pressure decrease downstream.

Since blood flows from high pressure to low pressure, the sequence of
the vessels in any system or part of a system will also be the sequence of
pressures, from highest to lowest.

In any vessel, the critical value that determines flow is the difference, the

pressure gradient, between upstream (pressure head) and downstream
pressure, not the pressure head only.

Blood Viscosity (v)

to flow:

o The greater the viscosity, the greater the resistance.

e The prime determinant of blood viscosity is the hematocrit.

Figure V-1-5 shows how viscosity varies with hematocrit.

Normal blood

I I | | | | |
0O 10 20 30 40 50 60 70

Hematocrit (%)

Figure V-1-5. Effect of Hematocrit on Blood Viscosity

Anemia decreases viscosity. Polycythemia increases viscosity.

. Note
What is the hematocrit?

Answer: If a blood sample from an adult
is centrifuged in a graduated test tube,
the relative volume of packed red cells

i istermed the hematocrit. Fora normal
adult this volume is about 40-45% of
the total, meaning the red cells occupy
about 40—45% of the blood in the body.
i The white blood cells are less dense
than thered blood cells and form a

thin layer (the so-called buffy coat).
Viscosity is a property of a fluid that is a measure of the fluid’s internal resistance : This is why the hematocrit is a major
determinant of blood viscosity.

89
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i Vessel Length (L)
The greater the length, the greater the resistance.
: o If the length doubles, the resistance doubles.
o If the length decreases by half, the resistance decreases by half.

e Vessel length is constant; therefore, changes in length are not a physi-
ologic factor in regulation of resistance, pressure, or flow.

. Velocity

i Velocity refers to the rate at which blood travels through a blood vessel. Although
: velocity is directly related to blood flow, it is different in that it refers to a rate,
! e.g., cm/sec. Mean linear velocity is equal to flow divided by the cross-sectional
: area (CSA). Thus, velocity is directly related to flow, but if CSA changes, then
¢ velocity is affected. The important functional applications of this are:

e CSA is high in capillaries, but low in the aorta.
e Velocity is therefore high in the aorta and low in the capillaries.

e The functional consequence of this is that low velocity in the capillaries
optimizes exchange.

e The potential pathology of this is that because the aorta has high velocity
and a large diameter, turbulent blood flow can occur here (see below).

Laminar versus Turbulent Flow

i There can be two types of flow in a system: laminar and turbulent.

: Characteristics of laminar flow:

R T o Ay e Asshown in Figure V-1-6, laminar flow is flow in layers.

= e Laminar flow occurs throughout the normal cardiovascular system,
_—— . . .
e : excluding flow in the heart.

o Thelayer with the highest velocity is in the center of the tube.
Figure V-1-6. Laminar Flow

{ Characteristics of turbulent flow:

As shown in Figure V-1-7, turbulent flow is nonlayered flow.

e It creates murmurs. These are heard as bruits in vessels with severe ste-

/) O Q G C nosis.
C\ (\ O C e It produces more resistance than laminar flow.

Figure V-1-7. Turbulent Flow Relation of Reynold’s number to laminar and turbulent flow

(diameter) (velocity) (density)
viscosity

Reynold’s number =

»2,000 = turbulent flow :
: The number inducing turbulence is not absolute. For example, atherosclerosis
. reduces the Reynold’s number at which turbulence begins to develop in the sys-
i temic arteries. In addition, thrombi are more likely to develop with turbulent flow
i than in a laminar flow system.

¢2,000 = laminar flow
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The following promote the development of turbulent flow (i.e., increase Reynolds’ !
number):

e Increasing tube diameter
e Increasing velocity

e Decreasing blood viscosity, e.g., anemia (cardiac flow murmer)

The vessel in the systemic circuit that is closest to the development of turbulent :
flow is the aorta. It is a large-diameter vessel with high velocity. This is where :
turbulence should appear first in anemia. £

The following also promote turbulence:
e Vessel branching

e Narrow orifice (severe stenosis)—due to very high velocity of flow

During inspiration and expiration, turbulent flow occurs in the large airways of :
the conducting zone. :

Series Versus Parallel Circuits

e If resistors are in series, then the total resistance is the sum of each indi-
vidual resistor.

RT=R1 +R2 +R3... :
e Ifresistors are in parallel, then the total resistance is added as reciprocals
of each resistor.
1/RT =1/R1 + /R2 + 1/R3...
e Thus, total resistance is less in parallel circuits compared to series circuits.
e The application of this concept is that blood flow to the various organ :

beds of the systemic circulation is the result of parallel branches off of
the aorta.

— Because they are parallel branches, the total resistance of the systemic
circulation is less than if the organs were in series bloodflow-wise.

Application of Hemodynamics to the Systemic Circulation

Figure V-1-8 is a simplified model of the circulation that we can use to examine :
whole-body cardiovascular regulation. Blood flows from the aorta to the large :
arteries that supply the various organs. Within each organ, there are muscular
arterioles that serve as the primary site of resistance (see above). The sum of these
resistors (added as reciprocals because of the parallel arrangement) is TPR/SVR. :
This represents afterload to the heart (see previous chapter). '

There are 2 functional consequences related to the fact arterioles serve as the
primary site of resistance:

o They regulate blood flow to the capillaries (site of exchange with the
tissue).

o They regulate upstream pressure, which is mean arterial pressure (MAP).
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: Tissues need nutrient delivery and thus have mechanisms to regulate the tone of
arterioles (intrinsic regulation, discussed in the next chapter). However, from a
: wholebody perspective it is imperative to maintain an adequate MAP because this
: is the pressure head (upstream pressure) for the entire body (extrinsic regulation).

¢ Given the above, consider arterioles to effectively function as faucets. The tissues
i need to regulate the faucet to ensure adequate nutrient delivery (intrinsic regula-
tion). On the other hand, these arterioles need a sufficient tone to maintain MAP
¢ (extrinsic regulation). If all the faucets were fully opened simultaneously then
{ upstream pressure (MAP) plummets, in turn compromising blood flow to all
. the organs. Thus, a balance must exist with respect to the level of arteriolar tone
i (“how tight the faucet is”) so there is enough flow to meet the metabolic demands
i without compromising MAP.

: A variety of extrinsic mechanisms exist to regulate arterioles and thus maintain
i an adequate MAP. Factors that cause vasocontriction, resulting in increased MAP
: and reduced flow to the capillary include:

e Norepinephrine (NE) released from sympathetic postganglionic neurons

— NE binds alpha-1 receptors to activate Gq which increases cytosolic
calcium in smooth muscle cells, in turn causing vasoconstriction. The
sympathetic nervous system is the dominant regulator of vascular
tone and has a tonic effect on skeletal muscle and cutaneous vessels
at rest. During times of stress, it can exert its effects on the splanchnic
and renal circulations as well.

e Epinephrine (EPI) released from the adrenal medulla also activates
alpha-1 receptors.

e Ang Il via the AT receptor (Gq)

e Arginine vasopressin (AVP), also known as anti-diuretic hormone
(ADH), via the V1 receptor (Gq)

Vasodilation of arterioles results in a drop in MAP with an increased flow to cap-
i illaries (provided MAP doesn’t fall too much). Vasodilatory mechanisms include:

e Decreased sympathetic activity
— Reduced NE release decreases alpha-1 vasoconstriction.
e EPI stimulates vascular beta-2 receptors (Gs—cAMP)
e Nitricoxide (NO)
— Tonically released from vascular endothelium and activates soluble
guanylyl cyclase to increase smooth muscle cGMP.

e A variety of compounds produced by tissue metabolism, e.g., adenosine,
CO,, K*, and H*
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= Pancreas

Intestines

Skin, Muscle, Bone

Figure V-1-8. Systemic Circuit

WALL TENSION

LaPlace relationship:

T =< Pr

The aorta is the artery with the greatest wall tension (greatest pressure and radius).

Development of an Arterial Aneurysm

Figure V-1-9 shows a developing arterial aneurysm. The pressures at points A, B,

and C will be approximately the same.

A
s

Figure V-1-9. Aortic Enlargement

Bridge to Pharmacology

Drugs that mimic NE cause the same
cardiovascular effects that NE produces.
These include alpha-1 agonists, NE
releasers, and NE reuptake inhibitors.

Bridge to Pharmacology

Drugs that block NE’s vascular effects
¢ (alpha blockers), prevent NE release,
liberate NO, activate beta-2 receptors,
block calcium entry into smooth
muscle cells, and/or open smooth

¢ muscle potassium channels mimic the
: vasodilatory effects indicated.

. Bridge to Pathology

Sepsis, anaphylaxis, and neurogenic

i shock are examples of uncontrolled

: vasodilation in the periphery, leading to
i diminished MAP.

T =walltension
P = pressure

r =radius

In a Nutshell
. Heart with a dilated left ventricle vs.

normal heart

¢ If the aortic pressure is the same

i in both hearts, following the law of
LaPlace the dilated heart must create

i greater tension to overcome the same
aortic pressure and eject blood,

{ because its internal diameter and

i volume are greater. Thus, the dilated

. heart exerts greater total tension on the
! myocytes.
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e Thus, because the aneurysm has a greater radius, its wall tension is
greater than that of the surrounding normal vessel segments.

e Also, as the aneurysm enlarges, wall tension increases and the vessel is
more likely to burst. Examples are subarachnoid hemorrhage, aortic
aneurysm, and diverticulitis.

e This principle also is important in dilated heart failure, in which the
increased chamber size places greater tension on the failing ventricle.
This further reduces its performance.

e Another type of aneurysm is referred to as a dissecting aneurysm. In
systemic arterial disease, the high velocity in the aorta may damage the
endothelial lining, allowing blood to flow between and dissect the layers
of the aorta. This weakens the aortic wall and is considered a life-threat-
ening condition.

. VESSEL COMPLIANCE

AV

=

Compliance of a vessel can be calculated, but the resulting number is, for all
! practical purposes, meaningless. It is much more important to simply have
i a good concept of compliance and understand the differences in compliance
i among the vessels that make up the cardiovascular system.

e Compliance is essentially how easily a vessel is stretched. If a vessel is
easily stretched, it is considered very compliant. The opposite is non-
compliant or stiff.

e Elasticity is the inverse of compliance. A vessel that has high elasticity (a
large tendency to rebound from a stretch) has low compliance.

. Systemic Veins
i Systemic veins are about 20 times more compliant than systemic arteries.

e Veins also contain about 70% of the systemic blood volume and thus
represent the major blood reservoir.

e If blood is in the veins, then it is not available for the heart to pump and
is thus not contributing to the circulating blood volume.

¢ In short: When considering whole-body hemodynamics, compliance resides in
. the venous system. One must not forget the functional implications of arterial
i compliance, particularly with respect to arterial pressures (see below), but for the
circulation as a whole, compliance is in the venous system.

Venous Return

i To understand vascular function and thus ultimately the regulation of cardiac
i output, one can “split” the circulation into 2 components (Figure V-1-10):

e Cardiac output (CO): flow of blood exiting the heart (down arrow on
the arterial side).
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e Venous return (VR): flow of blood returning to the heart (up arrow on
the venous side). Because this is the flow of blood to the heart, it deter-
mines preload for the ventricles (assuming normal ventricular function).

Because the circulation is a closed system, these flows are intertwined and must
be the same when one examines it “over time” or at steady-state. In addition, each
flow is “dependent” on the other. For example:

e If CO fell to zero, then ultimately VR would become zero.
e If one were to stop VR, there would ultimately be no CO.

These are extreme examples to illustrate the point that altering one ultimately

alters the other and a variety of factors can transiently or permanently alter each
of the variables, resulting in the other variable being impacted to the same degree.
In Section IV, chapter 1, we discussed ventricular function, which plays a pivotal
role in CO. In this section, we discuss the regulation of VR. VR represents vascu-
lar function and thus understanding its regulation sets the stage for understand-
ing CO regulation.

VR is the flow of blood back to the heart and it determines preload. Since it is a

flow, it must follow the hemodynamic principles described above, i.e., it is directly

proportional to the pressure gradient and inversely related to the resistance.

o Right atrial pressure (RAP): blood is flowing to the right atrium, thus
RAP is the downstream pressure.

e Mean systemic filling pressure (Psf): represents the upstream pressure
(pressure head) for VR.

Mean systemic filling pressure (Psf): Although not a “theoretical” pressure (as
per numerous experiments, Psf is typically ~7 mm Hg prior to endogenous
compensations), this is not a pressure that can be conveniently measured, par-
ticularly in a patient. However, because it is the pressure when no flow exists, it is
primarily determined by volume and compliance (see Vessel Compliance above):

e Blood volume: There is a direct relation between blood volume and Psf.
The greater the blood volume, the higher the Psf and vice versa.

e Venous compliance: There is an inverse relation between venous com-
pliance and Psf. The more compliant the veins, the lower the Psf and
vice versa.

Because Psf is the pressure head (upstream pressure) driving VR, then VR is
directly related to Psf. If all other factors are unchanged, it follows that:

e An increase in blood volume increases VR.
e A decrease in blood volume decreases VR.

e A decrease in venous compliance (sympathetic stimulation; muscle
pump) increases VR.

e An increase in venous compliance (sympathetic inhibition; venodilators;
alpha block) decreases VR.

: Note
Engaging the muscle pump also

increases Psf.
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CVP: central venous pressure
IPP: intrapleural pressure
LH:  left heart
MABP: mean arterial blood pressure
Psf:  mean systemic filling pressure
RH:  right heart
RAP: right atrial pressure
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Heart Rate (HR)

cvP/ _ g
B

Psf

Capillaries

Figure V-1-10. Pressure Gradients in the Circulatory System

DETERMINANTS OF CARDIAC OUTPUT

i Because VR plays an important role in determining CO, we can now discuss
i the regulation of CO. The key point to remember is that steady-state CO is the
i interplay between ventricular function (see ventricular function curves in the
: previous chapter) and vascular function, which is defined by VR curves. The 4
determinants are as follows:

e Heart rate

o Contractility

e Afterload

e Preload (determined by VR)

The latter 3 factors can be combined on CO/VR curves, which are illustrated and
i discussed later. Let’ first start with heart rate.

CO = HR x SV (stroke volume)

i Although HR and CO are directly related, the effect of changes in HR on CO is
: complicated because the other variable, SV must be considered (Figure V-1-11).
! High heart rates decrease filling time for the ventricles, and thus can decrease SV.
i In short, the effect of HR on CO depends upon the cause of the rise in HR.

Endogenously mediated tachycardia, e.g., exercise

In exercise, the rise in HR increases CO. Although filling time is reduced, a vari-
i ety of changes occur that prevent SV from falling. These are:

e Sympathetic stimulation to the heart increases contractility. This helps
maintain stroke volume. In addition, this decreases the systolic interval
(see previous chapter) thus preserving some of the diastolic filling time.

e Sympathetic stimulation increases conduction velocity in the heart,
thereby increasing the rate of transmission of the electrical impulse.
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e Sympathetic stimulation venoconstricts, which helps preserve VR (see
above) and ventricular filling.

e The skeletal muscle pump increases VR, helping to maintain ventricular
filling.
Pathologically mediated tachycardia, e.g., tachyarrhythmias
e The sudden increase in HR curtails ventricular filling resulting in a fall
in CO (Figure V-1-11).

e Although the fall in CO decreases MAP and activates the sympathetic
nervous system, this occurs “after the fact” and is thus unable to com-
pensate.

e There is no muscle pump to increase VR.

=|

HR
Figure V-1-11

Contractility

Contractility was discussed in depth in Chapter 1 of Section IV. There is a direct :
relation between contractility and ventricular output, thus there is typically a di- :

rect relation between contractility and CO.

Afterload

Afterload is the load the heart works against and the best marker of afterload is
TPR. This was also discussed in Chapter 1 of Section IV. There is an inverse rela-
tion between afterload and ventricular output, thus there is generally an inverse :

relation between afterload and CO.

Preload

Asdiscussed in Chapter 1 of Section IV, there is a direct relation between preload
and ventricular output (Frank-Starling). Presuming there is no change in con-

tractility or afterload, increasing preload increases CO and vice versa.

Cardiac Output (CO)/Venous Return (VR) Curves

CO/VR curves (Figure V-1-12) depict the interplay between ventricular and vas-
cular function indicated in the venous return section above. Steady-state CO is :

determined by this interplay.
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A = steady-state cardiac output

Allindividuals operate at the
intersection of the ventricular
function and venous return curves.

B = mean systemic filling pressure
(Psf)

This is directly related to vascular
volume and inversely related to
venous compliance.
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: Ventricular function (solid line of Figure V-1-12)

e X-axis is RAP, a marker of preload.
e Y-axisis CO.

e Thus, this curve is the same as depicted in Figures IV-1-3 and IV-1-4
and it defines ventricular function.

e This curve shows that RAP has a positive impact on CO (Frank-Starling
mechanism)

Vascular function (dashed line of Figure V-1-12)

e X-axis is RAP, the downstream pressure for VR.
e Y-axisis VR.

e The curve shows that as RAP increases, VR decreases. This is because
RAP is the downstream pressure for VR. As RAP increases, the pressure
gradient for VR falls, which in turn decreases VR. Thus, RAP has a nega-
tive impact on VR.

e X-intercept for the VR curve is Psf (point B on the graph). This is the
pressure in the circulation when there is no flow (see section on venous
return). Psf is the pressure head (upstream pressure) for VR. Thus, when
RAP = Psf, flow (VR) is zero.

Steady-state CO

o The intersection of the ventricular and vascular function curves deter-
mines steady-state CO (point A in Figure V-1-12). In other words, point
A represents the interplay between ventricular and vascular function.

e Discounting HR, the only way steady-state CO can change is if ventricu-
lar function, or vascular function, or both change.

CO/VR

Right Atrial Pressure (RAP)

Figure V-1-12
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Resistance

Psf

CO/VR

e The primary site of resistance for the circulation is the arterioles.
e If arterioles vasodilate (decreased resistance), VR increases (line A of

FigureV-1-13). Recall that VR is a flow, and thus decreasing resistance
increases flow. Note that this vasodilation provides more VR (move up
the Frank-Starling curve). Although not depicted in the graph, vasodila-
tion decreases afterload and thus shifts the ventricular function cure up
and to the left (see Figures IV-1-3 & 4 for review). In short, arteriolar
vasodilation enhances both ventricular and vascular function.

If arterioles vasoconstrict (increased resistance), VR falls (line B of
Figure V-1-13). Note that this vasoconstriction reduces VR, and steady-
state CO falls as one moves down the Frank-Starling curve. Although
not depicted in the graph, vasoconstriction increases afterload, shifting
the ventricular function curve down and to the right (see Figures IV-1-3
& 4 for review). Thus, arteriolar vasoconstriction reduces both ventricu-
lar and vascular function.

As indicated above (venous return section), Psf is directly related to
blood volume and inversely related to venous compliance.

Increasing vascular volume (infusion; activation of RAAS) or decreasing
venous compliance (sympathetic stimulation; muscle pump; exercise;
lying down) increases Psf, causing a right shift in the VR curve (line C
of Figure V-1-13). Thus, either of these changes enhances filling of the
ventricles (move up the Frank-Starling curve) and CO.

Decreasing vascular volume (hemorrhage; burn trauma; vomiting; diar-
rhea) or increasing venous compliance (inhibit sympathetics; alpha block;
venodilators; standing upright) decreases Psf, causing a left shift in the VR
curve (line D of Figure V-1-13). Thus, either of these changes reduces fill-
ing of the ventricles (move down the Frank-Starling curve) and CO.

A = arteriolar dilation
B = arteriolar constriction

C =increased vascular volume;

CO/NR :
decreased venous compliance

D = decreased vascular volume;
increased venous compliance

Solid circles represent starting CO.

Figure V-1-13 bt
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in a Nutshell
The Effect of Gravity

Case 1. When placing a central line in
the internal jugular or subclavian vein
of a patient in the medical intensive
care unit, place the patient in the
Trendelenburg position, in which the
deep veins of the upper extremity

are below the level of the heart. This
position makes the venous pressure
less negative, thus reducing the risk of
forming an “air embolus,” in which the
needle forms a connection between the
positive atmospheric pressure and the
negative vein.

Case 2. To take an accurate blood
pressure (BP) reading, place the
sphygmomanometer at the level ofthe
heart. If the cuffis above the level of
the heart, the reading will be falsely
low; conversely, if the cuff is above the
level of the heart, the reading will be
falsely high.

Bridge to Pathology/
Pharmacology

The inability to maintain MAP when
standing upright is called orthostatic
intolerance. In this condition, the fall
in MAP reduces cerebral blood flow,

causing the patient to feel dizzy or light-

headed. This can lead to a syncope
event. One of the more common
causes for this is reduced vascular
volume. The low volume reduces VR
and the added fallin VR (due to venous
pooling) overwhelms the compensatory
mechanisms. Other factors that can
lead to orthostatic intolerance are
venodilators, poor ventricular function
such as heart failure or cardiac
transplant, and dysautonomias.

100
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: THE EFFECT OF GRAVITY
Venous Arterial
ressure ressure

p A F p \
— Gravity — Gravity
2 mmHg < (=) 100 mm Hg

"

. + Gravity
+ Gravity (~80 mm Hg)

82 mm Hg 180 mm Hg

Figure V-1-14. Effect of Gravity

: Below heart level, there are equal increases in systemic arterial and venous pres-
i sures (assuming no muscular action). Thus, the pressure difference between arter-
i ies and veins does not change.

i Because veins are very compliant vessels, the higher pressures in the dependent
: veins mean a significant pooling of blood, a volume that is not contributing to
i cardiac output. Although venous compliance doesn’t “technically” increase, grav-
¢ ity’simpact is functionally the same as an increase in venous compliance.

When a person goes from supine to an upright posture, the following important
i changes take place:

e Pressure in the dependent veins increases.
e Blood volume in the dependent veins increases.
e VR decreases.

e If no compensations occurred, then MAP would fall because of the
diminished SV.

The initial compensation arises from stretch receptors in the heart, great veins,
i and pulmonary artery. Collectively, these receptors are called cardiopulmonary
: mechanoreceptors (cardiopulmonary baroreceptors).

o Afferent activity from these receptors is directly related to the volume of
blood in the heart. In other words, they respond to changes in preload.

e If preload increases, then the resultant activation of these receptors
stimulates parasympathetics and inhibits sympathetic. Activation of
these receptors also inhibits the release of antidiuretic hormone (see
chapter 3 of Section X).

e Conversely, if preload falls, then reduced activity of these receptors
inhibits parasympathetics and stimulates sympathetics.
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The reflex activation of the sympathetic nervous system causes:

e Arteriolar vasoconstriction (TPR increases)

Increase in HR

e Venoconstriction

If MAP falls, then the arterial baroreceptors also participate in the reflex changes.

Above heart level, systemic arterial pressure progressively decreases. Because ve-
nous pressure at heart level is close to zero, venous pressure quickly becomes
subatmospheric (negative).

Surface veins above the heart cannot maintain a significant pressure below at-
mospheric and will collapse; however, deep veins and those inside the cranium
supported by the tissue can maintain a pressure that is significantly below atmo-
spheric. A consequence of the preceding is that a severed or punctured vein above
heart level has the potential for introducing air into the system.

CHARACTERISTICS OF SYSTEMIC ARTERIES

Figure V-1-15 shows a pressure pulse for a major systemic artery.

Systolic blood pressure

120
o
3 2
= Mean arterial/\ n_::’ a
T pressure =
g 80 / - o, =
= Diastolic blood pressure
o
3
3
® 40
o
0

Figure V-1-15. Pulse Pressure and Mean Pressure

Pulse pressure equals systolic - diastolic, so here, pulse pressure is 120 — 80 =
40 mm Hg.

Factors Affecting Systolic Pressure

Systolic blood pressure is the highest pressure in the systemic arteries dur-
ing the cardiac cycle.

The main factor determining systolic blood pressure on a beat-to-beat
basis is stroke volume.

An increase in stroke volume increases systolic blood pressure and a
decrease in stroke volume decreases systolic blood pressure.

Systolic blood pressure is also directly related to ventricular contractility.
In addition, the rate of pressure change in the aorta is directly related

to contractility. Thus, if contractility increases, then the rate of pressure
and the absolute level of aortic pressure increases, and vice-versa.

In chronic conditions, a decrease in the compliance of the systemic arter-
ies (age-related arteriosclerosis) also increases systolic blood pressure.
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Factors Affecting Diastolic Pressure

e Diastolic blood pressure (DBP) is directly related to the volume of blood
left in the aorta at the end of diastole.

e One important factor determining DBP is total peripheral resistance (TPR).

e Dilation of the arterioles decreases DBP and constriction of the arterioles
increases DBP.

e HR is the second key factor influencing diastolic pressure and they are
directly related: increased HR increases DBP, while decreased HR decreases
DBP.

e DBP is also directly related to SV, but this is typically not a major factor.

. Factors Affecting Pulse Pressure
The following increase (widen) pulse pressure:
; e Anincrease in stroke volume (systolic increases more than diastolic)

o A decrease in vessel compliance (systolic increases and diastolic decreases)

Note i The aorta is the most compliant artery in the arterial system. Peripheral arteries
: are more muscular and less compliant. Based on the preceding information, in
: Figure V-1-16 the pressure record on the left best represents the aorta, whereas
i the one on the right best represents the femoral artery.

Theoretically, the systemic pulse
pressure can be conceptualized as
being proportional to stroke volume,
or the amount of blood ejected from :
the left ventricle during systole, N
and inversely proportional to the : &

) /\/\ 5‘: ,‘Z"X\‘\;
compliance of the aorta. - ~ << Mean pressure
5 s — b

Figure V-1-16. Compliance and Pulse Pressure

i The figure demonstrates that a compliant artery has a small pulse pressure and
. thata stiff artery has a large pulse pressure. Also, pulse pressure increases with age
i because compliance is decreasing. This can produce isolated systolic hyperten-
¢ sion, in which mean pressure is normal because the elevated systolic pressure is
¢ associated with a reduced diastolic pressure.

Factors Affecting Mean Pressure

i Mean pressure is pressure averaged over time. It is not the arithmetic mean and is
i closer to diastolic pressure than to systolic pressure.

Mean pressure can be approximated by the following formulas:

For a blood pressure of 120/80 mm Hg:
; Mean pressure = diastolic + 1/3 pulse pressure

80 + 1/3(40) = 93 mm Hg
= 2/3 diastolic pressure + 1/3 systolic pressure
2/3(80) + 1/3(120) = 93 mm Hg

Any formula that calculates mean pressure must give a value between systolic and
i diastolic but closer to diastolic than systolic.
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Factors that affect mean pressure (application of hemodynamics discussed above):

Q = cardiac output
P, = aortic pressure (mean arterial pressure)
P, = pressure at the entrance of the right atrium

R = resistance of all vessels in the systemic circuit. This is referred to as
total peripheral resistance (TPR).

Because the major component of TPR is the arterioles, TPR can be considered

an index of arteriolar resistance.

Because P, is a very large number (93 mm Hg) and P, is a very small one
(~0 mm Hg), that doesn’t change dramatically in most situations, we can

simplify the equation if we approximate P, as zero. Then:

CO=——— or MAP=COxTPR

This equation simply states that:

e Mean arterial pressure (MAP) is determined by only 2 variables: cardiac
output and TPR.

e CO is the circulating volume. The blood stored in the systemic veins and
the pulmonary circuit would not be included in this volume.

e TPR is the resistance of all vessels in the systemic circuit. By far the larg-
est component is the resistance in the arterioles.

e However, if venous or right atrial pressure (RAP) is severely increased,
it must be taken into account when estimating TPR. In this case, the
formula is:

(MAP - RAP) = CO x TPR

(MAP - RAP)

or rearranged to solve for resistance: TPR = e

BARORECEPTOR REFLEX AND THE CONTROL OF BLOOD
PRESSURE

The baroreceptor reflex is the short-term regulation of blood pressure. The renin-
angiotensin-aldosterone system is the long-term regulation of blood pressure. :
i increases baroreceptor afferentactivity,

carotid massage is one maneuver that
. increases vagal outflow to the heart.

Figure V-1-18 illustrates the main features of the baroreceptor reflex.

Medulla

o
&
o

o ) Sympathetic
" Parasympathetic

v
~ Heart
HR + cont..

Figure V-1-18. Baroreflexes

MAP = mean arterial pressure
CO = cardiac output

TPR = total peripheral resistance

. Clinical Correlate
. Increasing vagal outflow to the heart

can be beneficial for patients with
supraventricular tachycardia. Because it
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MAP =CO X TPR

© Key points regarding arterial barorectors:

Mechanoreceptors imbedded in the walls of the aortic arch and carotid
sinus that are stimulated by a rise in intravascular pressure.

Afferent activity is relayed to the medulla via cranial nerves IX (carotid
sinus) and X (aortic arch).

Baroreceptor activity exists at the person’s resting arterial blood pres-
sure.

Afferent activity stimulates the parasympathetic nervous system and
inhibits the sympathetic nervous system.

A fall in arterial blood pressure evokes a reflex decrease in parasympa-
thetic activity and increase in sympathetic activity. This is a negative
feedback system to bring blood pressure back to its original level.

A rise in arterial blood pressure evokes a reflex increase in parasympa-
thetic activity and fall in sympathetic activity. This is a negative feedback
system to bring blood pressure back to its original level.

Table V-1-2. Reflex Changes for Specific Maneuvers

Condition

BP increase

BP decrease
Carotid occlusion
Carotid massage
Cut afferents

e Llyingto stand

e Orthostatic
hypotension

e Fluid loss
e Volume load

e Weightlessness
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Chapter Summary

The cardiovascular system consists of two circuits and two pumps connected
in series.

Systemic pressure decreases slightly through the arteries, decreases
markedly through the arterioles, and then decreases only slightly more
through the major veins. The loss of pressure is determined by regional
resistance.

The cross-sectional area increases from a minimum in the aorta to a
maximum in the capillaries. Velocity of the blood is inversely related to a
region’s cross-sectional area.

The main blood reservoir is the systemic veins.

Of the factors affecting a vessel’s resistance, radius is the most important.
The radius of the arterioles determines total peripheral resistance.

The cardiovascular system is a laminar flow system. The factors that promote
turbulence include decreased fluid viscosity, large-diameter tubes, increased
fluid velocity, and vessel branching.

Psfis the pressure-head driving VR. It is directly related to blood volume and
inversely related to venous compliance.

If ventricular function is normal, VR determines preload.

CO is determined by HR, contractility, afterload, and preload. It is the
interplay of ventricular and vascular function.

Ventricular function curves describe ventricular function, while VR curves
illustrate vascular function.

Structures connected in series produce high resistance, and flow is
dependent and equal atall points.

Mean arterial pressure is determined only by the circulating blood volume
(cardiac output) and the resistance of the arterioles.

Vessel wall tension is directly proportional to pressure and radius.

The aorta is the most compliant artery, but veins are more compliant than
arteries.

Gravity causes the pooling of blood in the dependent veins. This blood does
not contribute to cardiac output.

The baroreceptor reflex alters parasympathetic and sympathetic outflow to
minimize acute changes in blood pressure.
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Regulation of Blood Flow
and Pressure

FICK PRINCIPLE OF BLOOD FLOW

The Fick principle can be utilized to calculate the blood flow through an organ.

Calculation of flow through the pulmonary circuit provides a measure of the CO.

uptake

Flow= """+

Required data are: oxygen consumption of the organ
A —V oxygen content (concentration) difference across the organ (not PO,)

Pulmonary venous (systemic arterial)

oxygen content =20 vol%

=20 volumes O, per 100 volumes blood
i These values are obtained from an ABG.

=20 mL O, per 100 mL blood
=0.2mL O, per mL blood

If pulmonary vessel data are not available, you may substitute arterial oxygen

content for pulmonary venous blood and use venous oxygen content in place of : These values are obtained from a

¢ central venous or Swan-Ganz catheter,
: which samples blood from the
¢ pulmonary artery.

e The (Ca0, - Cv0,) and CO are

pulmonary artery values.

Figure V-2-1 illustrates the situation in a normal resting individual

O3 consumption
250 mL Os/min

Pulmonary vein

Pulmonary artery

[O2] pv
0.20 mL Oo/mL blood

[O2] pa
0.15 mL O2/mL blood

Pulmonary capillary

Figure V-2-1. Alveolar Oxygen Uptake

. In a Nutshell
: Fick Principle
e First devised as a technique for

measuring cardiac output (CO)

e C(an calculate oxygen consumption

(VO2)
VO, =CO + (Ca0, - Cv0,)

Ca0,, = total arterial oxygen
content

(Hgb x 1.36 x Sa02) + Pa02 x 0.0031

CvO, = total venous oxygen
content

(Hgb x 1.36 x Sv02) + Pv02 x 0.0031

the two main factors that allow
variation in the body’s total oxygen
consumption.

107
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oxygen consumption
Q(flow) = [0, ]pv - (O,]pa

250 mL/min
~ 0.20 mL/mL - 0.15 mL/mL

= 5,000 mL/min

) cardiac output
Cardiac index =

body surface area

This would normalize the value for body size.

: Application of the Fick Principle

© Rearranging the Fick Principle to O, consumption = Q x (CaO, - CvO,) can be
¢ applied to help understand important concepts regarding homeostatic mecha-
: nisms and pathologic alterations (Figure V-2-2).

¢ CaO, - CvO, represents the extraction of O, by the tissue.

: 0, consumption
e O, consumption is dependent upon flow and the extraction of O,.

e If tissue O, consumption increases, then flow or extraction or both
must increase.

e Therisein flow in response to a rise in tissue O, consumption is the
result of increased production of vasodilator metabolites (see metabolic
mechanism below).

e In short, this change in flow and extraction represents homeostatic
mechanisms designed to ensure adequate O, availability and thus suf-
ficient ATP production.

0, delivery
e O, delivery = Q x CaO,
— The “first part” of the Fick Principle indicates that delivery of O, to

the tissue is dependent upon Q and the total amount of O, in the
blood (Ca0,).

e For any given tissue O, consumption, reduced delivery of O, results in
increased lactic acid production and possible hypoxic/ischemic damage
to tissues.

e For any given tissue O, consumption, if O, delivery decreases, then
PvO, and SvO,% fall.

e Clinical application

— A fallin PvO, or SvO,% indicates the patient’s O, consumption
increased and/or there was a fall in Q or CaO, or both.
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Arterial e Venous

Figure V-2-2. Application of the Fick Principle

BLOOD FLOW REGULATION

Flow is regulated by constricting and dilating the smooth muscle surrounding
the arterioles. '

Intrinsic Regulation (Autoregulation)

The control mechanisms regulating the arteriolar smooth muscle are entirely
within the organ itself. :

e What is regulated is blood flow, not resistance. It is more correct to say
that resistance is changed in order to regulate flow.

e No nerves or circulating substances are involved in autoregulation. Thus,
the autonomic nervous system and circulating epinephrine have nothing
to do with autoregulation.

There are 2 main mechanisms to explain autoregulation.

Metabolic mechanism

e Tissue produces a vasodilatory metabolite that regulates flow, e.g., ade-
nosine, CO,, H, and K*.

e A dilation of the arterioles is produced when the concentration of these
metabolites increases in the tissue. The arterioles constrict if the tissue
concentration decreases.

Myogenic mechanism

e Increased perfusing pressure causes stretch of the arteriolar wall and the
surrounding smooth muscle.

e Because an inherent property of the smooth muscle is to contract when
stretched, the arteriole radius decreases, and flow does not increase sig-
nificantly.

Major Characteristics of an Autoregulating Tissue
Blood flow should be independent of blood pressure.

This phenomenon is demonstrated for a theoretically perfect autoregulating tissue
in Figure V-2-3. The range of pressure over which flow remains nearly constant is
the autoregulatory range.
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2x Autoregulatory range

Need for vasodilators
/\/} (e.g., nicardipine,
1x+ nitroprusside, hydralazine)

/ } Need for vasopressors
e.g., norepinephrine,
0.5 (e.g pinep

dopamine, phenylephrine)

Flow ( x Normal)

I I I
0 50 100 150

Blood Pressure (mm Hg)

Figure V-2-3. Autoregulation

Blood flow in most cases is proportional to tissue metabolism.

Blood flow is independent of nervous reflexes (e.g., carotid sinus) or
circulating humoral factors.

: Autoregulating tissues include (tissues least affected by nervous reflexes):
: e Cerebral circulation
e Coronary circulation

e Skeletal muscle vasculature during exercise

. Extrinsic Regulation
These tissues are controlled by nervous and humoral factors originating outside

i the organ, e.g., resting skeletal muscle. Extrinsic mechanisms were covered in the
i previous chapter and thus will only be briefly reviewed here.

Figure V-2-4 illustrates an arteriole in skeletal muscle and the factors regulating
i flow under resting conditions.

(+)

Note . NE o (sympathetic adrenergic)

Be careful with drugs such as
dobutamine, which can increase
contractility through B, receptors but
also can cause hypotension with some
B, activation.

Y (+) Angiotensin I + Constricts

— Dilates

No significant effects of parasympathetics
Figure V-2-4. Resting Skeletal Muscle Blood Flow

. The key points for extrinsic regulation are:

e Norepinephrine (NE) released from sympathetic nerves has a tonic
influence on arteriolar tone (0. receptors) in resting skeletal muscle and
skin vasculature in a thermo-neutral environment.

e In times of stress, sympathetic activation can evoke substantial vasocon-
striction in the aforementioned tissues, but can also greatly affect renal
and splanchnic circulations.
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+ Epinephrine can evoke vasodilation by binding to vascular B2 receptors.

»  With the exception of the penis, the parasympathetic nervous system
does not affect arteriolar tone.

Control of Resting versus Exercising Muscle

Resting muscle

Flow is controlled mainly by increasing or decreasing sympathetic a-adrenergic :
activity.

Exercising muscle

The elevated metabolism in exercising skeletal muscle demands an increase
in blood flow (see application of the Fick principle above). In addition, the !
increased tissue O, consumption results in a fall the PvO, of blood leaving the !
working muscle. The primary mechanisms for increasing flow are: :

e Production of vasodilator metabolites, e.g., adenosine, CO,, H*, and
K* causes marked vasodilation. In addition, these metabolites diminish
NE’s ability to vasoconstrict the arterioles. Further, the increased endo-
thelial shear-stress of the high flow liberates NO.

e Muscle pump

BLOOD FLOW TO THE VARIOUS ORGANS

Coronary Circulation

Coronary flow patterns

Characteristics of left coronary flow (flow to the left ventricular myocardium):

Left ventricular contraction causes severe mechanical compression of subendocar-
dial vessels. Therefore: :

e Very little if any blood flow occurs during systole.
e Most of the blood flow is during diastole.
e Some subepicardial flow occurs during systole.

Characteristics of right coronary blood flow (flow to the right ventricular myocardium):

Right ventricular contraction causes modest mechanical compression of intra- :
myocardial vessels. Therefore: i

e Significant flow can occur during systole.
e The greatest flow under normal conditions is still during diastole.

Oxygenation

In the coronary circulation, the tissues extract almost all the oxygen they can !
from the blood, even under “basal” conditions. Therefore: :

e The venous PO, is extremely low. It is the lowest venous PO, in a resting
individual.
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e Because the extraction of oxygen is almost maxmal under resting condi-
tions, increased oxygen delivery to the tissue can be accomplished only by
increasing blood flow (Fick principle).

e In the coronary circulation, flow must match metabolism.

e Coronary blood flow is most closely related to cardiac tissue oxygen
consumption and demand.

Pumping action
¢ Coronary blood flow (mL/min) is determined by the pumping action, or stroke
work times heart rate, of the heart.

Increased pumping action means increased metabolism, which increases the pro-
¢ duction of vasodilatory metabolites. In turn, coronary flow increases.
Increased pump function occurs with:
: e An increase in any of the parameters that determine CO:
- HR
Contractility
Afterload
Preload

e HR, contractility, and afterload (often called pressure work) are more met-
abolically costly than the work associated with preload (volume work).

e Thus, conditions in which HR, contractility, and/or afterload increase,
e.g., hypertension, aortic stenosis, and exercise require a greater increase
in flow compared to conditions that only increase volume work (supine,
aortic regurgitation, volume loading).

Cerebral Circulation

¢ Flow is proportional to arterial PCO,. Under normal conditions, arterial PCO,
¢ is an important factor regulating cerebral blood flow.

e Hypoventilation increases arterial PCO,, thus it increases cerebral
blood flow.

e Hyperventilation decreases arterial PCO,, thus it decreases cerebral
blood flow.

As long as arterial PO, is normal or above normal, cerebral blood flow is regulated
: via arterial PCO,. Therefore:

e If a normal person switches from breathing room air to 100% oxygen,
there are no significant change in cerebral blood flow.

e However, a (large) decrease in arterial PO, increases cerebral blood
flow; an example is high-altitude pulmonary edema (HAPE). Under
these conditions, it is the low arterial PO, that is determining flow.

e Baroreceptor reflexes do not affect flow.

Intracranial pressure is an important pathophysiologic factor that can affect cere-
¢ bral blood flow.
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Cutaneous Circulation
e Almost entirely controlled via sympathetic adrenergic nerves
e Large venous plexus innervated by sympathetics
e A-V shunts innervated by sympathetics
e Sympathetic stimulation to the skin causes:

— Constriction of arterioles and a decrease in blood flow, which is one
reason why physicians use a central line to administer vasopressors
to prevent distal necrosis

— Constriction of the venous plexus and a decrease in blood volume in
the skin

e Sympathetic activity to the skin varies mainly with the body’s need for
heat exchange with the environment.

Temperature regulation

firing rate reflects the temperature of the regional blood supply.
e Normal set point: oral 37°C (rectal + 0.5°C)

e Circadian rhythm: low point, morning; high point, evening

As illustrated in Figure V-2-5, the body does not lose the ability to regulate body
temperature during a fever. It simply regulates body temperature at a higher set point. :

39°C Vasoconstriction Vasodilation

(shi\qring) /\/\I\J\ (‘sw/eating)

Core temp.
37°¢ N\ 1
Set point Set point
raised lowered

Figure V-2-5. Temperature Regulation

When a fever develops, body temperature rises toward the new higher set point.
Under these conditions, heat-conserving and heat-generating mechanisms in- :

clude:
e Shivering

e Cutaneous vasoconstriction

. Bridge to Anatomy

The splanchnic circulation is composed
i of the gastric small intestinal, colonic,
Increased skin temperature directly causes vasodilation, which increases heat loss. : 8 . . .

: pancreatic, hepatic, and splenic

¢ circulations, arranged in parallel with
: one another. The three major arteries
There are temperature-sensitive neurons in the anterior hypothalamus, whose : that supply the splanchnic organs

: are the celiac, superior, and inferior

¢ mesenteric arteries.
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i Afterafever “breaks,” theset point has returned to normal, andbody temperature
i is decreasing. Heat-dissipating mechanisms include:

e Sweating (sympathetic cholinergics)

e Cutaneous vasodilation

Renal and Splanchnic Circulation

e A small change in blood pressure invokes an autoregulatory response to
maintain renal and splanchnic blood flows.

e Thus, under normal conditions, the renal and splanchnic circulations
demonstrate autoregulation.

e Situations in which there is a large increase in sympathetic activity (e.g.,
hypotension) usually cause vasoconstriction and a decrease in blood flow.

e Renal circulation is greatly overperfused in terms of nutrient require-
ments, thus the venous PO, is high.

e About 25% of the CO goes to the splanchnic circulation, thus it repre-
sents an important reservoir of blood in times of stress.

e Splanchnic blood flow increases dramatically when digesting a meal.

Pulmonary Circuit

Characteristics
E e Low-pressure circuit, arterial = 15 mm Hg, venous = 5 mm Hg; small
pressure drop indicates a low resistance.
e High flow, receives entire CO
e Very compliant circuit; both arteries and veins are compliant vessels

e Hypoxic vasoconstriction (low alveolar PO, causes local arteriolar vaso-
constriction)

e Blood volume proportional to blood flow

— Because of the very compliant nature of the pulmonary circuit, large
changes in the output of the right ventricle are associated with only
small changes in pulmonary pressures.

. Pulmonary response to exercise
e A large increase in cardiac output means increased volume pumped into
the circuit. This increases pulmonary intravascular pressures.

e Because of the compliant nature of the circuit, the pulmonary arterial
system distends.

e In addition, there is recruitment of previously unperfused capillaries.
Because of this recruitment and distension, the overall response is a
large decrease in pulmonary vascular resistance (PVR).

e Consequently, when CO is high, e.g., during exercise, there is only a
slight increase in pulmonary pressures.

— Without this recruitment and distension, increasing CO would result
in a very high pulmonary artery pressure.
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Pulmonary response to hemorrhage
e A large decrease in CO reduces intravascular pulmonary pressures.

e Because these vessels have some elasticity, pulmonary vessels recoil. In
addition, there is derecruitment of pulmonary capillaries, both of which
contribute to a rise in PVR.

e Consequently, during hemorrhage, there is often only a slight decrease
in pulmonary artery pressure.

e Vessel recoil also means less blood is stored in this circuit.

FETAL CIRCULATION

o The general features of the fetal circulatory system are shown in Figure
V-2-6.

e The bolded numbers refer to the percent hemoglobin (%HbO,) satura-
tion.

e Of the fetal CO, 55% goes to the placenta.

e The umbilical vein and ductus venosus have highest %HbO, saturation
(80%).

e When mixed with inferior vena caval blood (26% HbOZ), the %HbO2
saturation of blood entering the right atrium is 67%.

e This blood is directed through the foramen ovale to theleft atrium, left
ventricle, and ascending aorta to perfuse the head and the forelimbs.

e Superior vena caval blood (40% HbO,) is directed through the tricus- :
pid valve into the right ventricle and pulmonary artery and shunted
by the ductus arteriosus to the descending aorta. Shunting occurs
because fetal pulmonary vascular resistance is very high, so 90% of
the right ventricular output flows into the ductus arteriosus and only
10% to the lungs.

e The percent HbO, saturation of aortic blood is 60%.

o Fifty-five percent of the fetal CO goes through the placenta. At birth,
the loss of the placental circulation increases systemic resistance. The
subsequent rise in aortic blood pressure (as well as the fall in pulmo-
nary arterial pressure caused by the expansion of the lungs) causes a
reversal of flow in the ductus arteriosus, which leads to a large enough
increase in left atrial pressure to close the foramen ovale.
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Figure V-2-6. Fetal Circulatory System

CARDIOVASCULAR STRESS: EXERCISE

i The following assumes the person is in a steady state, performing moderate exercise
i atsealevel

. Pulmonary Circuit
e Blood flow (CO): large increase

Pulmonary arterial pressure: slight increase

°
e Pulmonary vascular resistance: large decrease
e Pulmonary blood volume: increase

[

Number of perfused capillaries: increase

Capillary surface area: increase, i.e., increased rate of gas exchange
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Systemic Circuit

Arterial system

PO,: no significant change, hemoglobin still fully saturated

PCO,: no significant change, increase in ventilation proportional to
increase in metabolism

pH: no change or a decrease due mainly to the production of lactic acid
Mean arterial pressure: slight increase
Body temperature: slight increase

Vascular resistance (TPR): large decrease, dilation of skeletal muscle
beds

Venous system

PO, decrease

PCO,: increase

Regional Circulations

Exercising skeletal muscle

Vascular resistance decreases.
Blood flow increases.
Capillary pressure increases.
Capillary filtration increases.
Lymph flow increases.

As predicted by the Fick principle, oxygen extraction increases and
venous PO, falls.

Cutaneous blood flow

Initial decrease, then an increase to dissipate heat

Coronary blood flow

Increase due to increased work of the heart

Cerebral blood flow

No significant change (arterial CO, remains unchanged)

Renal and Gl blood flow

Both decrease
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. Physical conditioning
: e Regular exercise increases maximal oxygen consumption (\7'02max) by:

— Increasing the ability to deliver oxygen to the active muscles. It does
this by increasing the CO.

— The resting conditioned heart has a lower heart rate but greater
stroke volume (SV) than does the resting unconditioned heart.

— Atany level of exercise, stroke volume is elevated.

— However, the maximal heart rate remains similar to that of untrained
individuals.

e Regular exercise also increases the ability of muscles to utilize oxygen.
There are:

— An increased number of arterioles, which decreases resistance during
exercise.

— An increased capillary density, which increases the surface area and
decreases diffusion distance.

— An increased number of oxidative enzymes in the mitochondria.

Chapter Summary

e The Fick principle defines the relationship of O, uptake (consumption), flow,
and O, extraction.

e The production of vasodilatory metabolites and the myogenic mechanism
explains autoregulation of blood flow.

e Sympathetic noradrenergic nerves represent the main control in extrinsically
regulated systemic tissues.

e Restingskeletal muscle exhibits extrinsic regulation, but exercising muscle
autoregulates.

e Mechanical compression of the intramyocardial vessels restricts perfusion to
the myocardium during systole.

e Because oxygen extraction is almost complete from the blood perfusing the
myocardium, coronary flow must match myocardial metabolism.

e The main factor regulating cerebral blood flow is arterial carbon dioxide.

e The cutaneous circulation exhibits extrinsic regulation, and flow responds to
the need for heat exchange with the environment.

e Normally, the kidney exhibits strong autoregulation but sympathetic
noradrenergic nerves can vasoconstrict.

e The compliant nature of the pulmonary circuit minimizes changes in
pulmonary pressures with large changes in cardiac output.
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Cardiac Cycle and Valvular
Heart Disease

NORMAL CARDIAC CYCLE

Figure VI-1-1 illustrates the most important features of the cardiac cycle.
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Figure VI-1-1. Cardiac Cycle
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i The most important aspects of Figure VI-1-1 are the following:

e — QRS — contraction of ventricle — rise in ventricular pressure above
atrial pressure — closure of mitral valve

e [t is always a pressure difference that causes the valves to open or close.

e Closure of the mitral valve terminates the ventricular filling phase and
begins iso-volumetric contraction.

e Isovolumetric contraction—no change in ventricular volume, and both
valves (mitral, aortic) closed. Ventricular pressure increases, and volume
is equivalent to end-diastolic volume.

e Opening of the aortic valve terminates isovolumetric contraction and
begins the ejection phase. The aortic valve opens because pressure in the
ventricle slightly exceeds aortic pressure.

e Ejection Phase—ventricular volume decreases, but most rapidly in early
stages. Ventricular and aortic pressures increase initially but decrease
later in phase.

e Closure of the aortic valve terminates the ejection phase and begins
isovolumetric relaxation. The aortic valve closes because pressure in the
ventricle goes below aortic pressure. Closure of the aortic valve creates
the dicrotic notch.

e Isovolumetric relaxation—no change in ventricular volume, and both
valves (mitral, aortic) closed. Ventricular pressure decreases, and volume
is equivalent to end-systolic volume.

e Opening of the mitral valve terminates isovolumetric relaxation and
begins the filling phase. The mitral valve opens because pressure in the
ventricle goes below atrial pressure.

e Filling Phase—the final relaxation of the ventricle occurs after the
mitral valve opens and produces a rapid early filling of the ventricle.
This rapid inflow will in some cases induce the third heart sound. The
final increase in ventricular volume is due to atrial contraction, which is
responsible for the fourth heart sound.

e In ayoung, healthy individual, atrial contraction doesn’t provide signifi-
cant filling of the ventricle. However, the contribution of atrial contrac-
tion because more important when ventricular compliance is reduced.

Heart Sounds

The systolic sounds are due to the sudden closure of the heart valves. Normally
: thevalves on the left side of the heart close first. Valves on the right side open first.

Systolic sounds

{ S1: Produced by the closure of the mitral and tricuspid valves. The valves close
i withonlya separation of about 0.01 seconds which the human ear can appreciate
i only as a single sound.

: $2: Produced by the closure of the aortic (A2 component) and pulmonic valves
: (P2 component). They are heard as a single sound during expiration but during
© inspiration the increased output of the right heart causes a physiological splitting.
i The following figure illustrates several situations where splitting of the second
i heartsound maybecome audible.
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Figure VI-1-2. Abnormal Splitting of the Second Heart Sound (Sy)

S3: When it is present, occurs just after the opening of the AV valves during the :
rapid filling of the ventricle. It tends to be produced by the rapid expansion of a
very compliant ventricle and is a normal finding in children and youngadults. In
older adults it occurs with volume overload and often is a sign of cardiac disease. :

S4: Coincident with atrial contraction and is produced when the atrium contracts :
against a stiff ventricle. Examples include concentric hypertrophy, aortic stenosis,

and myocardial infarction.

Venous Pulse

Figure VI-1-3 provides an example of a normal jugular venous pulse tracing. The
jugular pulse is generated by changes on the right side of the heart. The pressures
will generally vary with the respiratory cycle and are generally read at the end of

expiration when intrapleural pressure is at its closest point to zero.

Clinical Correlate

Site of auscultation points:

i e Aortic: Second intercostal space on

the right side, about mid-clavicular
line

e Pulmonic: Second intercostal space

on the left side, about mid-clavicular
line

e Tricuspid: Fifth intercostal space,

just at the left sternal border

e Mitral: Sixth intercostal space on the

left side, about mid-clavicular line
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Figure VI-1-3. Venous Pulse and the ECG

. awave
: e Highest deflection of the venous pulse and produced by the contraction
of the right atrium
e Correlates with the PR interval (see figure)
e Is prominent in a stiff ventricle, pulmonic stenosis, and insufficiency

e Is absent in atrial fibrillation

. cwave
e Mainly due to the bulging of the tricuspid valve into the atrium (rise in
right atrial pressure)

e Occurs near the beginning of ventricular contraction (is coincident with
right ventricular isovolumic contraction)

e [s often not seen during the recording of the venous pulse

i xdescent
A e Produced by a decreasing atrial pressure during atrial relaxation
e Separated into two segments when the ¢ wave is recorded

e Alterations occur with atrial fibrillation and tricuspid insufficiency

vwave
: e Produced by the filling of the atrium during ventricular systole when
the tricuspid valve is closed
e Corresponds to T wave of the EKG

e A prominent v wave would occur in tricuspid insufficiency and right
heart failure
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y descent

e Produced by the rapid emptying of the right atrium immediately after
the opening of the tricuspid valve

e A more prominent wave in tricuspid insufficiency and a blunted wave in
tricuspid stenosis.

Some abnormal venous pulses are shown in the following figure.

a ¢
X v
y Normal
C \ y
8 A \x AFib
v
a y
Tricuspid
a regurgitation
C
v
y
Tricuspid
stenosis

Figure VI-1-4. Normal Versus Abnormal Jugular Pulses

Similar recordings to the systemic venous pulse are obtained when recording pul-
monary capillary wedge pressure. Left atrium mechanical events are transmitted in
a retrograde manner, although they are somewhat damped and delayed. The figure :
below shows the pressure recording from the tip of a Swan-Ganz catheter inserted
through a systemic vein through the right side of the heart into the pulmonary cir-
culation and finally with the tip wedged in a small pulmonary artery. The pressure :
recorded at the tip of the catheter is referred to as pulmonary capillary wedge pres-
sureand is close to left atrial pressureand is an index of preload on the left ventricle. :

R. vent pressure =25/2
Pulmonary arterial pressure = 25/8

A = Passage across tricuspid valve
B = Passage across pulmonic valve

C = Pulmonary capillary wedge pressure

Pressure

B

Time

Figure VI-1-5. Swan-Ganz Catheterization
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. PRESSURE-VOLUME LOOPS

Figure VI-1-6 shows the major features of a left ventricular pressure-volume
i loop.

180 —
. Aortic valve Ejection
> closes ' Aortic valve opens

120 -
5 End-systolic —— /
E; volume o Isovolumetric contraction
>
(2] =
& 60 - Isovolumetric — Y <— VSJ{S:% — Mitral valve closes
o relaxation

Mitral valve - i i
18 | opens \ Filling End-diastolic volume
1 1 T
50 100 150

Volume (ml)
Figure VI-1-6. Left Ventricular Pressure—Volume Loop

e Most of the energy consumption occurs during isovolumetric contraction.

e Most of the work is performed during the ejection phase.

Mechanically Altered States

: Aortic insufficiency: Increased preload, increased stroke volume, increased ven-
i tricular systolic pressure

e All the cardiac volumes are increased (EDV, ESV, SV)

i Heart failure (decreased contractility): Decreased ventricular systolic pressure,
. increased preload, loop shifts to the right

i Essential hypertension (aortic stenosis): Increased ventricular systolic pressure,
 little change in preload in the early stages

. Increased contractility: Increased ventricular systolic pressure, decreased pre-
¢ load, increased ejection fraction, loop shifts to the left

. Exercise: Increased ventricular systolic pressure, ejection fraction, and preload.

. VALVULAR DYSFUNCTION

i Stenosis of valves usually consists of chronic problems that develop slowly over time.
¢ Valvular insufficiency problems can be acute or chronic, the consequences of which
i can be quite different.
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Aortic Stenosis

Pressure (mm Hg)

Pathologic thickening and fusion of the valve leaflets that decreases the
open valve area, creating a major resistance point in series with the sys-
temic circuit.

Large loss in pressure moving the blood through the narrow opening.

Ventricular systolic pressure increases (increased afterload) to overcome
the increased resistance of the aortic valve.

Pressure overload of the left ventricle leads to a compensatory con-
centric hypertrophy (new sarcomeres laid down in parallel so that the
myofibril thickens) which leads to decreased ventricular compliance
(diastolic dysfunction) and coronary perfusion problems and eventually
systolic dysfunction.

(P

Prominent “a” wave of the left atrium as the stiffer left ventricle becomes
more dependent on atrial contraction for filling.

Mean aortic pressure is maintained in the normal range in the early
stages of the disorder. Arterial pressure rises slowly and the pulse pres-
sure is reduced.

There is a pressure gradient between the left ventricle and aorta during
ejection.

Systolic murmur that begins after S1 (midsystolic) which is crescendo-
decrescendo in intensity.

Slow closure of the aortic valve can cause a paradoxical splitting of the
second heart sound (aortic valve closes after the pulmonic)

. Note
{ Important considerations when thinking
: ofvalvular problems:

i @ Astenotic valve is a resistor and

creates a murmur when the valve is
open.

e Aregurgitant valve allows backflow

of blood and creates a murmur when
the valve is normally closed.

e Pressure and volume “behind” the

defective valve increases.

— Behind refers to the direction of
blood flow, e.g., the left ventricle
is behind the aortic valve; the
left atrium is behind the mitral
valve, etc.
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Figure VI-1-7. Aortic Stenosis
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¢ Aortic Insufficiency Regurgitation

{ The aortic valve does not close properly at the beginning of diastole. As a result,

. during diastole there is retrograde flow from the aorta into the ventricle.

- e Acute insufficiency does not allow development of compensatory mech-
anisms, which can lead to pulmonary edema and circulatory collapse.

e Very large left ventricles are seen in aortic insufficiency. Large increase in
LVEDV (increase preload) but close to normal end diastolic pressures.
All the cardiac volumes are increased (EDV, ESV, SV).

e Ventricular failure raises pulmonary pressures and causes dyspnea.

e Increased preload causes increased stroke volume, which results in
increased ventricular and aortic systolic pressures.

e Retrograde flow from the aorta to the left ventricle produces a low aor-
tic diastolic pressure (the volume of blood left in the aorta at the end of
diastole is rapidly reduced).

o There is no true isovolumetric relaxation and a reduced period of iso-
volumetric contraction.

e Aortic insufficiency is characterized by a large aortic pulse pressure and
a low aortic diastolic pressure (hence the bounding pulse).

e Dilation of the ventricle produces a compensatory eccentric hypertrophy.
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Figure VI-1-8. Aortic Insufficiency (Regurgitation) / (Diastolic Rumble = Austin Flint Murmur)
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Mitral Stenosis . Clinical Correlate
e A narrow mitral valve impairs emptying of the left atrium (LA) into { The opening snap (0S) to S, interval is
the left ventricle (LV) during diastole. This creates a pressure gradient © inversely related to left atrial pressure.
between the atrium and ventricle during filling. { Ashort 0S:S, interval is a reliable
e Pressure and volume can be dramatically elevated in theleft atrium, ¢ indicator of severe mitral stenosis.
dilation of the left atrium over time, which is accelerated with atrial :
fibrillation.

e Thrombi appear in the enlarged left atrium

o Left atrial pressures are elevated throughout the cardiac cycle. Increased
left atrial pressures transmitted to the pulmonary circulation and the
right heart.

e Little change or a decrease in the size of the left ventricle. Systolic func-
tion normal.

e Diastolic murmur begins after S2 and is associated with altered atrial

« »

emptying; a late diastolic murmur and an exaggerated “a” wave are asso-
ciated with atrial contraction.
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Figure VI-1-9. Mitral Stenosis
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. Mitral Insufficiency Regurgitation
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Acute mitral insufficiency can cause a sudden dramatic rise in pulmo-
nary pressures and pulmonary edema.

Can result from structural abnormalities in the valve itself, papillary
muscles, chordae tendinae, or possibly a structural change in the mitral
annulus.

No true isovolumetric contraction. Regurgitation of blood from the left
ventricle to the left atrium throughout ventricular systole.

Atrial volumes and pressures increased but chronic dilation of the atri-
um prevents a dramatic rise in atrial pressures.

Ventricular volumes and pressures are increased during diastole. Most
patients develop chronic compensated left ventricular dilation and
hypertrophy, then at some point the left ventricle cannot keep up with
the demand and decompensated heart failure develops.

Increased preload but with reduced afterload.

Systolic murmur that begins at S, (pansystolic).
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Figure VI-1-10. Mitral Insufficiency (Regurgitation)
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Chapter Summary

The cardiac cycle consists of isovolumetric contraction followed by the ejection
phase followed by isovolumetric relaxation followed by the filling phase.

The heart valves normally close on the left side before they close on the right.

S1 the first systolic sound is due to the closure of the AVvalves, and S2 the
second systolic sound is due to the closure of the aortic and pulmonic valves.

The diastolic sounds S3 and S4 are often not heard.

Anincreased output of the right heart, as occurs during inspiration, produces
an audible splitting of the second heart sound.

The venous pulse recorded from a systemic vein reflects right heart events.

A pressure—volume loop represents the changes in pressure and volume for a
single cardiac cycle.

Aortic stenosis increases afterload and produces a pressure gradient
between the ventricle and aorta during ejection (midsystolic murmur).

Aortic insufficiency increases preload and produces a retrograde flow from
the aorta into the ventricle during isovolumetric relaxation (diastolic murmur
begins at S2).

Mitral stenosis increases left atrial volume and pressure, but ventricular
volumes and pressures are normal or reduced (diastolic murmur begins
after S2).

Mitral insufficiency increases volumes and pressures in the atrium and
ventricle (systolic murmur begins at S1).
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Lung Mechanics

OVERVIEW OF THE RESPIRATORY SYSTEM

The purpose of understanding lung mechanics is to view them in the big clinical

picture of pulmonary function test (PFT) interpretation. The PFT is the key diag-
nostic test for the pulmonologist, just as the EKG is to the cardiologist. PFTs con-
sist of three individual tests (covered in greater detail in the Respiratory section):

1. Measurements of static lung compartments (meaning lung volumes)
2. Airflow used to evaluate dynamic compliance using a spirometer

3. Alveolar membrane permeability using carbon monoxide as a marker of

diffusion

LUNG VOLUMES AND CAPACITIES

Figure VII-1-1 shows graphically the relationships among the various lung volumes
and capacities. Clinical measurements of specific volumes and capacities provide :
insights into lung function and the origin of disease processes. Those that provide :

the greatest information display an *.

The values for the volumes and capacities given below are typical for a 70 kg male.

Y y y
IC IRV
VC*
Lung V. TLC
Volume T’§ J Y J
ERV
FRC*
RV*I
Time

Figure Vl-1-1. Lung Volumes and Capacities

A spirometer can measure only changes in lung volume. As such, it cannot mea-

sure the residual volume (RV) or any capacity containing RV. Thus, TLC and
FRC cannot be measured using simple spirometry; an indirect method must be
used. Three common indirect methods are helium dilution, nitrogen washout,

and plethysmography.

Tidal volume (V1): amount of air that
enters or leaves the lung in a single
respiratory cycle (500 mL)

Functional residual capacity (FRC):
amount of gas in the lungs at the end
of a passive expiration; the neutral or
equilibrium pointforthe respiratory
system (2,700 ml) ; it is a marker for
lung compliance

Inspiratory capacity (1C): maximal
volume of gas that can be inspired
from FRC (4,000 mL)

Inspiratory reserve volume (IRV):
additional amount of air that can be
inhaled after a normal inspiration
(3,500 mL)

Expiratory reserve volume (ERV):
additional volume that can be
expired after a passive expiration
(1,500 mL)

Residual volume (RV): amount of air
in the lung aftera maximal expiration
(1,200 mb)

Visel capacity (VC): maximal volume
that can be expired aftera maximal
inspiration (5,500 mL)

Total lung capacity (TLC): amount
of airin the lung after a maximal
inspiration (6,700 mL)

IKAPLAN) MEDICAL 135




Section VIl ¢ Respiration

= total ventilation

ITI<.

V; = tidal volume

-

= respiratory rate

in a Nutshell

What is the function of functional
residual capacity (FRC)?

Answer: Breathing is cyclic, while
blood flow through the pulmonary
capillary bed is continuous. During
the respiratory cycle, there are

short periods of apneas at the end

of inspiration and expiration when
there is no ventilation but there is
continuous blood flow. Without the
FRC acting as a buffer for continued
gas exchange during apneic periods,
these conditions would in effect
create an intrapulmonary shunt,
inducing deoxygenated blood from the
pulmonary capillaries to empty into the
pulmonary veins.
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. VENTILATION

Total Ventilation

i Total ventilation is also referred to as minute volume or minute ventilation. It is
i the total volume of air moved in or out (usually the volume expired) of the lungs
i per minute.

Vg = VTxf

Normalresting values would be:

| Vo = 500 mL

tf=15

: 500mLx 15/min = 7,500 mL/min

Dead Space

i Regions of the respiratory system that contain air but are not exchanging O, and
i CO, with blood are considered dead space.

. Anatomic dead space

i Airway regions that, because of inherent structure, are not capable of O, and CO,
: exchange with the blood. Anatomic deadspace (anatV ) includes the conducting
i zone, which ends at the level of the terminal bronchioles. Significant gas exchange
i (O, uptake and CO, removal) with the blood occurs only in the alveoli.

The size of the anatV, in mL is approximately equal to a person’s weight in
i pounds. Thus a 150-1b individual has an anatomic dead space of 150 mL.

Composition of the anatomic dead space and the respiratory zone

The respiratory zone is a very constant environment. Under resting conditions,
¢ rhythmic ventilation introduces a small volume into a much larger respiratory
i zone. Thus, the partial pressure of gases in the alveolar compartment changes very
i little during normal rhythmic ventilation.

Composition at the End of Expiration (Before Inspiration)

e Atthe end of an expiration, the anatV, is filled with air that originated
in the alveoli or respiratory zone.

e Thus, the composition of the air in the entire respiratory system is the
same at this static point in the respiratory cycle.

o This also means that a sample of expired gas taken near the end of expi-
ration (end tidal air) is representative of the respiratory zone.

e This situation is illustrated in Figure VII-1-2.
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Composition at the End of Inspiration (Before Expiration)
e Thefirst 150 mL of air to reach the alveoli comes from the anatV,

e Itis air that remained in the dead space at the end of the previous expira-
tion and has the same composition as alveolar gas.

o After the first 150 mL enters the alveoli, room air is added to the respira-
tory zone.

e Atthe end of inspiration the anatVp, is filled with room air.

e The presence of the anatVy, implies the following: in order to get fresh air ~ :
into the alveoli, one must always take a tidal volume larger than the volume :
of the anatV,. This is illustrated in Figure VII-1-3. :

_ Humidified room air O, No, H>O
Dead | (no COy)

Respiratory g>

zone ([ \<

KPO > =100 §

@

€ PHo= 47=J
A

Figure VII-1-3. End of Inspiration

Alveolar dead space

Alveolar dead space (alvVp) refers to alveoli containing air but without blood
flow in the surrounding capillaries. An example is a pulmonary embolus.
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-

V, =alveolarventilation
V; =tidalvolume

Vp =dead space

f = respiratory rate
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i Physiologic dead space

i Physiologic dead space (physiolVy,) refers to the total dead space in the lung
i system (anatVp, + alvVp,). When the physiol V|, is greater than the anatVyp,, it
i implies the presence of alvVp, i.e., somewhere in the lung, alveoli are being
¢ ventilated but not perfused.

- Total ventilation
L V=VT()

=500 (15)

= 7,500 mL/min

i Minute ventilation (V) is the total volume of air entering the lungs per minute.

Alveolar Ventilation

: Alveolar ventilation V, represents the room air delivered to the respiratory zone
. per breath.

e The first 150 mL of each inspiration comes from the anatomic dead
space and does not contribute to alveolar ventilation.

e However, every additional mL beyond 150 does contribute to alveolar
ventilation.

V,=(Vp -V f
= (500 mL — 150 mL) 15 = 5250 mL/min

i The alveolar ventilation per inspiration is 350 mL.

This equation implies that the volume of fresh air that enters the respiratory zone
: per minute depends on the pattern of breathing (how large a V. and the rate of
: breathing).

Increases in the Depth of Breathing

i There are equal increases in total and alveolar ventilation per breath, since dead
. space volume is constant.

If the depth of breathing increases from a depth of 500 mL to a depth of 700 mL,
: the increase in total and alveolar ventilation is 200 mL per breath.

Increases in the Rate of Breathing

i Thereisa greater increase in total ventilation per minute than in alveolar ventila-
i tion per minute, because the increased rate causes increased ventilation of dead
i space and alveoli.

For every additional inspiration with a tidal volume of 500 mL, total ventilation
. increases 500 mL, but alveolar ventilation only increases by 350 mL (assuming
i dead space is 150 mL).

For example, given the following, which person hasthe greater alveolar ventilation?

Tidal Volume Rate Total Ventilation
Person A 600 mL 10/min 6,000 mL/min
Person B 300 mL 20/min 6,000 mL/min



Answer: Person A. Person B has rapid, shallow breathing. This person has alarge !
component of dead-space ventilation (first 150 mL of each inspiration). Even :
though total ventilation may be normal, alveolar ventilation is decreased. There-

fore, the individual is hypoventilating.

In rapid, shallow breathing, total ventilation may be above normal, but alveolar

ventilation may be below normal.

LUNG MECHANICS

Muscles of Respiration

Inspiration

The major muscle of inspiration is the diaphragm. Contraction of the diaphragm
enlarges the vertical dimensions of the chest. Also utilized are the external inter-
costal muscles of the chest wall. Contraction of these muscles causes the ribs to :

rise and thus increases the anterior-posterior dimensions of the chest.

Expiration

Under resting conditions, expiration is normally a passive process, i.e., it is due :
to the relaxation of the muscles of inspiration and the elastic recoil of the lungs. :
For a forced expiration, the muscles of the abdominal wall and the internal inter-
costals contract. This compresses the chest wall down and forces the diaphragm :

up into the chest.

Included would be external oblique, rectus abdominal, internal oblique, and trans-

verse abdominal muscles.

Forces Acting on the Lung System

Units of pressure
In respiratory physiology, they are usually given as cm H,O.
1 cm H,0 = 0.74 mm Hg (1 mm Hg = 1.36 cm H,0)

Lung recoil and intrapleural pressure

Understanding lung mechanics mainly involves understanding the main forces

acting on the respiratory system.

Lung Recoil

e Represents the inward force created by the elastic recoil properties of
alveoli.

e As the lung expands, recoil increases; as the lung gets smaller, recoil
decreases.

e Recolil, as a force, always acts to collapse the lung.

Chapter 1 ¢ Lung Mechanics
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Chest Wall Recoil

e Outward force of the chest wall

e FRC represents the point where this outward recoil of the chest wall is

counterbalanced by the inward recoil of the lung.

Intrapleural Pressure (IPP)

Represents the pressure inside the thin film of fluid between the visceral
pleura, which is attached to the lung, and the partial pleura, which is
attached to the chest wall.

The outward recoil of the chest and inward recoil of the lung create a
negative (subatmospheric) IPP.

IPP is the outside pressure for all structures inside the chest wall.

Transmural Pressure Gradient (Py,,)

Represents the pressure gradient across any tube or sphere
Calculated as inside pressure minus outside pressure

If positive (inside greater than outside), it is a net force pushing out
against the walls of the structure

If negative (outside greater than inside), it is a net force pushing in
against the walls of the structure; depending upon the structural com-
ponents, the tube/sphere can collapse if P, is negative or zero

At FRC, IPP is negative, and thus Pr,, is positive. This positive outward
force prevents alveolar collapse (atelectasis).

For the entire lung, Py, is called the transpulmonary pressure (TPP).

. Before Inspiration

i The glottis is open, and all respiratory muscles are relaxed (FRC). This is the
i neutral or equilibrium point of the respiratory system (Figure VII-1-4). Intra-
i pleural pressure is negative at FRC because the inward elastic recoil of the lungs
¢ is opposed by the outward-directed recoil of the chest wall. Because no air is
i flowing through the open glottis, alveolar pressure must be zero. By conven-
: tion, the atmospheric pressure is set to equal zero.
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Intrapleural
pressure= —-5cmH,0

Pmm=5

Alveolar pressure = 0

Figure VIi-1-4. Lung Force Relationships at FRC

During Inspiration

1. Inspiration is induced by the contraction of the diaphragm and external :
intercostal muscles that expand the chest wall. The net result is to make :
intrapleural pressure more negative. :

2. The more negative IPP causes P, (TPP) to increase, which in turn causes
expansion of the lungs. The greater the contraction, the greater the change :
in intrapleural pressure and the larger the P, (TPP) expanding the lung. :

3. The expansion of the lung increases alveolar volume. Based upon Boyle’s
law, the rise in volume causes pressure to decrease, resulting in a negative :
(subatmospheric) alveolar pressure. :

4. Because alveolar pressure is now less that atmospheric, air rushes into the
lungs.

Figure VII-1-5 illustrates the situation at some point during inspiration.

End of Inspiration

1. The lung expands until alveolar pressure equilibrates with atmospheric :
pressure. The lungs are at their new, larger volume.

2. Under resting conditions, about 500 mL of air flows into the lung system in :
order to return alveolar pressure back to zero. :

Figure VII-1-6 illustrates the situation at the end of a normal inspiration.
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Patm =0
Intrapleural Intra
pleural

pressure < -5 cm HoO pressure = —8 cm HoO
PTM >5 PTM =8
Alveolar Alveolar
pressure =—1 cm HoO pressure = 0

Figure VII-1-5. Lung Forces during Inspiration Figure VII-1-6. Lung Forces at End of Inspiration

Expiration

142 KAPLAN) MEDICAL

1.

. Expiration

Expiration under resting conditions is produced simply by the relaxation of
the muscles of inspiration.

Relaxation of the muscles of inspiration causes intrapleural pressure to return
to -5 cm H,0.

This decreases IPP back to its original level of -5 cm H,O, resulting in a
decreased P,

The drop in Py reduces alveolar volume, which increases alveolar pressure
(Boyle’s law). The elevated alveolar pressure causes air to flow out of the
lungs.

The outflowing air returns alveolar pressure toward zero, and when it
reaches zero, airflow stops. The lung system returns to FRC.

Intrapleural pressure during a normal respiratory cycle

i Theintrapleural pressure during a normal respiratory cycle is illustrated in Figure
i VII-1-7. Under resting conditions, it is always a subatmosphere pressure.

Intraalveolar pressure during a normal respiratory cycle

The intraalveolar pressure during a normal respiratory cycle is illustrated in
i Figure VII-1-7.
: e Intraalveolar pressure is slightly negative during inspiration and slightly

positive during expiration.

e No matter how large a breath is taken, intraalveolar pressure always

returns to 0 at the end of inspiration and expiration. By convention,
total atmospheric pressure = 0.
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Inspiration Expiration

0:5
0.4 ‘—‘
0.3
0.2 Vr
0.1 | :

0 Change in lung volume (liters) I
- <«—FRC

Intrapleural pressure
(cm Ho0)

Flow (liters/sec)

-0.5
+1

Alveolar pressure
(cm H0)

-4

Figure VII-1-7. Essentials of Pulmonary Events during a Breath

CARDIOVASCULAR CHANGES WITH VENTILATION

Inspiration

Intrapleural pressure becomes more negative (decreases).

This increases the P, across the vasculature, causing the great veins
and right atrium to expand.

This expansion decreases intravascular pressure, thereby increasing the
pressure gradient driving VR to the right heart.

Systemic venous return and right ventricular output are increased.

An increase in the output of the right ventricle delays closing of the pul-
monic valves and typically results in a splitting of the second heart sound.

Pulmonary vessels expand, and the volume of blood in the pulmonary
circuit increases. In addition, because pulmonary vascular resistance
(PVR) is lowest at FRC, it increases.
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Expiration

In turn, venous return to the left heart, and the output of the left ven-
tricle is decreased, causing decreased systemic arterial pressure (drop in
systolic most prominent).

This inspiration reduces vagal outflow to the heart (mechanism debatable)
resulting in a slight rise in heartrate (respiratory sinus arrhythmia). This is
why patients are asked to hold their breath, if clinically possible, when an
EKG is taken.

In short, reverse the above processes.

Intrapleural pressure becomes more positive (increases), i.e., returns
to original negative value.

P, returns to its original level, thereby decreasing the pressure gradient
for VR.

Systemic venous return and output of the right ventricle are decreased.
Pulmonary vessels are compressed, and the volume of blood in the pulmo-
nary circuit decreases.

The return of blood and output of the left ventricle increases, causing
systemic arterial pressure to rise (primarily systolic).

Vagal outflow increases (mechanism debated), reducing HR (respiratory
sinus arrhythmia).

A Valsalva maneuver is a forced expiration against a closed glottis. This
forced expiration creates a positive IPP (see later in this chapter), which
compresses the great veins in the chest. This in turn reduces VR.

POSITIVE-PRESSURE VENTILATION

Assisted Control Mode Ventilation (ACMV)

Inspiratory cycle initiated by patient or automatically if no signal is detected
i within a specified time window. Expiration is not assisted. Expiration is accom-
: plished in the normal manner (passive recoil of the lungs).

. Positive End-Expiratory Pressure (PEEP)
: PEEP (positive end-expiratory pressure)—positive pressure is applied at the end
. of the expiratory cycle to decrease alveolar collapse.

Small alveoli have a strong tendency to collapse, creating regions of atel-
ectasis.

The larger alveoli are also better ventilated, and supplementary oxygen is
more effective at maintaining a normal arterial PO,.

PEEP is useful in treating the hypoxemia of acute respiratory distress
syndrome (ARDS). (See section on Hypoxemia.)

One downside to positive pressure ventilation and accentuated by PEEP
is a decrease in venous return and cardiac output.

Assisted positive pressure ventilation and the addition of PEEP are illus-
trated below.
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PEEP
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+5 /
ol__fAOMV [ _ Re——-
Assist Control

Figure VII-1-8a. Positive-Pressure Ventilation

Continuous Positive Airway Pressure (CPAP)
CPAP (continuous positive airway pressure)—continuous positive pressure is
applied to the airways. :

e It is administered by mask (patient not intubated). The patient breathes
spontaneously.

e It is very useful in treating obstructive sleep apnea (OSA) since the lung :
and upper airways (nasopharynx) remain at a larger volume throughout :
the respiratory cycle. :

Inspiration Expiration

Figure VII-1-8b. CPAP

PNEUMOTHORAX

The following changes occur with the development of a simple pneumothorax.
The pneumothorax may be (1) traumatic: perforation of the chest wall, or (2) :
spontaneous: rupture of an alveolus: 5

e Intrapleural pressure increases from a mean at -5 cm H, O to equal atmo-
spheric pressure.

e Lung recoil decreases to zero as the lung collapses.

e Chest wall expands. At FRC, the chest wall is under a slight tension
directed outward. It is this tendency for the chest wall to spring out and
the opposed force of recoil that creates the intrapleural pressure of
=5 cm H,0.

e Transpulmonary pressure is negative.
In some cases, the opening of the lung to the pleural space may function as a valve :

allowing the air to enter the pleural space but not to leave. This creates a tension :
pneumothorax. :
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e Strong inspiratory efforts promote the entry of air into the pleural space,
but during expiration, the valve closes and positive pressures are created
in the chest cavity. Ventilation decreases but the positive pressures also
decrease venous return and cardiac output.

Clinical Correlate e Tension pneumothorax most commonly develops in patients on a posi-

The common clinical signs of a tension tive-pressure ventilator.

pneumothorax include:

e Respiratory distress

. LUNG COMPLIANCE

Asymmetry of breath sounds :
i 4 . Figure VII-1-9 represents a static isolated lung inflation curve.

e Deviation of the trachea to the side
opposite the tension pneumothorax

e Markedly depressed cardiac output 5
_—~TLC
4] Normal
g o
>
S j
2 27 ' T = tidal volume (600 ml)
3 w
1 -
0 1 1 I 1
-5 '-10 -20 -30 -40

Intrapleural Pressure (cm H20)

Figure VII-1-9. Lung Inflation Curve

Lung compliance is the change in lung volume (tidal volume) divided by the
i change in surrounding pressure. This is stated in the following formula:

. AV
Compliance = AP

Problem

Tidal volume = 0.6 liters

Intrapleural pressure before inspiration = -5 cm H,0
i Intrapleural pressure after inspiration = —8 cm H,0
0.6 liters

Lung compliance = 3 cm H,0 = 0.200 liters/cm H,O

: The preceding calculation simply means that for every 1 cm H,O surrounding
i pressure changes, 200 mL of air flows in or out of the respiratory system. It
i flows into the system if surrounding pressure becomes more negative (e.g., -5 to
i —6 cm H,0) or out of the system if surrounding pressure becomes more positive
i (e.g.,-5to-4cmH,0).
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e Increased compliance means more air will flow for a given change in
pressure.

e Reduced compliance means less air will flow for a given change in
pressure.

e In the preceding curve, although the slope is changing during infla-
tion, its value at any point is the lung’s compliance. It is the relationship
between the change in lung volume (tidal volume) and the change in
intrapleural or surrounding pressure.

o The steeper the line, the more compliant the lungs. Restful breathing
works on the steepest, most compliant part of the curve.

e With a deep inspiration, the lung moves toward the flatter part of the
curve, and thus it has reduced compliance. Lung compliance is less at
TLC compared to FRC.

Figure VII-1-10 shows pathologic states in which lung compliance changes.

5] Emphysema, aging, normal saline in alveoli

Normal

~TLC
Fibrosis

Lung Volume (liters)

T T l
-10 -20 -30 -40

Intrapleural Pressure (cm H»0)

Figure VII-1-10. Lung Compliance

Increased lung compliance also occurs with aging and with a saline-filled lung.

In summary:
e Compliance is an index of the effort required to expand the lungs (to
overcome recoil). It does not relate to airway resistance.

e Compliance decreases as the lungs are inflated because the curveis nota
straight line.

e For any given fall in intrapleural pressure, large alveoli expand less than
small alveoli.

e Very compliant lungs (easy to inflate) have low recoil. Stiff lungs (dif-
ficult to inflate) have a large recoil force.

w MEDICAL 147



Section VIl ¢ Respiration

148

P = pressure
T = tension

r = radius
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i Components of Lung Recoil
¢ Lung recoil has the following components:
: o The tissue itself; more specifically, the collagen and elastin fibers of the

lung.
The larger the lung, the greater the stretch of the tissue and the greater
the recoil force.

The surface tension forces in the fluid lining the alveoli. Surface ten-
sion forces are created whenever there is a liquid—air interface (Figure
VII-1-11).

Surface tension forces tend to reduce the area of the surface and gener-
ate a pressure. In the alveoli, they act to collapse the alveoli; therefore,
these forces contribute to lung recoil.

Surface tension forces are the greatest component of lung recoil.

The relationship between the surface tension and the pressure inside a
bubble is given by the law of LaPlace.

Figure VII-1-11. Surface Tension

If wall tension is the same in two bubbles, the smaller bubble will have the greater
i pressure.

. Although the situation is more complex in the lung, it follows that small alveoli
: tend to be unstable. They have a great tendency to empty into larger alveoli and
i collapse (creating regions of atelectasis). This is illustrated in Figure VII-1-12.
i Collapsed alveoli are difficult to reinflate.

Psmall > Plarge

Figure VII-1-12. Atelectasis
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Ifthealveoli werelined with a simple electrolyte solution, lung recoilwould be so great :
that lungs theoretically should not be able to inflate. This is prevented by a chemical :
(produced by alveolar type II cells), surfactant, in the fluid lining a normal lung, :

Surfactant has 2 main functions:

e Itlowers surface tension forces in the alveoli. In other words, surfactant
lowers lung recoil and increases compliance.

o It lowers surface tension forces more in small alveoli than in large alve-
oli. This promotes stability among alveoli of different sizes by decreas-
ing the tendency of small alveoli to collapse (decreases the tendency to
develop atelectasis).

Respiratory Distress Syndrome (RDS)

Infant respiratory distress syndrome (hyaline membrane disease) is a deficiency
of surfactant. '

Adult respiratory distress syndrome (ARDS) is an acute lung injury via the fol- :
lowing: :
e Bloodstream—Sepsis—develops from injury to the pulmonary capillary
endothelium, leading to interstitial edema and increased lymph flow. :
This leads to injury and increased permeability of the alveolar epithelium :
and alveolar edema. The protein seepage into the alveoli reduces the :
effectiveness of surfactant. Neutrophils have been implicated in the pro-
gressive lung injury from sepsis.
e Airway—Gastric aspirations—direct acute injury to the lung epithe-
lium increases permeability of the epithelium followed by edema.

Curve A in Figure VII-1-13 represents respiratory distress syndrome. The curve
is shifted to the right, and it is a flatter curve (lung stiffer). '

e A greater change in intrapleural pressure is required to inflate the lungs.
e The tendency for collapse is increased, thus PEEP is sometimes provided.

Curve B represents atelectasis.
e Once alveoli collapse, it is difficult to reinflate them.

e Note the high TPP required to open atelectic alveoli (green line, B in
Figure VII-1-13).

Normal
(0]

E A
S
(@]
C
3
=]

B
TPPorP,,

Figure VII-1-13. Deficiency of Surfactant
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. AIRWAY RESISTANCE

: Radius of an Airway

Resistance = " 4. 4
In the branching airway system of the lungs, it is the first and second bronchi that
. represent most of the airway resistance.

e Parasympathetic nerve stimulation produces bronchoconstriction. This
is mediated by M3 receptors. In addition, M3 activation increases airway
secretions.

e Circulating catecholamines produce bronchodilation. Epinephrine is the
endogenous agent and it bronchodilates via B2 receptors.

Mechanical Effect of Lung Volume

Figure VII-1-14 demonstrates the mechanical effect of lung volume.

Airway Resistance (cm HoO/sec)

| | i I I |
0 1 2 3 4 5 6

Lung Volume (liters)

Figure VII-1-14. Airway Resistance

i The figure illustrates that, as lung volume increases, airway resistance decreases.
¢ The mechanisms for this are:
: e P, To get to high lung volumes, IPP becomes more and more nega-

tive. This increases the P, across small airways, causing them to
expand. The result is decreased resistance.

e Radial traction: The walls of alveoli are physically connected to small
airways. Thus, as alveoli expand, they pull open small airways. The result
is decreased resistance.

KAPLAN) MEDICAL



Chapter 1 ¢ Lung Mechanics

PULMONARY FUNCTION TESTING

Vital Capacity (VC)

The VC is the maximum volume of air that an individual can move in a single :
breath. The most useful assessment of the VC is to expire as quickly and forcefully :
as possible, i.e., a “timed” or forced vital capacity (FVC). During the FVC maneu- :
ver, the volume of air exhaled in the first second is called the forced expiratory
volume in 1 sec (FEV,). This is illustrated in Figure VII-1-15. :

i S
6 ;‘“;"%5 4 4
| . Note

) 3 \ % Figure VlI-1-15 and the following figures
2 -\ FEV4 | FVC  differ from the output of a spirometer,
s e ¢ because they show actual lung volumes
§ | ¢ (including residual volume) instead of
§ 23 TUSR . T A ,,,,,,,,,,,, showing only changes in volume.
o |
=3 i
3 ;
— ]

2 - ) 5

1 = e PR T PR 3::..,_‘,__;:**‘

0

AL; ‘
FEV
1 second FT(; = 80% (or 0.80)

Figure VII-1-15. Pulmonary Function Test of Forced Vital Capacity (FVC)

There are 2 key pieces of data from a pulmonary function test (PFT) involving
the measurement of FVC: :

e FVC: This is total volume exhaled.

— Because age, gender, body size, etc., can influence the absolute
amount of FVC, it is expressed as a percent of predicted (100% of
predicted being the “ideal”).

e FEVI (forced expiratory volume in 1 second): Although this volume
can provide information on its own, it is commonly compared to the

FVC such that one determines the FEV1/FVC ratio.

— This ratio creates a flow parameter; 0.8 (80%) or greater is considered
normal. :

e Thus, this PFT provides a volume and a flow.

e Restrictive pulmonary disease is characterized by reduced volume (low
FVC, but normal flow).

e Obstructive disease is characterized by reduced flow (low FEV1/FVC)
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Physiology of a PFT

The picture on the left of Figure VII-1-16 shows that at the end of an inspiratory
i effort to TLC, IPP is very negative. This negative IPP exists throughout the lungs
i during a passive expiration and thus the Py is positive for both alveoli and air-
: ways.

The picture on the right of Figure VII-1-16 shows the situation during a maximal
i forced expiration.

e A forced expiration compresses the chest wall down and in, creating
a positive IPP. The level of positive IPP generated is dependent upon
effort.

e This forced expiration creates a very positive alveolar pressure, in turn
creating a large pressure gradient to force air out of the lungs.

e However, this positive IPP creates a negative P, in the airways. It is
more negative in the large airways, e.g., trachea and main-stem bronchi.
These regions have structural support and thus do not collapse even
though P.;,, is very negative.

e Moving down the airways toward alveoli, the negative P, ultimately
compresses airways that lack sufficient structural support. This is
dynamic compression of airways.

e This compression of airways creates a tremendous resistance to air-
flow. In fact, the airway may collapse, producing infinite resistance.
Regardless, this compression creates a level of resistance that over-
whelms any and all other resistors that exist in the circuit and is thus the
dominant resistor for airflow.

e Once this occurs, elastic recoil of the lung becomes the effective driving
force for airflow and airflow becomes independent of the effort. This
means airflow is a property of the patient’s respiratory system, hence the
reason this test is very diagnostic.

e Because this resistance is created in small airways, the entire volume of
the lungs cannot be expired, creating residual volume (RV).

Because PFTs measure flow (FEV1/FVC) and volume, they accurately diagnose
i obstructive (low flow) and restrictive disease (low volume, normal flow).
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End of Inspiration During a Forced Expiration

Figure VII-1-16. Dynamic Airway Compression

Obstructive versus Restrictive Patterns

The following figures (Figures VII-1-17 and VII-1-18) demonstrate a standard

pulmonary function test, the measurement of FVC, FEV |, and FEV/FVC.

Obstructive pulmonary disease

Obstructive disease is characterized by an increase in airway resistance that is :
measured as a decrease in expiratory flow. Examples are chronic bronchitis, asth- :

ma, and emphysema.

Obstructive pattern

e Total lung capacity (TLC) is normal or larger than normal, but during a
maximal forced expiration from TLC, a smaller than normal volume is
slowly expired.

e Depending upon the severity of the disease, FVC may or may not be
reduced. If severe enough, then FVC is diminished.

Obstructive Normal
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Lung Volume (liters)
Lung Volume (liters)
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1second |yFVCAFRCATLCARV WFEV, 1 second

FEV,
FVC

FEV, —50%

3] = 80% (or 0.80)
FVC

Figure VII-1-17. Obstructive Pattern
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Bridge to Pathology

There are 4 basic pathologic alterations
that can occur in obstructive disease:

Bronchoconstriction
Hypersecretion
Inflammation

Destruction of lung parenchyma
(emphysema)

: Bridge to Pharmacology
Treatment of obstructive disease

i includes P2-agonists (short- and
long-acting), M3 blockers such as

i ipratropium, PDE inhibitors, mast

i cell stabilizers, leukotriene-receptor
i blockers, and steroids.
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Lung Volume (liters)

: Restrictive pulmonary disease

© Restrictive pulmonary disease is characterized by an increase in elastic recoil—a
i decrease in lung compliance—which is measured as a decrease in all lung volumes.
. Reduced vital capacity with low lung volumes are the indicators of restrictive pul-
: monary diseases. Examples are acute respiratory distress syndrome (ARDS) and in-
i terstitial lung diseases such as sarcoidosis and idiopathic pulmonary fibrosis (IPF).

Restrictive pattern

e TLC is smaller than normal, but during a maximal forced expiration
from TLC, the smaller volume is expired quickly and more completely
than in a normal pattern.

e Therefore, even though FEV, is also reduced, the FEV,/FVC is often
increased.

e However, the critical distinction is low FVC with low FRC and RV.

Restrictive Normal
Ve e = s 7
6 % BN i
5 1
CY N NN — 2 51 LAFEVY
2 |
4— -——-—:—~—<——~ s 5 4— e 44
FEV;| 3 P
R s e T S = o 3 \
i ==
R e I 21V/ o I 3 | S "_: WIS - S
15— e i I e B
O A + 0 A i
1 second WFVC {FRC}TLC | RV | FEV, 1 second
E\hzsa% E\bz o
VG =V 80% (or 0.80)

Figure VIi-1-18. Restrictive Pattern



Chapter 1 ¢ Lung Mechanics

Table VII-1-1. Summary of Obstructive Versus Restrictive Pattern

Variable Obstructive Pattern Restrictive Pattern
e.g., Emphysema e.g., Fibrosis

TLC T Ll

REALA il .

FVC { "

FEV, /FVC l T or normal

Peak flow l 2

FRC q. {

RV T \

FVCisalways decreased when pulmonary function is significantly compromised.

A decrease in FEV,/FVCratio is evidence of an obstructive pattern. A normal or :
increased FEV,/FVC ratio is evidence of a restrictive pattern, but alow TLC is :
diagnostic of restrictive lung disease.

Flow-Volume Loops

The instantaneous relationship between flow (liters/sec) and lung volume is
useful in determining whether obstructive or restrictive lung disease is present. :
In the loop shown in Figure VII-1-19, expiration starts at total lung capacity :
and continues to residual volume. The width of the loop is the FVC. :
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Figure VII-1-19. Flow—Volume Loop
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: Loops found in obstructive and restrictive disease are shown in Figure VII-1-20.

i Obstructive disease

i In obstructive disease, the flow-volume loop begins and ends at abnormally high
. lung volumes, and the expiratory flow is lower than normal. In addition, the
: downslope of expiration “scallops” or “bows” inward. This scalloping indicates
{ that at any given lung volume, flow is less. Thus, airway resistance is elevated
. (obstructive).

i Restrictive disease

i In restrictive disease, the flow-volume loop begins and ends at unusually low
i lung volumes. Peak flow is less, because overall volume is less. However, when
: expiratory flow is compared at specific lung volumes, the flow in restrictive dis-
i ease is somewhat greater than normal.
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Figure VII-1-20. Forced Expiratory Flow—Volume Loop
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Chapter Summary

Functional residual capacity is the equilibrium point of the respiratory
system. Residual volume is the air remaining in the respiratory system after
a maximal expiration. Vital capacity is the difference between total lung
capacity and residual volume.

Dead space is airin the respiratory system that is not exchanging gas with
capillary blood.

The first 150 mL of an inspiration fills the anatomical dead space with room
air. This volume contributes to total but not alveolar ventilation. Alveolar
ventilation represents the inspired volume beyond 150 mL. It is the inspired
airthat actually reaches the respiratory zone.

Inspiration decreases IPP, which in turn causes Py toincrease. This
increases alveolar volume, which decreases alveolar pressure.

During restful breathing, intrapleural pressure is always negative. It becomes
more negative during inspiration and more positive (less negative) during
expiration. Alveolar pressure is slightly negative during inspiration and
slightly positive during expiration.

Compliant lungs are easy to inflate and possess low recoil. Noncompliant or
stiff lungs are difficult to inflate and have a large recoil force.

The main component of lung recoil is the surface tension forces of the fluid
lining the alveoli. Surfactant reduces surface tension forces.

A deficiency of surfactant reduces lung compliance and promotes atelectasis
and the development of pulmonary edema.

A maximal expiration is associated with a partial collapse of the small
airways, which increases resistance and limits the maximum flow rate.

An obstructive pattern is often associated with a diminished FEVl/FVC,
elevated TLC, FRC, and RV.

A restrictive pattern is associated with a normal FEV1/FVC, but a reduced FVC,
TLC, FRC, and RV.

Chapter 1 ¢ Lung Mechanics
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Alveolar-Blood Gas Exchange

THE NORMAL LUNG

Partial Pressure of a Gas in Ambient Air

Pgas = Fgas X Patm

By convention, the partial pressure of the gas is expressed in terms of its dry gas
concentration. For example, the PO, in ambient air is:

PO, =0.21 x760 =160 mm Hg

Partial Pressure of a Gas in Inspired Air

Inspired air is defined as air that has been inhaled, warmed to 37°C, and com-
pletely humidified, but has not yet engaged in gas exchange. It is the fresh air in
the anatV, that is about to enter the respiratory zone.

The partial pressure of H,O is dependent only on temperature and at 37°C is
47 mm Hg. Humidifying the air reduces the partial pressure of the other gases
present.

Pigas = Fgas (Patm - PH,0)
For example, the PO, of inspired air is:
PIO, = 0.21(760 - 47) = 150 mm Hg

Figure VII-2-1 shows the pressures of oxygen and carbon dioxide in the alveolar,
pulmonary end capillary, and systemic arterial blood.

Patm = atmospheric pressure
Pgas = partial pressure of a gas

Fgas = concentration of a gas

Pigas = partial pressure of inspired gas

PH,O = partial pressure of H,0 vapor i

In a Nutshell

Dalton’s law of partial pressures

i states that the total pressure exerted

by a mixture of gases is the sum of

the pressures exerted independently
by each gas in the mixture. Also, the

¢ pressure exerted by each gas (its partial
pressure) is directly proportional to its
percentage in the total gas mixture.
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ventilation (VA) //

A = alveolar
a = systemic arterial
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160 mm Hg Ambient PO, = F(Patm)

PIO, = F(Patm — 47)
I = Inspired

Alveolar

Systemic

Arterial

Pao, =95 mm Hg
Paco, = 40 mm Hg

-~ y
Py =

Pulmonary capillary blood flow (Qc)

Figure VII-2-1. Pulmonary Capillary Gases

e Under normal conditions, the PO, and PCO, in the alveolar compartment
and pulmonary end capillary blood are the same (perfusion-limited).

e There is a slight change (PO, 1) between the end capillary compart-
ment and systemic arterial blood because of a small but normal shunt
through the lungs.

e Alveolar—systemic arterial PO, differences = A — a-gradient.

e This difference (5-10 mm Hg) often provides information about the
cause of a hypoxemia.

FACTORS AFFECTING ALVEOLAR PCO,

¢ Only two factors affect alveolar PCO,: metabolic rate and alveolar ventilation.

metabolic CO2 production
alveolar ventilation

PACO, o

i At rest, unless there is fever or hypothermia, CO, production is relatively con-
: stant; so you can use changes of PACO, to evaluate alveolar ventilation.

- Alveolar Ventilation

There is an inverse relationship between PACO, and alveolar ventilation. This
i is the main factor affecting alveolar PCO,. Therefore, if ventilation increases,
: PACO, decreases; if ventilation decreases, PACO, increases.
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Hyperventilation . In a Nutshell
During hyperventilation, there is an inappropriately elevated level of alveolar : What is the difference between
ventilation, and PACO, is depressed. respiratory quotient (RQ) and

If VA is doubled, then PACO, is decreased by half.

e.g., PACO, = 40 mm Hg
2 X VA; PACO, = 20 mm Hg

. respiratory exchange ratio (RER)?

Answer: RQ is the ratio between CO,
i production and O, consumption at the
i cellular level. RER is the ratio of CO,

output and oxygen uptake occurring in
Hypoventilation ¢ the lung. In a steady state, RQ and RER

During hypoventilation, there is an inappropriately depressed level of alveolar arie/equal;

ventilation, and PACO, is elevated.

If VA is halved, then PACO, is doubled.
e.g., PACO, =40 mm Hg
1/2 VA; PACO, = 80 mm Hg

Metabolic Rate

There is a direct relationship between alveolar PCO, and body metabolism. For
PACO, to remain constant, changes in body metabolism must be matched with :
equivalent changes in alveolar ventilation. :

e If VA matches metabolism, then PACO, remains constant.

e For example, during exercise, if body metabolism doubles, then VA must
double if PACO, is to remain constant.

e If body temperature decreases and there is no change in ventilation, :
PACO, decreases, and the individual can be considered to be hyperventi- :
lating.

FACTORS AFFECTING ALVEOLAR PO,

Alveolar Air Equation
The alveolar air equation includes all the factors that can affect alveolar PO,

ACO,

P
PAO, = (Patm - 47)FIO, -

Practical application of the equation includes differential diagnosis of hyp oxemia
by evaluating the alveolar arterial (A-a) gradient of oxygen. '

Three important factors can affect PAO,:

Patm = atmospheric pressure, at sea level 760 mm Hg

An increase in atmospheric pressure (hyperbaric chamber) increases alveolar
PO,, and a decrease (high altitude) decreases alveolar PO,.

F10, = fractional concentration of oxygen, room air 0.21
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i RQ = respiratory exchange ratio =

\7gas = rate of gas diffusion
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i An increase in inspired oxygen concentration increases alveolar PO,.

PaCO, = alveolar pressure of carbon dioxide, normally 40 mm Hg

! An increase in alveolar PCO, decreases alveolar PO,, and a decrease in alveolar
i PCO, increases alveolar PO,. For most purposes, you can use arterial carbon
dioxide (PaCOQ,) in the calculation.

The fourth variable is RQ.

CO; produced mL/min
O, consumed mL/min

; normally 0.8

For example, a person breathing room air at sea level would have:

| PAO, = (760 — 47) 0.21 — 40/0.8 = 100 mm Hg

. Effect of PACO, on PAO,

PIO, = P inspired O,, i.e, the PO, in the conducting airways during inspiration

Because PACO, affects alveolar PO,, hyperventilation and hypoventilation also
i affect PAO,.

Hyperventilation (e.g., PACO, = 20 mm Hg)

PAO, = P10, - PACO, (assume R = 1)
normal = 150 — 40 = 110 mm Hg
hyperventilation = 150 — 20 = 130 mm Hg

Hypoventilation (e.g., PACO, = 80 mm Hg)

normal = 150 — 40 = 110 mm Hg
hypoventilation = 150 — 80 = 70 mm Hg

_ ALVEOLAR-BLOOD GAS TRANSFER: FICK LAW OF
. DIFFUSION

. Simple diffusion is the process of gas exchange between the alveolar compartment
¢ and pulmonary capillary blood. Thus, those factors that affect the rate of diffusion
i also affect the rate of exchange of O, and CO, across alveolar membranes. (An ad-
i ditional point to remember is that each gas diffuses independently.)

Vgas = %XD X (P, -P)

: Two structural factors and two gas factors affect the rate of diffusion.

Structural Features That Affect the Rate of Diffusion

i A = surface area for exchange, | in emphysema, T in exercise

T = thickness of the membranes between alveolar gas and capillary blood, T in
. fibrosis and many other restrictive diseases
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A structural problem in the lungs is any situation in which there is a loss of sur- :
face area and/or an increase in the thickness of the membrane system between :
the alveolar air and the pulmonary capillary blood. In all cases, the rate of oxygen
and carbon dioxide diffusion decreases. The greater the structural problem, the

greater the effect on diffusion rate.

Factors Specific to Each Gas Present

D (diffusion constant) = main factor is solubility

The only clinically significant feature of D is solubility. The more soluble the gas,
the faster it diffuses across the membranes. CO, is the most soluble gas with :
which we will be dealing. The great solubility of CO, is the main reason why it :

diffuses faster across the alveolar membranes than 0,.

Gradient across the membrane

(P, - P,): This is the gas partial pressure difference across the alveolar membrane.

The greater the partial pressure difference, the greater the rate of diffusion.

Under resting conditions, when blood first enters the pulmonary capillary, the gra-

dient for O, is:
100 — 40 = 60 mm Hg

Anincrease in the PO, gradientacross the lung membranes helps compensate for :
a structural problem. If supplemental O, is administered, alveolar PO, increases, :
because of the elevated gradient. However, supplemental O, does not improve :
the ability of the lungs to remove CO, from blood. This increased gradient helps
return the rate of O, diffusion toward normal. The greater the structural problem,

the greater the gradient necessary for a normal rate of O, diffusion.

The gradient for CO, is 47 - 40 = 7 mm Hg.

Even though the gradient for CO, is less than for O,, CO, still diffuses faster

because of its greater solubility.

DIFFUSING CAPACITY OF THE LUNG (DLCO)

There are 2 terms that describe the dynamics of the transfer of individual sub-

stances between the interstitium and the capillary:

e If the substance equilibrates between the capillary and interstitium, it is
said to be in a perfusion-limited situation.

e If the substance does not equilibrate between the capillary and intersti-
tium, it is said to be in a diffusion-limited situation.

Carbon monoxide is a unique gas in that it typically doesn’ equilibrate between :
the alveolar air and the capillary blood. Thus, it is a diffusion-limited gas. This is :
taken advantage of clinically, and the measurement of the uptake of CO in mL/ :
min/mm Hg is referred to as the diffusing capacity of the lung. It is an index of :

the lung’s structural features.
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i Carbon Monoxide: A Gas that is Always Diffusion Limited

i Carbon monoxide has an extremely high affinity for hemoglobin. When it is
. present in the blood, it rapidly combines with hemoglobin, and the amount dis-
i solved in the plasma is close to zero (therefore, partial pressure in the plasma is
: considered zero). Thus, the alveolar partial pressure gradient (P, - P,) is simply
P, (alveolar partial pressure), since P, is considered to be zero. At a constant and
. known alveolar partial pressure, the uptake of carbon monoxide depends only on
© the structural features of the lung, as illustrated in Figure VII-2-2.

\.7gas =—?—XDX (P —Py)

e A
VCo =+ X D X B,CO

PCO=O

Figure VII-2-2. Carbon Monoxide

e This measured uptake of carbon monoxide is called the diffusing
capacity of the lung (DL; mL/min/mm Hg).

e It is an index of overall surface area and membrane thickness.

e With a structural problem, it correlates with the extent of lung damage
and is particularly useful when measured serially over time.

e DL (rate of CO diffusion) decreases in emphysema and fibrosis but
increases during exercise.
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Chapter Summary

In a normal resting individual at sea level, the partial pressures of oxygen
and carbon dioxide are not different between the alveolar and pulmonary
end capillary compartments (PO, = 100 mm Hg and PCO, = 40 mm Hg).

PaC02 is the same as alveolar, but Pa0z2 is less than alveolar (A-a gradient),
which is primarily the result of shunt blood flow.

Only two factors affect alveolar PCO,: body metabolism and alveolar
ventilation. If body metabolism is constant, there is an inverse relationship
between alveolar ventilation and alveolar PCO,,.

Three important factors affect alveolar PO,: atmospheric pressure, oxygen
concentration in the inspired air, and alveolar PCO,.

A change in alveolar PCO, causes a change in alveolar PO,. They change in
opposite directions by approximately the same amount in mm Hg.

Two structural factors and two gas factors affect the rate of gas diffusion
across lung membranes.

Diffusing capacity is directly proportional to membrane surface area and
inversely proportional to membrane thickness.

The partial pressure gradient is the driving force for diffusion.

Because CO, is an extremely soluble gas, it diffuses across the lung
membranes faster than oxygen even though it has a small gradient.

Supplemental oxygen raises the oxygen gradient and can compensate fora
diffusion problem.

Diffusing capacity of the lung is an index of the overall surface area and
membrane thickness. It is measured as the uptake of CO from the alveolar air
tothe blood in mL/min/mm Hg.

KAPLAN) MEDICAL 165







Transport of 0, and CO, and
the Regulation of Ventilation

TRANSPORT OF OXYGEN

Units of Oxygen Content
Oxygen content = concentration of oxygen in the blood, e.g., arterial blood
=20 volumes %
= 20 volumes of oxygen per 100 volumes of blood
=20 mL of oxygen per 100 mL of blood
= 0.2 mL of oxygen per mL of blood

Dissolved Oxygen

Oxygen dissolves in blood and this dissolved oxygen exerts a pressure. Thus, PO,
of the blood represents the pressure exerted by the dissolved gas, and this PO, is !
directly related to the amount dissolved (Figure VII-3-1). :

The amount dissolved (PO,) is the primary determinant for the amount of oxy-
gen bound to hemoglobin (Hb). :

There is a direct linear relationship between PO, and dissolved oxygen (Figure !
VII-3-1). When PO, is 100 mm Hg, 0.3 mL O, is dissolved in each 100 mL of !
blood (0.3 vol%). Maximal hyperventilation can increase the PO, in blood to :
130 mm Hg (0.4 vol%). :

l I T l |
20 40 60 80 100

R

S

3 0.3

2

?

k7] 0.2 H

S, »
5 o1- —~
= ~

= L

(&}

N

©

PO, in Blood (mm Hg)

Figure VII-3-1. Dissolved Oxygen in Plasma
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: Oxyhemoglobin

i Each Hb molecule can attach and carry up to four oxygen molecules. Binding
: sites on Hb have different affinities for oxygen. Also, the affinity of a site can and
i does change as oxygen is loaded or unloaded from the Hb molecule and as the
i chemical composition of the plasma changes.

Site4 - O, systemic arterial blood = 97% saturated
i attached when the minimal
: PO, =100 mm Hg

! Site3 - o, systemic venous blood = 75% saturated
attached when the minimal (resting state)
i PO, =40 mm Hg

Site2 - O, P, for arterial blood. Py, is the PO,
i attached when the minimal required for 50% saturation
i PO, =26 mm Hg

Site 1 - O, usually remains attached under physiologic conditions. Under physi-
i ologic conditions, only sites 2, 3, and 4 need to be considered.

Most of the oxygen in systemic arterial blood is oxygen attached to Hb. The only
i significant form in which oxygen is delivered to systemic capillaries is oxygen
i bound to Hb.

. Hemoglobin 0, Content
The number of mL of oxygen carried in each 100 mL of blood in combination

i with Hb depends on the Hb concentration [Hb]. Each gram of Hb can combine
¢ with 1.34 mL of O,.

If the [Hb] is 15 g/100 mL (15 g%), then the maximal amount of O, per 100 mL
(100% saturation) in combination with Hb is:

1.34([Hb]) = 1.34(15) = 20 mL O,/100 mL blood = 20 vol%
This volume represents the “carrying capacity” of the blood.

The Hb in systemic arterial blood is about 97% saturated with oxygen, which
¢ means slightly less than 20 vol% is carried by Hb.

© When blood passes through a systemic capillary, it is the dissolved oxygen that
{ diffuses to the tissues. However, if dissolved oxygen decreases, PO, also decreases,
. and there is less force to keep oxygen attached to Hb. Oxygen comes off Hb and
: dissolves in the plasma to maintain the flow of oxygen to the tissues.
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Hyperventilation or supplementing the inspired air with additional oxygen in a
normal individual can significantly increase the PaO, but has effect on total oxy- :

gen content. For example:

Dissolved O, HbO,

If PaO, = 100 mm Hg 0.3 =194
If PaO, = 130 mm Hg 0.4 =194
(hyperventilation)

Oxygen-Hb Dissociation Curves

Figure VII-3-2 represents 3 major points on the oxygen—hemoglobin dissociation
curve. The numbered sites refer to the hemoglobin site numbers discussed just :

previously.

20 100 —

80 —

-—
(¢}
|

HbO4, Content (vol %)
o
|
% Hemoglobin Saturation

60 —

40 —

)]
|

20 —

Total O, Content

=19.7 vol%
=19.8 vol%

PO, in Blood (mm Hg)

Figure VII-3-2. Oxygen—Hb Dissociation Curves

Shifting the curve

The following factors shift the curve to the right: increased CO, (Bohr effect),
increased hydrogen ion (decrease pH), increased temperature, increased :

2,3-bisphosphoglycerate (2,3-BPG).

In each case, the result can be explained as a reduced affinity of the Hb molecule
for oxygen. However, carrying capacity is not changed, and systemic arterial !
blood at a PO, of 100 mm Hg is still close to 100% saturation. :

The opposite chemical changes shift the curve to the left.
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¢ Figure VII-3-3 shows the result of a shift in the O,~Hb dissociation curve. Note
i that only points on the steep part of the curve are affected.

20 1 | Temperature
< | PCO,
3 ™01 }23ra
= } e
2 10 =
[
8 { Temperature
9;“ 1 PCO,
= P t 2,3-8rGg
P e
0 T T 1 T 1
0 20 40 60 80 100

PO, in Blood (mm Hg)

Figure VII-3-3. Shifts in Hb-O Dissociation Curve

Shift to the Right Shift to the Left

Easier for tissues to extract  More difficult for tissues to extract
oxygen oxygen

Steep part of curve, Steep part of curve,

O, content decreased O, content increased

P, increased P, decreased

Stored outdated blood loses 2,3-bisphosphoglycerate, causing a shift to the left.
: Fetal hemoglobin is also shifted to the left.

Hb Concentration Effects

Anemia
Characterized by a reduced concentration of Hb in the blood.

Polycythemia

Characterized by a higher than normal concentration of Hb in the blood.

- Pso

In simple anemia and polycythemia, the P, does not change without tissue hy-
i poxia; e.g., a PO, of 26 mm Hg produces 50% saturation of arterial hemoglobin.

© Figure VII-3-4 illustrates the effects of an increase and a decrease in hemoglobin
. concentration. The main change is the plateau or carrying capacity of the blood.
i Note that the point halfway up each curve, the P, is still close to 26 mm Hg.
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Figure VII-3-4. Effect of Hemoglobin Content on O, Content

Effects of Carbon Monoxide

Carbon monoxide (CO) has a greater affinity for Hb than does oxygen (240
times greater). Figure VII-3-5 shows that with CO the O,~Hb dissociation curve :
is shifted to the left (CO increases the affinity of Hb for O,) and HbO, content

is reduced.

HbO, Content (vol %)

PO, in Blood (mm Hg)

Figure VII-3-5. Carbon Monoxide Poisoning

f
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i Table VII-3-1is a summary of the effects of anemia, polycythemia, and carbon
i monoxide poisoning.

Table VII-3-1. Systemic Arterial Blood

PO Hb Concentration 0, perg Hb 0, Content

2
Anemia N 4 N l
Polycythemia N ¢ N Ey
CO poisoning (acute) N N 3L J

N = normal; O, per g Hb = % saturation.

In anemia, hemoglobin is saturated but arterial oxygen content is depressed
: because of the reduced concentration of hemoglobin.

In polycythemia, arterial oxygen content is above normal because of an increased
: hemoglobin concentration.

In CO poisoning, arterial PO, is normal, but oxygen saturation of hemoglobin
: is depressed.

TRANSPORT OF CARBON DIOXIDE

: Dissolved Carbon Dioxide
Carbon dioxide is 24 times more soluble in blood than oxygen is. Even though
the blood has a PCO, of only between 40 and 47 mm Hg, about 5% of the total
i CO, is carried in the dissolved form.

Carbamino Compounds

i Carbon dioxide reacts with terminal amine groups of proteins to form carbamino
i compounds. The protein involved appears to be almost exclusively hemoglobin.
¢ About 5% of the total CO, is carried as carbamino compounds. The attachment
: sites that bind CO, are different from the sites that bind O,.

. Bicarbonate
About 90% of the CO, is carried as plasma bicarbonate. In order to convert CO,
. into bicarbonate or the reverse, carbonic anhydrase (CA) must be present.

CA
CO, + H0 & H,CO; & H* + HCO,~

Figure VII-3-6 illustrates the steps in the conversion of CO, into bicarbonate in
i asystemic capillary.
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'Red blood cell

lléﬁ ;.ét.tif :':. i :

Figure VII-3-6. Formation of Bicarbonate lon

Plasma contains no carbonic anhydrase; therefore, there can be no significant :
conversion of CO, to HCO,~ in this compartment.

Because deoxygenated Hb is a better buffer, removing oxygen from hemoglobin
shifts the reaction to the right and thus facilitates the formation of bicarbonatein :
the red blood cells (Haldane effect). :

To maintain electrical neutrality as HCO,~ movesinto the plasma, CI- moves into

the red blood cell (chloride shift).

In summary:

e Bicarbonate is formed in the red blood cell but it is carried in the plasma
compartment.

e The PCO, determines the volume of CO, carried in each of the forms
listed above. The relationship between the PCO, and the total CO, con-
tent is direct and nearly linear, as shown in Figure VII-3-7.

e Thus, hyperventilation not only lowers the PCO, (mm Hg), it also lowers
the CO, content (vol%). :

54 -

52 -

50

48 -

CO, Content (vol %)

46

1 1] ] 1 1 1 1
0 10 20 30 40 50 60 70 80
PCQ, in Blood (mm Hg)

Figure VII-3-7. CO, Content in Blood
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: NEURAL REGULATION OF ALVEOLAR VENTILATION

. The level of alveolar ventilation is driven mainly from the input of specific che-
i moreceptors to the central nervous system. The stronger the stimulation of these
i receptors, the greater the level of alveolar ventilation. Chemoreceptors monitor
: the chemical composition of body fluids. In this system, there are receptors that
: respond to pH, PCO,, and PO,.

There are two groups of receptors, and they are classified based upon their location.

Central Chemoreceptors

i These receptors are located in the central nervous system—more specifically,
¢ close to the surface of the medulla.

Stimulation of central chemoreceptors increases ventilation.

The receptors directly monitor and are stimulated by cerebrospinal
fluid [H*] and CO,. The stimulatory effect of increased CO, may be
due to the local production of H* from CO,.

Because the blood—brain barrier is freely permeable to CO,, the activity
of these receptors changes with increased or decreased systemic arterial
PCO,.

H* does not easily penetrate the blood-brain barrier. Thus, an acute rise
in arterial H*, not of CO, origin, does not stimulate central chemore-
ceptors.

These receptors are very sensitive and represent the main drive for ven-
tilation under normal resting conditions at sea level.

Therefore, the main drive for ventilation is CO, (H") on the central che-
moreceptors.

Figure VII-3-8 illustrates the relationship between the central chemoreceptors
i and the systemic arterial blood.

CTTTEPTEE) )?
+ assussasasP

H

Medulla

=

Figure VII-3-8. Central Chemoreceptors
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The system does adapt, usually within 12 to 24 hours. The mechanism of adapta-
tion may be the normalization of CSF H* by the pumping of HCO;" into or out :

of the CSF. There are no central PO, receptors.

Peripheral Chemoreceptors

These receptors are found within small bodies at 2 locations:

Carotid bodies: near carotid sinus, afferents to CNS in glossopharyngeal

nerve IX
Aortic bodies: near aortic arch, afferents to CNS in vagus nerve X

The peripheral chemoreceptors are bathed in arterial blood, which they monitor

directly. These bodies have 2 different receptors:

e H*/CO, receptors

they still contribute to the normal drive for ventilation.

— Therefore, under normal resting conditions at sea level, for all prac-
tical purposes, the total drive for ventilation is CO,, mainly via the
central chemoreceptors but with a small contribution via the periph-
eral chemoreceptors.

e PO, receptors
— The factor monitored by these receptors is PO, not oxygen content.

— Because they respond to PO,, they are actually monitoring dissolved
oxygen and not oxygen on Hb.

— When systemic arterial PO, is close to normal (=100 mm Hg) or above
normal, there is little if any stimulation of these receptors.

e They are strongly stimulated only by a dramatic decrease in systemic
arterial PO,.

e Sensitivity to hypoxia increases with CO, retention.

These receptors do not adapt.

Central Respiratory Centers

Medullary centers

Site of the inherent rhythm for respiration.
Inspiratory center
Expiratory center

For spontaneous breathing, an intact medulla must be connected to the dia-
phragm (via the phrenic nerve). Thus a complete Cl or C2 lesion will prevent :

diaphragmatic breathing but not a complete C6 or lower lesion.

Figure VII-3-9 illustrates the main features involved in the central control of

ventilation.

Bridge to Pathology/

— These receptors are less sensitive than the central chemoreceptors, but Pharmacology

i The normal CO, drive to breath is
{ suppressed in COPD patients, and by
narcotics and general anesthetics.

Clinical Correlate

i Although oxygen content is reduced

: in anemia, the Pa0, is normal; thus,

: anemia does not directly stimulate

i ventilation. However, the reduced
oxygen delivery can cause excess lactic
acid production, which would in turn
stimulate peripheral chemoreceptors.
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Medulla
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Figure VII-3-9. CNS Respiratory Centers

Abnormal Breathing Patterns

i Apneustic breathing: prolonged inspirations alternating with a short period of
. expiration. This pattern is attributed to the loss of the normal balance between
: vagalinput and the pons-medullary interactions. Lesions in patients with apneustic
. breathing are usually found in the caudal pons.

i Cheyne-Stokes breathing: periodic type of breathing which has cycles of gradually
: increasing depth and frequency followed by a gradual decrease in depth and fre-
. quency between periods of apnea. It may result from midbrain lesions or congestive
: heart failure.

RESPIRATORY STRESS: UNUSUAL ENVIRONMENTS

. High Altitude

i Athigh altitude, atmospheric pressure is reduced from 760 mm Hg of sea level.
Because atmospheric pressure is a factor that determines room air and alveolar
i PO,, these two values are also reduced. These two values are permanently de-
i pressed unless enriched oxygen is inspired.

Therefore, PAO, <100 mm Hg, PaO, <100 mm Hg, and the low arterial PO, stim-
i ulates the peripheral chemoreceptors and increases alveolar ventilation. At high
: altitude, then, the main drive for ventilation changes from CO, on the central
i chemoreceptors at sea level to a low PO, drive of the peripheral chemoreceptors,
: and hyperventilation ensues.
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Table VII-3-2. Acute Changes and Long-Term Adaptations (Acclimatization)

Acute Changes Acclimatization

PAO, and Pa0, decreased remains decreased
PACO, and PaCO, decreased remains decreased
Systemic arterial pH increased decreases to normal via
renal compensation
Hb conicentration no change increases (polycythemia)
Hb % sat decreased remains decreased
Systemic arterial O, content decreased increases to normal

At high altitude, hypoxia can develop, resulting in increased circulating levels of

ally causes an adaptive polycythemia.

High-Pressure Environment

In a hyperbaric environment breathing room air (21% O, and 79% N,), the par-  :
tial pressure of O, and N, increase in the alveoli and systemic arterial blood. The :
¢ liquid. High pressures force gas into
solution. However, solubilities and

{ temperature also come into playwhen
considering Henry’s law. Even though
a huge N, gradient may exist between
i the air and plasma, nitrogen is barely
© soluble at all.

pressure of nitrogen also increases in other body compartments.

Oxygen
e Adverse effect is oxygen toxicity due to the production of oxygen radi-
cals.
e Clinical uses include carbon monoxide poisoning, compromised tissue
graphs, and gas gangrene.

Nitrogen
e Rapture of the deep: a feeling of euphoria associated with high nitrogen
levels

e Thebends (Caisson’s disease): too-rapid decompression after exposure to
high nitrogen pressures. It can result in nitrogen coming out of solution
in joints (bends) or in the blood, resulting in air emboli in the vasculature.

. Note
erythropoietin. Erythropoietin increases red blood cell production and eventu- : . . .
: What principle explains the physiology

: of why nitrogen will be forced into
: solution?

: Answer: Henry’s law. The amount of

gas that will dissolve in a liquid varies
directly with the pressure above that

: Bridge to Microbiology

Gas gangrene is caused by the bacteria
¢ Clostridium perfringens. This bacteria
thrives in an anaerobic environment,
explaining why hyperbaric oxygen can
be helpful. Staphylococcus aureus

and Vibrio vulnificus can cause similar
. infections.
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Chapter Summary

The only significant form in which oxygen is delivered to systemic tissues is
oxygen attached to hemoglobin. However, Pa0, created by dissolved oxygen
is a force necessary to keep oxygen bound to hemoglobin.

Normal hemoglobin in the systemic arterial system is almost completely
saturated with oxygen when Pa0, is 100 mm Hg. Mixed venous hemoglobin
in a resting individual is about 75% saturated.

Increased H*, CO,, temperature, and 2,3-bisphosphoglycerate shift the
Hb—0, curve to the right. This assists in the unloading of oxygen to systemic
tissues butdoes not prevent complete loading of oxygen in lung capillaries.

The normal drive for ventilation is CO,, mainly on the central chemoreceptors.

When the systemic arterial PO, dramatically decreases, the main drive for
ventilation is the low PO, on the peripheral chemoreceptors.

Spontaneous rhythmic breathing requires an intact medulla connected, via
the phrenic nerve, to the diaphragm.

At high altitude, there is a permanent depression in alveolar and systemic
arterial PO,. The low PO, stimulates the peripheral chemoreceptors, inducing
a hyperventilation and a decrease in alveolar and systemic arterial PCO,.

The loss of CO, produces a respiratory alkalosis. To compensate, the kidney
loses bicarbonate to return arterial pH close to normal. Acutely, arterial
oxygen content is depressed because of reduced hemoglobin saturation.
Acclimatization returns oxygen content toward normal because of an increase
in hemoglobin concentration.



Causes and Evaluation of Hypoxemia

VENTILATION-PERFUSION DIFFERENCES IN THE LUNG

Regional Differences in Intrapleural Pressure (IPP) Clinical Correlate

At FRC, the mean value for intrapleural pressure is -5 cm H,O. However, there The regional difference of alveolar and

are regional differences, and the reason for these differences is gravity. : arterial pressure in the lung is referred
o Recall that the pleura is a fluid-filled space. ; toas “westzones” of the lung. The

e Similar to the cardiovascular system, it is subject to gravitational influences take-hf)me m.es.sag'e o th.at vantilalion
: perfusionratiois higher in the apex

of the lung (zone 1) in an upright
. individual than it is in the base of the
. lung (zone 3).

— (P = height x gravity x density)

e Thus, IPP is higher (less negative) at the base (bottom) of the lung com-
pared to the apex (top).

Regional Difference in Ventilation

e Because IPP is higher (less negative) at thebase, the Pr,, is less, resulting
in less distension of alveoli, i.e., there is less volume. 3

e In contrast, IPP is more negative at the apex, thus the P, is higher,
resulting in a greater volume in alveoli near the apex.

e As described in chapter 1, alveolar compliance decreases as lung volume
increases. Thus, alveoli near the base are more compliant than alveoli
near the apex. Stated another way, alveoli near the base are on a much
steeper portion of the pressure-volume curve than alveoli near the apex
(Figure VII-4-2).

e Because alveoli near the base are more compliant, there is more ventila-
tion in this region compared to the apex.

800 ] — ———
‘ FRC g
. Apex_’ 5 400 -
W\ :
e N s :
/ \\/// "“- .u_) "
= © 200
\\ ] 5 iy =g g
‘ \_‘ * ;
\\3 ) i | | I ] l
2.5 =mp —55 0 ) 1= -10 13 -15

\ Base Base Apex

Intrapleural Pressure or Increasing Transpulmonary Pressure (cm H>0)

Figure VII-4-1. Upright Posture Figure VII-4-2. Regional Ventilation
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i Regional Differences in Blood Flow

i Evenin a normal individual, there are regional differences in blood flow through
: the pulmonary circuit. These differences, for the most part, can be attributed to
i the effect of gravity.

e Moving toward the base (with gravity), pressure in the pulmonary
arteries is higher compared to pressure in the pulmonary arteries of the
apex (against gravity).

e Since the intravascular pressure in arteries is higher, there is more blood
flow to the base of the lung compared to the apex.

. Ventilation—Perfusion Relationships

i The partial pressures of O, and CO, in alveoli are determined by the combina-
. tion of ventilation (adding O,, removing CO,) and perfusion (removing O, and
: adding CO,). However, it is not the absolute amount of either that determines
: the composition of alveolar gases. Instead, it is the relative relationship between
¢ ventilation and perfusion that ultimately determines the alveolar gases. This is
: ventilation-perfusion matching.

© In the normal situation, it would be “ideal” if ventilation and perfusion (blood
¢ flow) matched, i.e,, the ventilation-perfusion ratio is one (Figure VII-4-3). If this
were the case, then:

e PAO, =100 mm Hg
e PACO, =40 mm Hg

e The blood draining the alveolus would have a pH = 7.40 (normal
blood pH)

Although the above is “ideal,” it is not often encountered. Figure VII-4-3 illus-
trates ventilation, blood flow (Q) or perfusion, and the relative ventilation-
i perfusion relationship for an upright individual. Toward the base of the lung:

e Alveolar ventilation is high relative to the apex (described above).
e Q is high relative to the apex (described above).

e However, relative to one another, Q is higher than alveolar ventilation,
thus the ventilation-perfusion relationship is less than 1.0.

e In short, the alveoli are under-ventilated relative to the perfusion. If
alveolar ventilation is inadequate, then it follows that PO, falls, PCO,
rises, and blood pH falls (remember that CO, generates H*).

e Thus, the PAO, at the base is <100 mm Hg and the PACO, is >40 mm Hg.
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Flow
(ml/min)
Base l l Apex
PCO5 >40 PCO, =40 mm Hg PCO, =<40
PO, <100 PO, =100 mm Hg PO, =>100
pH <7.4 pH =7.400 pH=>7.4
Va <1.0 Va=>1.0
Q Q

Figure VII-4-3. Ventilation—Perfusion Relationships

Moving toward the apex, the situation reverses (Figure VII-4-3):
e Alveolar ventilation is less relative to the base (described above).
e Qisless relative to the base (described above).

e However, relative to one another, Q is less than alveolar ventilation, thus
the ventilation-perfusion relationship is greater than 1.0.

e In short, the alveoli are over-ventilated relative to the perfusion. If alveo- :

lar ventilation is excessive, then it follows that PO, rises, PCO, falls, and
blood pH increases (remember that CO, generates H*).

e Thus, the PAO, at the apex is >100 mm Hgand PACO, is <40 mm Hg.

The effect of the ventilation-perfusion relationship is a continuum and this is :

illustrated in Figure VII-4-4.
e As ‘.IA/Q falls, PO, falls and PCO, rises.

e As ‘.IA/Q rises, PO, rises and PCO, falls.

Extremes of Va/Q Mismatch
e Shunt: If ventilation is zero but there is blood flow, then \./A/Q =0.

— This is a right-to-left shunt, and the blood gases leaving the alveoli
are the same as venous blood (low PO, and high PCO,; Y-axis inter-
cept in Figure VII-4-4). This causes arterial hypoxemia, which is dis-
cussed later in this chapter.

° élveolar dead space: If blood flow is zero but there is ventilation, then

VA/Q = oo,

— This is alveolar dead space, and alveolar gases become the same
as inspired (high PAO, and PACO, = 0; X-axis intercept in Figure
VI1I-4-4).
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To summarize:
' e As \.7/\/ Q falls, PO, falls and PCO, rises. The extreme is a shunt.

— Remember, however, that the lower the Va/ Q, the more it “behaves”
as a shunt, i.e., the alveolar and blood gases get closer and closer to
venous gases. Similar to a shunt, this can lead to arterial hypoxemia,
both of which are discussed later in this chapter.

e As \./A/Q rises, PO, rises and PCO, falls. The extreme is alveolar dead
space.

— Similar to above, the higher the \7A/Q, the more the situation looks
like alveolar dead space.

. Shunt
Va/Q=0
Base Optimum Apex
47—
— 40 LOW VA Q \“’*Am»\:‘\\"
o
I T
g 307 /‘/{% - S
& N
~ 20 - P
3 \
g 10 ;
VA/Q == =)
0 | [ I I ] I I il I I ! Dead space
40 50 60 70 80 90 100 110 120 130 140 150
PO, (mm Hg)
Figure VII-4-4. Shunt and Dead Space
Problem
i The following ratios represent two different lung units under resting conditions:
\./A/Q
A = 0.62
B =073

Both lung units A and B are underventilated, but of the two, B is better ventilated.
Which lung unit had the greatest:

PACO,, end capillary PCO,? (Answer: A)

PAO,, end capillary PO,? (Answer: B)

end capillary pH? (Answer: B)

. Hypoxic Vasoconstriction

This is a clinically important phenomenon that is unique to the pulmonary cir-
i culation. Whenever there is a decrease in alveolar PO,), a local vasoconstriction
i of pulmonary blood vessels is produced. The result is a lowering of blood flow
i through thatlung unit and a redistribution of blood to better-ventilated units.
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Problem

If a person inhales a peanut that lodges in a peripheral airway, what changes

would you expect for the following variables in the peanut-occluded unit?
PACO, (increase)
PAO, (decrease)
pulmonary end capillary pH (decrease)

blood flow in that lung unit (decrease)

All answers here are based on the fact that blocking the airway produces a shunt, :
as shown in Figure VII-4-4. The blood flow decreases because of hypoxic vaso- :
constriction. Low VA/Q ratios are associated with hypoxic vasoconstriction. If :
the pulmonary disease is severe and widespread, the alveolar hypoxia and subse- :

quent arteriolar vasoconstriction increases pulmonary arterial pressure.

Problem

If a small thrombus lodges in a pulmonary artery, what changes would you

expect for the following variables in the thrombus-occluded unit?
PACO, (decrease)
PAO, (increase)
pulmonary end capillary pH (increase)

All answers here are based on the fact that the thrombus increases the \OIA/Q ratio.

This produces lung units that act as dead space, as shown in Figure VII-4-4.

Exercise

In exercise, there is increased ventilation and pulmonary blood flow. However,
during exercise, ventilation increases more than cardiac output and Va/Q goes :
well above 1.0 as one approaches maximal oxygen consumption. Also, the base- :

apex flows are more uniform.

REVIEW OF THE NORMAL LUNG

Before discussing the causes of hypoxemia let’s review the normal state using :
: because ventilation-perfusion matching
. becomes less and less “ideal.” One
formula fortaking this into account is:

standard values (Figure VII-4-5):
o The blood entering the alveolar-capillary unit is mixed venous blood.
— PO, =40 and PCO, = 45 mm Hg
e PAO, = 100 mm Hg and PACO, = 40 mm Hg

e Both gases are perfusion-limited and thus their partial pressures at the
end of the capillary are the same as alveolar.

e Arterial blood gas (ABG) sample shows PaO, = 95 mm Hg, and PaCO, =

40 mm Hg.

— The A—a gradient is 5 mm Hg (ranges 5-10 mm Hg but is influenced
by age; see Clinical Correlate) and is primarily the result of anatomic
shunts.

Clinical Correlate

As one ages, the A-a gradient increases

(age + 4)

4
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0(Pulmonary end
capillary)

PaO, = 95

Figure VII-4-5. Normal State

CAUSES OF HYPOXEMIA

. Hypoventilation

i Hypoventilation of the entire lung elevates alveolar PCO,, and the increase in
i PCO, decreases PO,. For example, if alveolar ventilation decreases by 50%, alveo-
i lar PCO, becomes 80 mm Hg (an increase 0of 40 mm Hg). Assuming a respiratory
¢ ratio close to 1.0, alveolar PO, decreases by about 40 mm Hg to 60 mm Hg. If no
: other problem exists, pulmonary end capillary and systemic arterial PO, also de-
i creases by 40 mm Hg. This is illustrated in Figure VII-4-6.

~ \If PaCO, = 80, then:

Hypoventilation

=50 (Pulmonary end
capillary)

PO, <40

PaO, = 55

Figure VII-4-6. Hypoventilation



Hypoventilation is characterized as an equal decrease in PO, in all 3 compart-
ments. As a result, A-a is normal and end-tidal PO, is still be a good index of :
systemic arterial PO, (provided A-a gradient is taken into consideration).

The hypoxemia can be relieved by increasing the inspired oxygen, however CO,
i hypoventilation. All the observations

remains elevated because ventilation is unchanged.

In summary

Chapter 4 ¢ Causes and Evaluation of Hypoxemia

e There is no increase in the A—a oxygen gradient.

e Supplemental oxygen can relieve the hypoxemia.

e End-tidal air still reflects the systemic arterial compartment.

e The problem is not within the lung itself.

Diffusion Impairment

illustrated in Figure VII-4-7 and summarized in the following figure.

Diffusion
impairment

In marked diffusion impairment, pulmonary end capillary PO, is less than
alveolar PO,. End-tidal PO, is not a good index of systemic arterial PO,.

In diffusion impairment, supplemental oxygen corrects the hypoxemia. Note that
although the arterial PO, may be restored to normal, or even be above normal by :

POg <40

Figure VII-4-7. Diffusion Impairment

Pa02 < PA02

supplemental oxygen, there is still an abnormally large A-a gradient.

© Clinical Correlate

i High altitude is sometimes categorized
i as a fifth cause of hypoxemia. High

altitude causes low Pa0,, similar to

¢ described here apply, except for
PCO,. At high altitude, a subject

. hyperventilates, and thus PACO, and
{ PaCO, are reduced.

. Bridge to Pathology

Acutely, hypoventilation can be caused
: by narcotics and general anesthetics.

¢ More chronic conditions include COPD,

Diffusion impairment means a structural problem in the lung. As described in kyphoscoliosis, and neuromuscular

chapter 2, this can be produced by a decreased surface area and/or increased : disorders such as Guillain-Barré,

thickness of lung membranes. The consequences of diffusion impairment are Lambert-Eaton, and myasthenia gravis.
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Bridge to Pathology

Diffusion problems often occur in
restrictive pulmonary diseases, such
as pulmonary fibrosis, asbestosis, and
sarcoidosis. In addition, pulmonary
edema can cause a diffusion
impairment.

Bridge to Pathology

Some conditions that often result in
significant VA/Q mismatch include:
severe obstruction (status asthmaticus,
cystic fibrosis, anaphylaxis), infection
(pneumonia), and partial occlusion of
an airway (mucus plug, foreign object).
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: In summary

o There is an increase in A—a oxygen gradient.
e Supplemental oxygen can relieve the hypoxemia.
e End-tidal air does not reflect the arterial values.

e Itis characterized by a decrease in DLCO.

Ventilation-Perfusion Mismatch: Low \7A/ Q Units

If ventilation to a significant portion of the lungs is markedly compromised, then
Va/Q is << 1.0. As described earlier, low Va/Q creates alveolar and end-pulmo-
¢ nary capillary blood gases that are approaching venous gases (low PO,, and high
i CO2). The blood from these low VA/Q units mixes in with blood draining normal
¢ alveolar-capillary units, resulting in systemic hypoxemia.

i Because PaO, is normal in areas that don’t have low VA/Q, the A-a gradient is
i elevated. Supplemental oxygen corrects the hypoxemia because the problem re-
: gions still have some ventilation—it is just much lower than normal. Similar to
: diffusion impairment described above, the increased A-a gradient means end-
© tidal PO, is not reflective of PaO,.

¢ In summary:

o There is an increased A—a oxygen gradient.
e Supplemental oxygen corrects the hypoxemia.

e End-tidal air does not reflect the arterial values.

. Intrapulmonary Shunt

: By definition, systemic venous blood is delivered to the left side of the heart with-
i out exchanging oxygen and carbon dioxide with the alveoli. A right-to-left shunt
i leads to hypoxemia.

© Figure VII-4-8 illustrates the consequences of an intrapulmonary shunt. The sol-
. id-line regions represent the normal areas of the lung. The dashed line represents
i the shunted blood, which is passing from the right heart to the left heart without
¢ achange in chemical composition.
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Normal
—lung
region
PO, <40 .MUt
~ POy <40 “a
Pa0s < PAO>

Figure VII-4-8. Pulmonary Shunt

With an intrapulmonary shunt, systemic arterial PO, is less than alveolar, resulting !

in an elevated A-a gradient. End-tidal PO, does not reflect systemic arterial PO,.

When a significant intrapulmonary shunt exists, breathing pure O, elevates sys- :
temic arterial PO, a small amount, but it often doesn’t correct the hypoxemia. See

Figure VII-4-9 for response of PaO, with shunt.

The failure to obtain a significant increase in arterial PO, following the ad-
ministration of supplemental oxygen in hypoxemia is strong evidence of the :

presence of a shunt.

In summary
e Increase in A—-a oxygen gradient
e Supplemental oxygen ineffective at returning arterial PO, to normal
e End-tidal air does not reflect the arterial values

. Bridge to Pathology
Intrapulmonary shunts are caused by

i atelectatic lung regions (pneumothorax,
ARDS), complete occlusion of an airway
(mucus plug, foreign body), and the
right-to-left shunts created by heart
defects, tetralogy of Fallot, for example.
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Response to supplemental oxygen with varying
percentage of cardiac output that is shunted

700

Normal

BRI 10%
)
I 500
€
1S
= 400
(@)
a
= 300 20%
5
<
< 200

100 — _,28;}/" ::lCommon

50 SE=z=sEs==ssss=ssog in ARDS
0 T T T T ]

20 40 60 80 100

% Inspired Oxygen

Figure VII-4-9. Response to Supplemental Oxygen

LEFT-TO-RIGHT SHUNTS

© Pressures are usually higher on the left side of the heart (atria and ventricles), and
¢ thus flow is normally left to right. A major characteristic is that hypoxemia never
i develops in a left-to-right shunt. The principal example is an atrial or ventricular
i septal defect.

Figure VII-4-10 illustrates the normal PO, values in the left and right compart-
i ments. Note from the descriptions that follow where the first increase in PO,
i develops on the right side.
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Systemic Pulmonary i
venous venous : Numbers refer to normal
40 100 PO, in mm Hg

Pulmonary Systemic
arterial arterial
40 100

Figure VII-4-10. Left-to-Right Cardiac Shunts

e Diagnosed clinically with echocardiogram with bubble study

e Most intracardiac shunts are left-to-right shunts. However, longstanding
uncorrected shunts result in a reversal of the shunt.

Table VII-4-1. Consequences of 3 Different Left-to-Right Shunts

Atrial Septal Ventricular Patent Ductus

Defect Septal Defect (newborn)
Systemic arterial PO, no change no change no change
Right atrial PO, T no change no change
Right ventricular PO, T y) no change
Pulmonary arterial PO, i i 1
Pulmonary blood flow T T )
Pulmonary arterial pressure b ) it

Atrial septal defect: PO, increase first appears in right atrium
Ventricular septal defect: PO, increase first appears in right ventricle

Patent ductus: PO, increase appears in pulmonary artery
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Chapter Summary

As a consequence of gravity, there is more ventilation and blood flow near
the base of the lung compared to the apex.

The \7A/Q relationship determines the alveolar gases and thus the gases of
the blood draining the alveolus.

Theideal \7A/Q ratio at restis close to 1.0. A ratio »1.0 is an overventilated lung
unit and a ratio <1.0 is an underventilated lung unit.

A low \7A/Q ratio or any other decrease in alveolar PO, initiates a
vasoconstriction of the pulmonary vasculature.

Hypoventilation is associated with equal decreases in the PO, of the
alveolar, pulmonary end capillary, and systemic arterial compartments. There
is no widening of the A—a gradient, and an increase in alveolar ventilation
returns arterial PO, to normal. This can also be achieved with supplemental
oxygen.

Diffusion impairment is a structural problem of the lung. When it is severe,
blood leaving a pulmonary capillary does not equilibrate with alveolar air.
There is a widening of the A—a gradient, and supplemental oxygen returns
arterial PO, toward normal.

The development of regions of the lung with very low \7A/Q causes
hypoxemia with an elevated A—a gradient. The hypoxemia is corrected by
providing supplemental oxygen.

A pulmonary (right-to-left) shunt produces a widening ofthe A—a gradient
and is the only cause of hypoxemia that typically does not respond
significantly to supplemental oxygen.

A left-to-right shunt can lead to pulmonary hypertension butdoes not
produce hypoxemia.
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Renal Structure and
Glomerular Filtration

OVERVIEW OF THE RENAL SYSTEM

Functions of the Kidney
e Excretes waste products: urea, uric acid, creatinine
e Water and electrolyte balance
e Acid/base balance

@ Secretes the hormone erythropoietin and the enzyme, renin into the cir-
culation

e Hydroxylates 25-hydroxy-Vit D to form the active form of Vitamin D
(1,25 dihydroxy-Vit D)

Functional Organization of the Kidney

Figure VI-1-1 illustrates the cortical versus the medullary organization of the :
kidney. Nephrons (the funcionting unit of the kidney) with glomeruli in the :
outer cortex have short loops of Henle (cortical nephrons). Those with glomeruli
in the inner cortex have long loops of Henle that penetrate the medullary region

(juxtamedullary nephrons).
e 7/8 of all nephrons are cortical nephrons

e 1/8 of all nephrons are juxtamedullary nephrons

Nephron structures in the medulla consist of the long loops of Henle and the :
terminal regions of the collecting ducts. All other structures, including the first :

section of the collecting ducts, are in the cortex.

o In the cortex, the proximal and distal tubules, as well as the initial seg-
ment of the collecting duct, are surrounded by a capillary network, and
the interstitium is close to an isotonic environment (300 mOsm/kg).

e The medullary region has capillary loops organized similar to the loops
of Henle, known as the vasa recta.

o The slow flow through these capillary loops preserves the osmolar gradi-

ent of the interstitium.

e However, this slow flow also keeps the PO, of the medulla lower than
that in the cortex and even though the metabolic rate of the medulla is
lower than in the cortex, it is more susceptible to ischemic damage.
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Figure VIII-1-1. Nephron Structures

- Function of the Nephron
i There are 4 basic renal processes (figure VIII-1-2): filtration, reabsorption, secre-
i tion, and excretion.

Filtration
: e Blood is filtered by nephrons, the functional units of the kidney.

e Each nephron begins in a renal corpuscle (site of filtration), which is
composed of a glomerulus enclosed in a Bowman’s capsule.

e An ultrafiltrate resembling plasma enters Bowman’s space.

e Filtration is driven by Starling forces.
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e The ultrafiltrate is passed through, in turn, the proximal convoluted
tubule, the loop of Henle, the distal convoluted tubule, and a series of
collecting ducts to form urine.

e Filtration rate or filtered load is the amount of a substance (in mg) that
is filtered at the glomeruli in a min (mg/min; see chapter 2 for more
details).

Reabsorption

e Tubular reabsorption is the process by which solutes and water are
removed from the tubular fluid that was formed in Bowman’s space and
transported into the blood.

e Reabsorption rate is the amount (in mg) that is reabsorbed from the
ultrafiltrate in a min (mg/min; see chapter 2 for more details).

Secretion

e Tubular secretion is the transfer of materials from peritubular capillaries
to the renal tubular lumen.

e Tubular secretion is primarily the result of active transport.
e Usually only a few substances are secreted.
e Many drugs are eliminated by tubular secretion.

e Secretion rate is the amount (in mg) that is secreted into the ultrafiltrate
in a min (mg/min; see chapter 2 for more details).

Excretion
e Substances that are in the urine are excreted.

e A substance that is filtered and not completely reabsorbed is excreted in
the urine.

e A substance that is filtered and then secreted is excreted in large
amounts in the urine because it comes from 2 places in the nephron.

e Excretion rate is the amount (in mg) that is excreted in the urine in a
min (mg/min; see chapter 2 for more details).
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afferent efferent
afteriole arteriole

Glomerular
capillaries

Bowman’s
space
1: Filtration
Peritubular

2: Reabsorption capillaries
3: Secretion

L4
4: Excretion ' *

Urine

Excretion = (filtration — reabsorption) + secretion
Figure VIII-1-2. Renal Processes

The following equation is central to understanding renal physiology and will be
: addressed in detail in a later chapter.

Excretion rate (ER) = (filtration rate - reabsorption rate) + secretion rate

: Blood flow throughout the kidney: renal artery — arcuate artery — afferent arte-
. riole — glomerular capillaries — efferent arterioles — peritubular capillaries —
: vasa recta — arcuate vein — renal vein

The kidneys are very effective in autoregulating blood flow (figure VIII-1-3). This
i is primarily due to changes in the resistance of the afferent arterioles, for which
{ 2 mechanisms are involved:

e Myogenic responses

— The intrinsic property of smooth muscle is to contract when
stretched (see also CV chapter)

e Tubuloglomerular feedback (TGF)
— Increased MAP leads to an increase in RBF and GFR

— High delivery of sodium ions to the macula densa (the part of the
nephron where the thick ascending loop of Henle connects with the
beginning of the distal tubule) — adenosine and ATP secretion —
vasoconstriction of the afferent arteriole — decreases renal blood
flow and GFR.

— Decreased delivery of sodium to the macula densa dilates the arteriole
and leads to an increase in renal blood flow and GFR.
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Figure VIII-1-3. Autoregulation and the Renal Function Curve
Clinical Correlate
NEPHRON HEMODYNAMICS A patient with essential hypertension

i has increased renal artery pressure

Series Hemodynamics leading to va:':,oconstrlctlon ofth.e
: afferent arterioles and vasodilation of

The individual nephrons that make up both kidneys are connected in parallel. : the BffaneRtatibrialEG.
However, the flow through a single nephron represents 2 arterioles and 2 capil- :

lary beds connected in series. : @ High pressure the juxtaglomerular

apparatus leads to decreased renin

Flow must be equal at all points in any series system. If flow changes, it changes secretion — low angiotensin Il -
equally at all points in the system. :  vasodilation of the efferent arterioles
For a brief review of CV hemodynamics, refer back to section V, chapter 1. A patient with renal artery stenosis has
. . i lowrenal artery pressures, leading to
Flow (Q) = pressure gradient / resistance (R) = i low pressures at the afferent arterioles.

(upstream pressure-downstream pressure) :
: e Vasodilation of the afferent

Blood flows from high pressure to low pressure. Two factors decrease flow: ©  arterioles and vasoconstriction of
e Decreasing the pressure gradient (decreasing the upstream pressure or  :  the efferent arterioles (increased
increasing the downstream pressure) ¢ renin secretion leads to increased

o Increasing resistance at any point throughout the circuit angiotensin 1)

Therefore, when considering blood flow through the nephron as a series circuit, :
if resistance increases (vasoconstriction) at the afferent arteriole or efferent arte-
riole, renal plasma flow decreases.

When an arteriole vasoconstricts, this increases the resistance at that arteriole :
and there are 2 changes to consider: '

e Flow across the entire circuit decreases

e Pressure builds up or increases before (upstream) the point of resistance
and pressure decreases after (downstream) the point of resistance
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: When an arteriole vasodilates, this decreases the resistance at that arteriole, and
i there are 2 changes to consider:

e Flow across the entire circuit increases

e Pressure decreases before (upstream) the point of resistance and pressure
rises after (downstream) the point of resistance

. Hemodynamics of a single nephron

© Figure VI-1-4 represents the hemodynamics of a single nephron. Connected in
. series are the high-pressure filtering capillaries of the glomerulus and the low-
i pressure reabsorbing peritubular capillaries.

. The glomerular capillaries have a very high hydrostatic pressure because the ef-
i ferent arterioles are very narrow and thus have a very high resistance. Likewise,
: there is a large pressure drop as blood flows past this high resistant arteriole and
i the peritubular capillaries have very low hydrostatic pressure.

45 mm Hg

R capillaries

Ro

Artery

R, = Afferent arteriole
R, =Efferent arteriole /
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\Q:k;
Peritubular
1 Reabsorption} capillaries
Proximal i* | 7-8 mm Hg
tubule |

ie

Figure VIiI-1-4. Glomerular Hemodynamics

Independent response of the afferent and efferent arterioles

Table VI-1-1 illustrates the expected consequences of independent isolated con-
: strictions or dilations of the afferent and efferent arterioles.
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Table VIII-1-1. Consequences of Independent Isolated Constrictions or
Dilations of the Afferent and Efferent Arterioles

Glomerular Cap | Peritubular Cap Nephron Plasma
Pressure Pressure Flow
Constrict efferent T l l
Dilate efferent 0 i T
Constrict afferent \ \ \
Dilate afferent T T &
GLOMERULAR FILTRATION

Glomerular filtration rate (GFR) is the rate at which fluid is filtered into Bow-
man’s capsule. The units of filtration are volume filtered per unit time, e.g., mL/

min or liters/day; in a young healthy adult it is about 120 mL/min or 180 L/day.

If one kidney is removed (half of the functioning nephrons lost), GFR decreases

only about 25% because the other nephrons compensate.

The 4 Factors Determining Net Filtration Pressure

Figure VI-1-5 illustrates the role of the 4 factors that determine net filtration

pressure.

Bowman’s ||/
capsule ‘

Pac = Hydrostatic pressure of glomerular capillary
ngc = Oncotic pressure of glomerular capillary
PBg = Hydrostatic pressure of Bowman'’s space
ngg = Oncotic pressure of Bowman’s space

Figure VIII-1-5. Determinants of Filtration
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Clinical Correlate

For a patient who has diarrhea,
vomiting, or hemorrhaging, it is
important to preserve extracellular
volume; one way to do so is to increase
reabsorption of fluid and electrolytes at
the proximal tubules.

Clinical Correlate
In nephrogenic diabetes insipidus (D),

ADH receptors are not functioning and it

is not possible to increase reabsorption
at the collecting duct. The patient loses
free water and develops hypernatremia.
Treatment is reduction of extracellular
volume with a thiazide diuretic. This
increases peritubular oncotic pressure,
in turn increasing water reabsorption in
the proximal tubule. The elevated water
reabsorption, along with sodium loss in
the urine (action of thiazide diuretics),
corrects the hypernatremia.

200
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. Hydrostatic pressure of the glomerular capillaries

i PGC: The hydrostatic pressure of the glomerular capillaries is the only force that
: promotes filtration. Under normal conditions, this is the main factor that deter-
i mines GFR.

Oncotic pressure of the plasma
: GC: The oncotic pressure of the plasma varies with the concentration of plasma

i proteins. Because fluid is filtered but not protein, oncotic pressure, which opposes
¢ filtration, increases from the beginning to the end of the glomerular capillaries

. Hydrostatic pressure in Bowman’s space

{ PBS: The hydrostatic pressure in Bowman’s capsule opposes filtration. Normally,
. it is low and fairly constant and does not affect the rate of filtration. However, it
. increases and reduces filtration whenever there is an obstruction downstream,
: such as a blocked ureter or urethra (postrenal failure).

. Protein or oncotic pressure in Bowman’s space

: mBS: This represents the protein or oncotic pressure in Bowman’s space. Very
: little if any protein is present, and for all practical purposes this factor can be
i considered zero.

Normal Values

. PBS =8 mm Hg

PGC = 45 mm Hg

7BS = 0 mm Hg

nGC =24 mm Hg

Net filtration pressure = PGC - tGC - PBS =45 - 24 - 8 = 13 mm Hg

© To summarize, filtration at the glomeruli depends on starling forces:

e The glomerular capillaries have very high hydrostatic pressures — this is
why filtration occurs here

e Increasing the glomerular hydrostatic pressure — increases GFR

e Decreasing the glomerular hydrostatic pressure — decreases GFR

Oncotic pressure opposes GRF — ) plasma protein — T oncotic pressure — o,
! GFR (no effect on RPF) | plasma protein — | oncotic pressure — T GRF (no
effect on RPF)

: The increased concentration of protein (increase oncotic pressure) is carried into
¢ the peritubular capillaries and promotes a greater net force of reabsorption.

: Important: If the main driving force for GFR is the hydrostatic pressure, what is
. the main driving force the reabsorption at the proximal tubule? The force that is
. driving reabsorption at the proximal tubule is the oncotic pressure in the peritu-
© bular capillaries.
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Filtering Membrane
The membrane of the glomerulus consists of 3 main structures:

e Capillary endothelial wall with fenestrations that have a magnitude
greater than proteins; in addition, the wall is covered with negatively
charged compounds

e Glomerular basement membrane made up of a matrix of extracellular
negatively charged proteins and other compounds

e Epithelial cell layer of podocytes next to Bowman’s space; the podocytes
have foot processes bridged by filtration slit diaphragms

Around the capillaries is the mesangium, containing mesangial cells similar to :

monocytes.

because of negative charge of the membrane system.

decrease in the number of functioning nephrons.

Materials Filtered
The following are easily or freely filtered:

e Major electrolytes: sodium, chloride, potassium, bicarbonate

Metabolic waste products: Urea Creatinine

°
e Metabolites: glucose, amino acids, organic acids (ketone bodies)
e Nonnatural substances: inulin, PAH (p-aminohippuric acid)

[ ]

Lower-weight proteins and peptides: insulin, myoglobin

The following are not freely filtered:
e Albumin and other plasma proteins
e Lipid-soluble substances transported in the plasma attached to proteins,

such as lipid-soluble bilirubin, T4 (thyroxine), other lipid-soluble hor-
and can appear in the urine

not, so the plasma albumin concentration and oncotic pressure increase.

Fluid Entering Bowman’s Capsule

the same as those previously stated for extracellular fluid (section I).

. Bridge to Pathology
The capillary wall with its fenestrated endothelium, the basement membrane : P o e w ARIFRE Lot il gt
with hydrated spaces, and the interdigitating foot processes of the podocytes : sl maliacl §

combined with an overalllarge surface area, creates a high hydraulic conductivity QIEIUOMET the PleRinE WiEmbiane,

(permeable to water and dissolved solutes). Passage oflarge proteins is restricted : Asa e
¢ pass through the membrane and are

eliminated in the urine. This is typically
In addition to the net hydraulic force, GFR depends on both the permeability and :
the surface area of the filtering membrane. The decrease in GFR in most diseased

states is due to a reduction in the membrane surface area. This also includes a :

associated with a non-inflammatory
injury to the glomerular membrane
system. The most common clinical

: signsare:

e Marked proteinuria »3.5 gm/day

(because of disrupted glomerular
membrane system)

e Edema (loss of plasma oncotic

pressure)

e Hypoalbuminemia (albumin lost in

urine)

e Lipiduria (disrupted membrane

system and proteins in urine)

e Hyperlipidemia (increased lipid

synthesis in liver)

. In nephritic syndrome, there is

an inflammatory disruption of the
- > . glomerular membrane system. This
mones; unbound lipid-soluble substances such as free-cortisol are filtered disruption allows proteins and cells to
cross the filtering membrane. The most

. common clinical signs are:
As blood flows though the glomerular capillary, plasma s filtered, but albuminiis : ridaigsre
i e Proteinuria <3.5 gm/day (evidence of

disrupted membrane)

e Hematuria (disrupted membrane)

e Oliguria (inflammatory infiltrates
The fluid entering Bowman’s space is an ultrafiltrate of plasma; that is, the filtrate :
has the same concentration of dissolved substances as plasma, except proteins. The :

osmolality of the filtrate is 300 mOsm/Kg. The criteria for effective osmolality are e Hypertension (inability of kidney to

reduce fluid movement across the
membrane)

regulate the extracellularvolume)

e Azotemia (inability to filter and

excrete urea)
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: If a substance is freely filtered by the kidney, the ratio of the filtrate concentration
: to plasma concentration TF/P = 1.0. This means the concentrations in Bowman’s
: space and the plasma is the same.

. Filtration Fraction
¢ 'The following formula for filtration fraction (FF) and the normal values given
¢ should be memorized.

FF = fraction of material entering the kidney that is filtered and is normally 0.20
i or 20% for a freely filtered substance

FF = fraction of the material entering the kidney that is filtered
normally 0.20 or 20% for a freely filtered substance
FF = GFR GFR = 120 mL/min

RPF RPF (renal plasma flow) = 600 mL/min

= 120 mL/min = 0.20 or 20%
600 mL/min

e FF affects oncotic pressure in the peritubular capillary (tPC). The great-
er the FF, the higher the oncotic pressure in the peritubular capillaries;
that is because FF represents loss of protein-free fluid into Bowman’s
space, thereby increasing the concentration of protein in the plasma.

e If FF decreases, then TPC decreases

e Only 20% of the renal plasma flow is filtered. Every minute 600 ml of
plasma enters the kidneys. That is the renal plasma flow.

e 20% or 120 mL of plasma is filtered hence a GFR of 120 mL.

. Factors Affecting FF
¢ Based on the preceding discussion, the following should be expected for afferent
. versus efferent constriction:

Afferent Constriction Efferent Constriction

Glomerular filtration pressure l T
. GFR 4 0
: RPF ! )

> T

Effects of Sympathetic Nervous System

i Stimulation of the sympathetic neurons to the kidney causes vasoconstriction of
: the arterioles, but has a greater effect on the afferent arteriole. As a consequence:

e RPF decreases
PGC decreases
GEFR decreases
FF increases

PPC decreases
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TPC increases

T forces promoting reabsorption in the peritubular capillaries because
of a lower peritubular capillary hydrostatic pressure and an increase in
plasma oncotic pressure (FF increases)

Effects of Angiotensin Il

Angiotensin II (Ang II) is a vasoconstrictor. It constricts both the afferent and effer-
ent arterioles, but is has a bigger effect on the efferent arteriole. As a consequence:

RPF decreases
PGC increases
GFR increases
FF increases

PPC decreases
TtPC increases

T forces promoting reabsorption in the peritubular capillaries because
of a lower peritubular capillary hydrostatic pressure and an increase in
plasma oncotic pressure (FF increases)

During a stress response, there is an increase in both sympathetic input and very
high levels of circulating angiotensin II. As a consequence:

Increased sympathetic tone to the kidneys and very high levels of angio-
tensin II vasoconstrict both the afferent and the efferent arterioles.
Because both arterioles constrict, there is a large drop in the RPF and
only a small drop in the GFR.

The net effect is an increase in FE.

The increase in FF — increase in oncotic pressure — increase in the
reabsorption in proximal tubules

Overall, less fluid is filtered and a greater percentage of that fluid is reab-
sorbed in the proximal tubule, leading to preservation of volume in a
volume depleted state

There is also an increase in ADH due to the low volume state

Activation of the sympathetic nervous system also directly increases
renin release

The net effect of angiotensin II is to preserve GFR in volume-depleted state.In a :
volume-depleted state, a decrease in GER is beneficial because less fluid filtered :
results in less fluid excretion (however, a very large decrease in GFR prevents :
removal of waste products like creatinine and urea). Angiotensin II prevents a '
large decrease in GFR.
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Clinical Correlate

A 25-year-old man spends a weekin
the desert. Due to severe dehydration,
his volume status is depleted — high
angiotensin Il - vasocontriciton of
the efferent arterioles — an increase
in GFR and decrease in RPF — an
increase in FF — more plasma filtered
in the glomeruli — higher albumin
concentration (hence higher oncotic
pressure) in the glomerular capillaries
— higher oncotic pressure in the
peritubular capillaries — an increase
in peritubular reabsorption. Therefore,
an increase in the FF — an increase is
reabsorption at the proximal tubules.

A dehydrated patient needs to
increase reabsorption of fluid at the
proximal tubules to preserve volume.
Angiotension Il helps preserve GRF and
volume in a volume-depleted state.

Clinical Correlate

What would happen if you gave
NSAIDs to the 75-year-old man who is
hemorrhaging?

During a stress state the increase

in sympathetic tone causes
vasoconstriction of the afferent
arterioles. The same stimuli activate

a local production of prostaglandins.
Prostaglandins lead to vasodilation of
the afferent arterioles, thus modulating
the vasoconstriction. Unopposed, the
vasoconstriction from the sympathetic
nervous system and angiotensin Il can
lead to a profound reduction in RPF and
GFR, which in turn, could causerenal
failure. NSAIDs inhibit synthesis of
prostaglandins and interfere with these
protective effects.
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Clinical Correlate

Administration of ACE inhibitors and ARBs

ACE inhibitors and ARBs are used for diabetic nephropathy because they
lead to a reduction in glomerular capillary pressure and reduce damage and
fibrosis of the glomuli (which willdelay the need for hemodialysis). They treat
hyperfiltration. In most cases, there is a small and transient drop in GFR.

Inhibition of angiotensin Il leads to vasodilation of the efferent arteriole, which
leads to decreased glomerular capillary pressure and decreased GFR. It also
leads to increased RPF because of a decrease of resistance to flow. The pressure
downstream from the efferent arteriole (peritubular capillary pressure) increases
because there is a decreased resistance at the EA.

Use the following guidelines for using ACE inhibitors and ARBs:

e Give ACE inhibitors to patients with nephrotic syndrome and stable chronic
renal failure.

e Avoid ACE inhibitors and ARBs in patients with severely compromised GFR
(risk of hyperkalemia) and with acute renal failure.

e ACEinhibitors and ARBs may cause a type IV RTAbecause they block
aldosterone (leading to hyperkalemia); in this case they must both be held. If
ACE inhibitors cause hyperkalemia, so will ARBs.

e Switch from ACE inhibitorto ARB in cases with ACE-inhibitor cough, not for
hyperkalemia.

e ACEinhibitors and ARBs are contraindicated in bilateral renal artery stenosis,
where both kidneys have such low perfusion that GFR is highly dependent on
constriction of EE. When the effect of angiotensin Il is removed, the resultis a
significant drop in GFR and acute renal failure.

: There is no parasympathetic innervation of the kidney.

i Although prostaglandins seem to play little role in the normal regulation of renal
: blood flow, they do become important in times of stress. For example, the va-
: soconstriction produced by sympathetic activation is partially countered by the
i local release of vasodilating prostaglandins (PGI, and PGE,). This is thought to
i help prevent ischemic damage during times of stress.
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Chapter Summary

Autoregulatory mechanisms maintain a fairly constant renal blood flow and
GFR despite changes in arterial blood pressure.

Individual nephrons are organized in parallel, but the vascular system of
each nephron structure (afferent arteriole, glomerular capillaries, efferent
arteriole, and peritubular capillaries) is connected in series.

The major factor determining GFR is glomerular capillary hydrostatic
pressure. The only other important factor in a normal kidney system is the
oncotic pressure of the plasma proteins. The glomerular membrane system
is permeable to all substances dissolved in plasma except proteins and
provides a large surface area for filtration. A loss of surface area can be
compensated for by an increase in glomerular capillary pressure.

FFis the fraction of plasma that is filtered at the glomerular capillary. A
decrease in flow tends to increase FF.

Filtered load is the rate at which a substance is filtered into Bowman’s space.

For a freely filtered substance it is determined by its plasma concentration
and GFR.

Nephrotic and nephritic syndromes are 2 classic patterns of glomerular
disease.

— Nephrotic syndrome characteristically is a noninflammatory injury to
the glomerular epithelium or basement membrane, resultingin a large
proteinuria but only minimal changes in GFR.

— Nepbhritic syndrome is an inflammatory response to the glomerular injury,
resulting in significantly decreased GFR and red blood cells appearing in
the urine.
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Solute Transport:
Reabsorption and Secretion

SOLUTE TRANSPORT

Transport proteins in the cell membranes of the nephron mediate the reabsorp-
tion and secretion of solutes and water transport in the kidneys. Acquired defects :
in transport proteins are the cause of many kidney diseases. :

In addition the transport proteins are important drug targets.

Transport Mechanisms

Simple diffusion
e Net movement represents molecules or ions moving down their electro-
chemical gradient.

e This doesn’t require energy.

Facilitated diffusion (facilitated transport)

e A molecule or ion moving across a membrane down its concentration
gradient attached to a specific membrane-bound protein.

e This doesn’t require energy.

Active transport

e A protein-mediated transport that uses ATP as a source of energy to
move a molecule or ion against its electrochemical gradient.

Dynamics of Protein-Mediated Transport

Uniport

e Transporter moves a single molecule or ion as in the uptake of glucose
into skeletal muscle or adipose tissue. This is an example of facilitated
diffusion.

Symport (cotransport)
e A coupled protein transport of 2 or more solutes in the same direction
as in Na-glucose, Na-amino acid transporters.

w MEDICAL 207



Section VIl ¢ Renal Physiology

: Antiport (countertransport)

e A coupled protein transport of 2 or more solutes in the opposite direction.

i Generally, protein carriers transport substances that cannot readily diffuse across
i amembrane. There are no transporters for gases and most lipid-soluble substanc-
i es because those substances readily move across membranes by simple diffusion.

Characteristics common to all protein-mediated transport

Rate of transport

i A substance is transported more rapidly than it would be by diffusion, because
: the membrane is not usually permeable to any substance for which there is a
i transport protein.

Saturation kinetics

e Asthe concentration of the substance initially increases on one side of
the membrane, the transport rate increases.

e Once the transporters become saturated, transport rate is masimal
(TM = transport maximum). Rate of transport is dependent upon:

— Concentration of solute

— Number of functioning transporters; the only way to increase TM is
to add more protein carriers to the membrane

e Once all the protein carriers are saturated, the solutes are transported
across the membrane at a constant rate. This constant rate is TM.

e There is no TM is simple diffusion.

i Chemical specificity
To be transported, the substance must have a certain chemical structure. Gener-
i ally, only the natural isomer is transported (e.g., D-glucose but not L-glucose).

Competition for carrier

{ Substances of similar chemical structure may compete for the same transporter. For
. example, glucose and galactose generally compete for the same transport protein.

: Primary and secondary transport
e In primary active transport, ATP is consumed directly by the transport-
ing protein, (e.g., the Na/K-ATPase pump, or the calcium-dependent
ATPase of the sarcoplasmic reticulum).
e Secondary active transport depends indirectly on ATP as a source of
energy, as in the cotransport of Na-glucose in the proximal tubule. This
process depends on ATP utilized by the Na/K-ATPase pump.

e Glucose moves up a concentration gradient via secondary active trans-
port.
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Lumen /~ ™\ ISF
Na
3 Na*
Glucose |
i 2 K+
Luminal | | Basal

membrane | | membrane

[ Glucose moved up a concentration
gradient via secondary active transport

Figure VIlI-2-1. Renal Tubule or Small Intestine

Figure VIII-2-1 represents a renal proximal tubular cell. The Na/K- ATPase
pump maintains a low intracellular sodium concentration, which creates a large :
gradient across the cell membrane. It is this sodium gradient across the luminal :

membrane that drives secondary active transport of glucose.

In summary, the secondary active transport of glucose:
e Depends upon luminal sodium
e Is stimulated by luminal sodium (via increased sodium gradient)
e Islinked to the uptake of sodium
e Depends upon rate of metabolic ATP production

Another example (figure VIII-2-2) of secondary active transport is the counter
transport of Na-H* also in the proximal tubule. This process depends on the :

Na/K-ATPase pump.
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Lumen /~ "\ ISF

Na
H+
Luminal Basal
membrane CoOs | membrane

t H* moved up a concentration gradient
via secondary active transport

Figure VIiI-2-2. Proximal Tubule

QUANTIFYING RENAL PROCESSES (MASS BALANCE)

¢ Asindicated in the previous chapter, there are 4 processes in the nephron: filtra-
! tion, reabsorption, secretion, and excretion. Figure VIII-2-3 illustrates that how
i the nephron handles any solute, on a net basis, can be derived because the rate at
i which it enters (filtered load) and its rate of excretion can be measured.

i Both variables are expressed as an amount of substance per unit time, and the
. units are the same, e.g., mg/min.

Filteredload = GFR X Py
Amountftime Volume/time  Amount/volume
mg/min ml/min mg/ml
l_,:‘
| Uy = Urine concentration ! ‘ ,-;;f":f = oretion ~ " " v
of substance | \s of - X
l

| V. =Urine flow rate
|
L

Amount/time Amount/volume Volume/time
mg/min mg/ml ml/min

- 0 "l OH-' ; gl 4

Figure VIII-2-3. Relationship of Filtered Load and Excretion
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No Net Tubular Modification
e Filtered load = excretion rate

e The amount filtered and amount excreted per unit time are always the
same, e.g., inulin, mannitol.

Net Reabsorption
e Filtered load > excretion
e Excretion is always less than filtered load, e.g., glucose, sodium, urea.

o If the substance is completely reabsorbed, the rate of filtration and the
rate of reabsorption are equal.

e Excretion rate is 0

e If the substance is partially reabsorbed, excretion is less than filtration.

Net Secretion
e Filtered load < excretion
e Excretion is always greater than filtered load, e.g., PAH, creatinine.

o Creatinine is freely filtered, and a very small amount is secreted.

The following formula is sometimes used to calculate net transport. The sign of :
the calculated number will indicate the 3 basic categories:

0 = no net transport | GFR = glomerular filtration rate
+ = net reabsorption | units = volume/time, e.g., mL/min

~ =net ti i :
Uy s tinn : | P,=free (not bound to protein)

net transport rate = filtered load — excretion rate concentration of substance in

= (GFR x Px) - (Ux x V) ; the plasma
units = amount/volume, e.g., mg/mL

Question: Given the following information, calculate the reabsorption rate for
glucose. :

GFR = 120 mL/min

Plasma glucose = 300 mg/100 mL
Urine flow = 2 mL/min

Urine glucose = 10 mg/mL

Answer: 340 mg/min

CLEARANCE

Clearance refers to a theoretical volume of plasma from which a substance is :
removed over a period of time. Applying the principles of mass balance above, if :
a solute has an ER, then it is cleared by the kidney. In other words, if it is filtered
and not fully reabsorbed or is secreted, then it appears in the urine and is thus :
cleared from the body.

If, on the other hand, it is filtered and then all is reabsorbed, the ER and clearance
is zero, and it is not cleared by the kidney. ;

For example, if the concentration of substance x is 4 molecules per liter and the :
excretion of x is 4 molecules per minute, the volume of plasma cleared of x is :
1 L per minute. If the excretion of x decreases to 2 molecules per minute, the !
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¢ volume cleared of x is only 0.5 L per minute. If the concentration of x decreases
¢ to 2 molecules per liter of plasma and excretion is maintained at 2 molecules per
minute, the cleared volume is back to 1 L per minute. These numbers are sum-
. marized in Table VIII-2-1.

Table VIlI-2-1. Example Calculations of Clearance Values

Plasma Concentration Excretion Rate Volume Cleared
(molecules/L) (molecules/minute) (L/minute)
4 4 1.0
4 2 0.5
2 2 1.0

i Thus, the 2 factors that determine clearance are the plasma concentration of the
i substance and its excretion rate.

Ux = urine concentration of x Excretion rate of x Ux XV
: Clearance of x = Px = Px
V = urine flow rate
Px = plasma concentration ofx i The plasma concentration of the substance and its urine concentration must be in

i the same units, which then cancel.

Urine flow (V) is a volume per unit time, and the units of V become the units of
i clearance.

Clearance is a volume of plasma cleared of a substance per unittime, mL/min or
¢ L/day.

: Question: Using the following information, calculate the clearance of x, y, and z.

V = 2mL/min

Ux = 2 mg/mL Px = 2 mg/mL
Uy = 0 mg/mL Py = 13.6 mg/mL
Uz = 0.5 mg/mL Pz = 1 mg/mL

Answer: x =2 mL/min, y =0, and z =1 mL/min

TM TUBULAR REABSORPTION

. Glucose

{ Figure VIII-2-4 graphically represents the dynamics of glucose filtration, reab-
: sorption, and excretion. It is the application of the principle of mass balance and
i clearance discussed above. Many substances are reabsorbed via a TM system, and
i glucose serves as our prototypical example.
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800 ; N = normal plasma glucose 2
/ concentration
- // T = plasma (renal) threshold
/ J
/

— /

600 > S/
Q" /7
e/
o] [(%//

_| Tw= 2375 mg/min ,/ Reabsorbed

Glucose Rate (mg/min)
H
o
o

_ Q}Q’b
S
200 &5
| Splay
N T GFR =120 ml/min
0 A
| 1 I I | | | |

2 4 6 8

Glucose Concentration in Plasma (mg/ml)

Figure VIII-2-4. Transport Maximum Reabsorption of Glucose

Note the x-axis is glucose rate (mg/min). As was just discussed, there are 3 rates:
filtration (dashed line), excretion (blue line); and reabsorption (purple line),
which is filtered load (filtration rate) — excretion rate (ER). :

e Atlow plasma levels, the filtration and reabsorption rates of glucose are
equal, thus glucose does not appear in the urine and the clearance is zero. :

e TM is the maximal reabsorption rate of glucose, i.e., the rate when all
the carriers (SGLT-2/1; see chapter 4) are saturated. TM can be used as
an index of the number of functioning nephrons.

e The rounding of the reabsorption curve into the plateau is called splay.
Splay occurs because some nephrons reach TM before others. Thus, TM
for the entire kidney is not reached until after the region of splay.

e Plasma (or renal) threshold is the plasma glucose concentration at
which glucose first appears in the urine. This occurs at the beginning of
splay. Before splay, all of the glucose that is filtered is reabsorbed and the :
ERis 0. :

TM TUBULAR SECRETION

p-aminohippuric acid (PAH) secretion

e PAH secretion from the peritubular capillaries into the proximal tubule
is an example of a transport maximum system.

e As a TM system, it has the general characteristics discussed for the reab-
sorption of glucose except for the direction of transport.
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100% of PAH
entering kidney

i Figure VIII-2-5 illustrates the renal handling of PAH at low plasma concentrations.

Glomerular capillaries

Peritubular
capillaries

100% of PAH entering
kidney excreted

Figure VIII-2-5. Secretion of PAH

Normal values:

Renal plasma flow = 600 mL/min
GFR = 120 mL/min

FF =.20

The renal plasma flow (RPF) is the volume of plasma that enters the
kidney in a minute (600 mL/min).

The RPF contains the total concentration of PAH dissolved in plasma
in mg/ml entering the PAH.

Of the RPF, 20% (120 mL) is typically filtered, regardless of the total
amount of PAH entering the kidney (in the RPF).

Whatever is filtered is excreted, it is NOT reabsorbed; therefore, that

20% is always cleared (removed from the plasma) and excreted (placed
in the urine)!!

What happens to the rest of the PAH (the 480 mL [80%] of plasma that was not
i filtered)? That depends on the concentration of PAH in the RPF:

e If the RPF has a low concentration of PAH, 20% of the PAH in the

RPF is filtered and the rest of PAH (the remaining 80% of the RPF) is
secreted; 100% of PAH in the RPF is excreted in the urine right arrow;
therefore, 100% is cleared.

e All of the PAH that enters the kidney is removed and is excreted in the

urine; it is all cleared from the plasma. If you looked at the renal vein, it
would have no PAH.
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e When the PAH concentration is below the transport maximum, we can
use the clearance of PAH to calculate the estimated RPFE.

For example, a concentration of 0.08 mg/ml means that out of the entire 480 mL
of plasma (80% of the RPF) that was not filtered, there is only 38.4 mg (0.08 x 480
mL) of PAH because that is well below the transport maximum for PAH (80 mg/ :

min), it is all secreted.

If the concentration of PAH entering the kidneys in the RPF was high and it was :
past the TM for PAH, you would not be able to secrete it all because the carriers
are all saturated. Some would remain in the plasma of the renal vein; the clear-
ance of PAH would decrease but you will always excrete the 20% of the RPF that :
was filtered (because it is not reabsorbed). Therefore, as the plasma concentration

of PAH increases, the clearance of PAH decreases.

For example, if the PAH concentration were 80 mg/mlL, 20% of the RPF would
be filtered (always) and excreted. That 20% is cleared (removed from the plasma).
Of the remaining 80% of the RPF, there will be 80 mg/mL of PAH, which means :
thatin 1 mL there will be 80 mg of PAH and you will only be able to secrete the 80
mg (because that is the TM), you will only clear 1 mL of plasma of the remaining
RPE So 479 mL of plasma out of the 600 ml that entered the kidney (the RPF) is :

not cleared and will be present in the renal vein.

Therefore, you see a dramatic decrease in clearance (because there is more PAH :

in the renal vein, meaning it was not cleared).

Remember:
e If it is in the renal vein, it was not cleared.

e Ifitis in the urine, it was cleared.

Most of what was cleared in this case was cleared by filtration, not secretion. Thus,
calculating the clearance here is very similar to calculating the GRE not the RPE. :

Regardless of the plasma concentration of PAH, the kidney will always clear the
volume filtered (GFR), i.e., the volume of PAH that is filtered (GFR) is cleared :
from the plasma and excreted in the urine. At low PAH concentrations, as the
plasma PAH concentration is increasing, both the secretion rate (SR) and filtered :
load (FL) are increasing. Thus, there is a very rapid increase in the excretion rate :

(ER) of PAH and the slope of the line is very steep.

After transport maximum, the SR is constant because all the PAH protein carri-
ers are saturated. The slope of the ER decreases and parallels the FL because now, :
only the FL is increasing and the SR is constant. The ER still increases, just not :

as quickly.

The reason why the slope of the line decreases is because the PAH carriers are

saturated and the SR has reached transport maximum.

ER=FL + SR

After transport maximum, the SR is constant, but as the plasma concentration

increases, the FL increases, therefore, the ER increases and parallels the FL.

PAH clearance at low plasma concentrations is referred to as effective renal
plasma flow (ERPF) because some plasma perfused the renal capsule. This flow
(about 10%) is not cleared of PAH. Thus, PAH clearance is only 90% of the true :

renal plasma flow.
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Renal blood flow = renal plasma flow/1 - HCT

If renal plasma flow is 600 mL/min and Hct is 50%, then renal blood flow is
{ 1200 mL/min.

PAH is transported by a fairly nonspecific organic anion transporter (OAT).
¢ Many compounds compete for the carriers. In addition to PAH, some of those
: compounds include:

e Penicillin
e Furosemide
e Acetazolamide

e Salicylate

: Because the organic anions all compete for the same carriers, elevation of the
i plasma level of one ion inhibits the secretion and clearance of the others.

© There is a similar transport secretory system for many organic cations. A slightly
. different transport mechanism is involved but, again, the system is fairly nonspe-
¢ cific. Drugs using this pathway include:

Atropine
e Morphine

e Procainamide
e Cimetidine
[ ]

Amiloride

: Note that, because of competition for the carrier proteins, the concurrent admin-
: istration of organic cations can increase the plasma concentration of both drugs
¢ to much higher levels than when the drugs are given alone.

THE RENAL HANDLING OF SOME IMPORTANT SOLUTES

i Theillustrations in figure VIII-2-6 represent the net transport of specific types of
: substances for a normal individual on a typical Western diet (contains red meat).
! The dashed lines represent the route followed by the particular substance. Quan-
: titative aspects are not shown. For example, in B, 20% of the substance entering
i the kidney is filtered and excreted, and the remaining 80% passes through the
¢ kidneys and back into the general circulation without processing.
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Vasculature Note

{ These illustrations are meant to show
overall net transport only.

\
='1 AR

P BN -

Entire |
nephron

Somme—mmEm,. wmmees s e P
s T y o P 7o A = protein
i’ i' y’ B = inulin
: : C = potassium, sodium, urea
D = glucose, bicarbonate
) l‘. % 54?:' EA'T:' E = PAH
* H il F = creatinine
D A E F \ 2

Figure VIII-2-6. Graphical Representation of Transport
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Chapter Summary

Simple diffusion and facilitated transport are both passive processes
(not energy-dependent) driven by concentration gradients.

The rate of protein-mediated transport increases with increased
substrate delivery until the carriers are saturated. The maximum rate

of transport (carrier saturation) is called TM, and this rate is directly
proportional to the number of functioning carriers present in the system.

Secondary active transport is driven by the sodium gradient across the
cellmembrane, which is maintained by the Na/K-ATPase pump.

If a substance is freely filtered and exhibits:
— No net transport, filtered load = excretion rate
— Net reabsorption, filtered load is » excretion rate

— Net secretion, filtered load is < excretion rate

Clearance is the theoretical volume of plasma from which a substance is
removed per unit time.

Renal clearance means a solute is removed from the body because itisin
the urine. If a solute is completely reabsorbed, then the clearance is zero.

The active reabsorption of glucose in the proximal exhibits TM dynamics.
Everything filtered is reabsorbed until the carriers in some nephrons are
saturated.

— The plasma level at this point is called plasma (or renal) threshold,
and glucose begins to appear in the urine.

— Thisis also at the beginning of the region of splay. All transporters in
all nephrons become saturated once the plateau is reached, which is
after the region of splay. At this point, the glucose reabsorption rate is
maximal (TM). TMis an index of the number of functioning nephrons.

The active secretion of PAH in the proximal tubule exhibits TM dynamics.
At plasma levels below carrier saturation, 20% of the PAH entering the
kidney is filtered, and 80% is secreted. All the PAH is excreted, and no
PAH appears in the renal venous plasma (excluding plasma flow through
the capsule). PAH appears in the renal venous plasma once the carriers
in a few nephrons become saturated (beginning of splay).



CLINICAL ESTIMATION OF GFR 3
AND PATTERNS OF CLEARANCE

CLEARANCE AS AN ESTIMATOR OF GFR

Estimates of GFR are used clinically as an index of renal function and to assess
the severity and the course of renal disease. A fall in GFR means the disease is
progressing, whereas an increase in GFR suggests a recovery. In many cases a fall :
in GFR may be the first and only clinical sign of renal dysfunction. Estimations of
GFR rely on the concept of clearance. :

Substances having the following characteristics can be used to estimate GFR.
e Stable plasma concentration that is easily measured
e Freely filtered into Bowman’s space

e Not reabsorbed, secreted, synthetized, or metabolized by the kidney

Ideal substances include inulin, sucrose, and mannitol. Even though the clear-
ance of inulin is considered the gold standard for the measurement of GFR, it is
not used clinically. Instead clinical estimates of GFR rely on creatinine.

Creatinine is released from skeletal muscle at a constant rate proportional to
muscle mass. Muscle mass decreases with age but GFR also normally decreases
with age. Creatinine is freely filtered and not reabsorbed by the kidney, though a
very small amount is secreted into the proximal tubule.

Creatinine production = creatinine excretion =
filtered load of creatinine = Pcr x GFR

Thus, if creatinine production remains constant, a decrease in GFR increases
plasma creatinine concentration, while an increase in GFR decreases plasma cre-
atinine concentration.

Plasma creatinine, however, is not a very sensitive measure of reduced GFR. It
only reveals large changes in GFR. As shown in Figure VIII-3-1, a significant re-
duction of GFR only produces a modest elevation of plasma or serum creatinine
concentration.
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Figure VIII-3-1. Serum Creatinine as Index of GFR

© The only practical numerical estimate is the calculated clearance of creatinine.
i The following is all that is needed:

e Plasma creatinine concentration

e Timed collection of urine and the urine concentration of creatinine

_ CLEARANCE CURVES FOR SOME CHARACTERISTIC
. SUBSTANCES

: Figure VIII-3-2 plots clearance versus increasing plasma concentration for 4 sub-
¢ stances. A description of each curve follows the figure.

 PAH
600
<
£ 7
E A
9 200 -
G
E @aﬁnine
2 400~ Inulin
M

Plasma Concentration (mg/dl)

Figure VIII-3-2. Clearance Curves
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Inulin

e The clearance of inulin is independent of the plasma concentration,
thus plotting it on the graph produces a line parallel to the X-axis. This
is because a rise in the plasma concentration produces a corresponding
rise in filtered load and thus a corresponding rise in ER (recall that inu-
lin is neither secreted nor reabsorbed). In other words, the numerator
and denominator of the clearance equation for inulin change in propor-
tion, leaving the quotient (clearance) unchanged.

e It is always parallel to the x axis, and the point of intersection with the y
axis is always GFR.

o If GFR increases, the line shifts upward; likewise, if GFR decreases, the
line shifts down.

Glucose

e Atlow plasma levels, the clearance of glucose is zero because all of the
FL is reabsorbed.

o As the plasma levels rise, the FL exceeds the TM in some nephrons and
as a result, glucose appears in the urine and thus has a clearance.

e The plasma level at which glucose first appears in the urine is called the
plasma (or renal) threshold.

e As the plasma level rises further, the clearance increases and approaches
that of inulin. The clearance never equals inulin because some glucose is
always reabsorbed.

Creatinine

e Because there is some secretion of creatinine, the clearance is always
greater than the clearance of inulin.

e However, because only a small amount is secreted, creatinine clearance
parallels inulin clearance and is independent of production rate (excre-
tion rises as plasma concentration increases).

e Becauseitis endogenously produced, itis not necessary to infuse it
to get a clearance measurement, as has to be done to measure inulin
clearance. Therefore, the clearance of creatinine is the preferred clinical
method for determining GFR (see above).

PAH

e Atlow plasma concentrations, the clearance equals renal plasma flow.

e As the plasma concentration rises, the carriers in some nephrons hit
TM, resulting in some PAH appearing in the renal venous plasma.

e Plasma concentrations above TM reduce the clearance of PAH
(described in chapter 2)

e As the plasma level rises further, the clearance approaches but never
equals GFR because some PAH is always secreted.

Summary of the highest clearance to the lowest clearance:

PAH > creatinine > inulin > urea > sodium > glucose = albumin
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¢ Remember, ifitisin the renal vein, it is not cleared. This could be because it was
i not filtered (like albumin) or it was filtered and all reabsorbed (like glucose).

FREE WATER CLEARANCE

Free water clearance is the best measure of the balance between solute and water
i excretion. Its use is to determine whether the kidneys are responding appropri-
: ately to maintain normal plasma osmolality. Free water clearance is how much
i solute-free water is being excreted; it is as if urine consisted of plasma (with
i solutes) plus or minus pure water.

e If urine osmolality is 300 mOsm/kg (isotonic urine), free water clear-
ance is zero.

e If plasma osmolality is too low, urine osmolality should be lower still
(positive free water clearance) in order to compensate.

e DPositive-free water clearance tends to cause increased plasma osmolality;
negative free water clearance causes reduced plasma osmolality.

° CHzo (+) = hypotonic urine is formed (osmolality <300 mOsm/kg)

* Cyo (-) = hypertonic urine is formed (osmolality >300 mOsm/kg)
| CH o — V _ UosmV
V = urine flow rate i 2 Posm
U, = urine osmolarity i
;
P,sm = Plasma osmolarity | Ve CHZO + Cosm
] :
: Sample Calculation
V= 3.0 mL/min
- U,,,, = 800 mOsm/L
Poem =400 mOsm/L

CH20 = -3 mL/min

© Conclusion: The kidneys are conserving water; this is appropriate compensation
: for the excessive plasma osmolarity in this patient.

SODIUM AND UREA CLEARANCE

Sodium

e Sodium always appears in the urine, thus sodium always has a positive
clearance.

e To clear a volume of plasma the substance in that volume must be
excreted.

e Reabsorption of a filtered substance decreases the volume cleared.

o The higher the percentage of the filtered load reabsorbed, the smaller
the volume cleared.
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e Since almost the entire filtered load of sodium is reabsorbed its clear-
ance is just above zero. Aldosterone, by increasing the reabsorption of
sodium, decreases its clearance. Atrial natriuretic factor increases the
clearance of sodium by causing a sodium diuresis.

Urea
e Urea is freely filtered but partially reabsorbed.

e Because some urea is always present in the urine, you always clear a por-
tion of the 120 mL/min filtered into Bowman’s space.

e Since urea tends to follow the water and excretion is flow dependent,
a diuresis increases urea clearance and an antidiuresis decreases urea
clearance.

e ADH increases reabsorption of urea in the medullary collecting duct —
increase in BUN — decrease in clearance — if the plasma concentration
is increasing in the renal venous plasma, less is cleared from the plasma

e With a small volume of concentrated urine, the concentration of urea
is relatively high, but the excretion is less than in a diuresis that has a
much lower concentration of urea. It is the large volume in the diuresis
that increases the urea excretion and clearance.

Chapter Summary
e Substancesthat do not appear in the urine have a clearance of zero.

e Substances freely filtered and partially reabsorbed have a clearance less
than the GFR.

e Substances freely filtered with no net transport like inulin have a
clearance equal to GFR.

e Substances freely filtered and with net secretion like creatinine have
a clearance greater than the GFR. Because only a very small amount of
creatinine is secreted, it always has a clearance slightly greater than
GFR.However, because the amount secreted is small, and it is a solute
naturally produced in the body, estimating its clearance serves as an
indicator of GFR.

e Substances freely filtered with the remainder entering the kidney
completely secreted, have a clearance equal to renal plasma flow.

e Free water clearance is a volume excreted without solute. It is used to
evaluate ifthe renal balance of solute and water excretion is appropriate.

e There is an obligatory solute loss from the kidney. The primary solutes
lost are sodium and urea.
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Regional Transport 4 I

THE PROXIMAL TUBULE

The fluid that enters the proximal tubule is an isotonic ultrafiltrate (300 mOsm/
kg). The concentration of a freely filtered substance in this fluid equals its plasma
concentration. Figure VIII-4-1 illustrates the main cellular transport processes of :
the proximal tubular cells. :

' Proximal
tubule Na+*
. lumen

Glucose
Na+
Amino acid
Na+
Lactate
2Na*

HPO4~

Na+
HCO3~ + H*

} HCOs" — g
CO, >

C./

AR

CO, ‘
C.A. ]

/ Organic anions
Yt 1

\ Organic cations /
\ : al

follow Nat+
H0, K+, CI-

Figure VIII-4-1. Transport in Proximal Tubule

KAPLAN) MEDICAL 225



Section VIIl ¢ Renal Physiology

. Proximal Tubule (PT) Changes

Sodium

: e Approximately two-thirds of the filtered sodium is reabsorbed in the
proximal tubule (PT). The basolateral Na*--K* ATPase creates the gra-
dient for Na™* entry into the cell and its removal from the cell back into
the bloodstream.

e Although it can be modified some, the PT captures two-thirds of the
filtered sodium (referred to as glomerulotubular balance). Recapturing
two-thirds of the sodium helps protect extracellular volume despite any
changes that may occur in GFR.

e Catecholamine and angiotensin II stimulate the basolateral ATPase and
thus enhance the fraction of sodium reabsorbed in the proximal tubule.

: Water and elecirolytes

: e About two-thirds of the filtered H,O, K* and almost two-thirds of the
filtered CI~ follow the sodium (leaky system to these substances), and
the osmolality at the end of the proximal tubule remains close to 300
mOsm/kg (isosmotic reabsorption). The chloride concentration rises
slightly through the proximal tubule because of the large percentage of
bicarbonate reabsorbed here.

e Therefore, at the end of the proximal tubule, osmolality and the concen-
trations of Na* and K* have not changed significantly from plasma, but
only one-third of the amount originally filtered remains.

Metabolites

: e Normally, all of the filtered glucose is reabsorbed in the PT via second-
ary active transport linked to sodium. This transporter is termed the
sodium glucose-linked transporter (SGLT) and type 2 (SGLT-2) is the
predominant form in the kidney.

Bridee to Pharmacolo e In addition, all proteins, peptides, amino acids, and ketone bodies are
ge armacology reabsorbed here via secondary active transport (requires luminal sodi-

SGLT-2 blocker canagliflozin inhibits um, linked to sodium reabsorption)_
proximal tubule reabsorption of glucose :

: e Therefore, the concentration of the above should be zero in the tubular
and is used to treattype 2 DM.

fluid leaving the proximal tubule (clearance is zero).

Bicarbonate

i About 80% of the filtered bicarbonate is reabsorbed here. The mechanism for

i this reabsorption is:

: e Bicarbonate combines with free H* in lumen and is converted into CO,
and H,0, catalyzed by the luminal carbonic anhydrase enzyme (CA).
H* is pumped into the lumen in exchange with sodium (antiporter).
Although not pictured, there is a H*--ATPase on the luminal membrane
that contributes to pumping H* into the lumen.

e CO,, being very soluble, crosses the luminal membrane where it com-

bines with water to reform H* and bicarbonate (note CA in the cell).
The H* is then pumped back into the lumen, while bicarbonate exits the
baslolateral membrane to complete its reabsorption.
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e Because of this mechanism, bicarbonate reabsorption is dependent
upon H* secretion and the activity of CA.

e The most important factor for H* secretion is the concentration of
Ht* in the cell. Thus, H* secretion and bicarbonate reabsorption are
increased during an acidosis and they decrease with an alkalosis.

e Angiotensin II stimulates the Na*--H™ antiporter. Thus, in volume-
depleted states, the amount of bicarbonate reabsorption in the PT
increases. This is thought to be the mechanism preventing bicarbonate
loss when a patient develops a contraction alkalosis.

absorbed in subsequent segments.

Urate (uric acid)

book. In short:
e Urate is formed by the breakdown of nucleotides

e Xanthine oxidase is the enzyme that catalyzes the final reaction to form
urate.

e About 90% of the filtered urate is reabsorbed by the proximal tubule.

e If the FL of urate is high enough and the luminal pH is low, then more
of the urate exists as uric acid, which can precipitate and form a kidney
stone.

— This is not the most common type of kidney stone, but it can occur
in patients with gout.

Secretion

cleared from the circulation including PAH, penicillin, atropine, and morphine.

Energy requirements

the most energy-demanding process of the nephron.

Bowman’s space through the end of the PT.

Chapter 4 o Regional Transport

Bridge to Pharmacology

The primary site of action for carbonic
anhydrase inhibitors is the PT. Blocking
CAreduces bicarbonate reabsorption

¢ and the activity of the Na*--H*
exchanger.

Clinical Correlate

The small amount of bicarbonate thatleaves the proximal tubule is normally re- | ‘AnN85:jeaibld Worial Presefts
: the emergency room with confusion.
i She is on hydrochlorothiazide. Her
bicarbonate is 34 mEqg/L (normal =
24 mEq/L). What is the cause of the

The details of the renal handling of urate are too complex for the scope of this metabolic alkalosis?

! This is what is called a contraction

i alkalosis. The thiazide diuretic is
causing a decrease in the intravascular
i volume. You can see the same in
sweating in the desert or vomiting
(not diarrhea because you lose

i bicarbonate in the stools and geta

¢ metabolic acidosis). The low volume
state increases renin secretion
leading to high angiotensin II.
Angiotensin Il activates the sodium/
hydrogen exchanger —, increasing
the reabsorption of bicarbonate —

. maintaining the metabolic alkalosis.
The proximal tubule is where many organic anions and cations are secreted and : ¢

Clinical Correlate

i Administration of a solute that is freely

Notice that all of the active processes illustrated in Figure VIII-4-1 are powered : filtered but not reabsorbed (mannitol)

by the Na/K- ATPase primary active pump. This pump is located in the proximal :
tubule basal and basolateral borders and is directly or indirectly responsible for :
most of the water and electrolyte reabsorption in the nephron. It thus represents
lumen and diuresis occurs. From the

standpoint of the PT, glucose exceeding

Figure VIII-4-2 depicts the ratio of the concentration of the substance in the : . 1Mis an important example.

proximal tubular fluid (TF) to the concentration in the plasma (P), beginning in

and/or reducing/preventing the
normal reabsorption of a solute results
in the osmotic pull of water into the
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Figure VIli-4-2. Proximal Tubule Transport

Concentration of Inulin in the Nephron Tubule

e The concentration of inulin along the nephron tubule is an index of
water reabsorption.

e Inulin is freely filtered; thus, its concentration in Bowman’s space is the
same as it is in the plasma. Because water is reabsorbed but inulin is not,
the concentration of inulin increases throughout the nephron. The greater
the water reabsorption, the greater the increase in inulin concentration.

e Since two-thirds of the water is reabsorbed in the proximal tubule, the
inulin concentration should triple TF/P = 3.0. Its concentration should
further increase in the descending limb of the loop of Henle, distal
tubule, and the collecting duct (assuming ADH is present).

o The segment of the nephron with the highest concentration of inulin is
the terminal collecting duct. The segment of the nephron with the lowest
concentration of inulin is Bowman’s space.

. LOOP OF HENLE
: e Fluid entering the loop of Henle is isotonic (300 mOsm/kg), but the vol-
ume is only one-third the volume originally filtered into Bowman’s space.
e The loop of Henle has countercurrent flow and it acts as a countercur-

rent multiplier, the details of which are not imperative to learn. In short,
the loop of Henle creates a concentrated medullary interstitium.

e The osmolality of the medulla can reach a maximum of about 1200
mOsm/kg, and the predominant osmoles are NaCl and urea (see Figure
VIII-4-3).
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e Juxtamedullary nephrons are responsible for this extremely high medullary :

osmolality. They are surrounded by vasa recta and slow flow in the vasa
recta is crucial for maintaining the concentrated medullary interstitium.

Cortex Urea
300
300 100 \
— HQO — e i—

300
Outer
medulla

600
N ho 2N collecting
, Urea -/T\JaCf HoO A tubule
/
Inner NaCl NaCl Vel S Urea
medulla
Urea
1200 1200

1200

NaCl Loop of Henle

Urea 100 —1200

Figure VIiI-4-3. Countercurrent and the Loop of Henle
Descending Limb

e Permeable to water (about 15% of filtered is reabsorbed here)

e Relatively impermeable to solute

Ascending Limb
e Impermeable to water

e Solutes transported out

Figure VIII-4-4 shows a typical cell in the ascending thick limb (ATL) of the loop
of Henle. Similar to the P1; there is aluminal Na*--H* antiporter and bicarbonate !

is reabsorbed here.

Na*--K*--2Cl transporter

This is an electroneutral transport resulting in the reabsorption of about 25% of

the filtered sodium, chloride, and potassium.

e The luminal membrane contains a K* channel (Figure VIII-4-4), allow-

ing diffusion of this ion back into lumen (recall that the concentration of

K* inside cells is very high compared to the extracellular concentration).

Chapter 4 ¢ Regional Transport

Clinical Correlate

A 65-year-old man presents with
hyponatremia. His serum osmolarity

is low and urine osmolarity high. He is

¢ diagnosed with SIADH. He is started

on fluid restriction but is not able to
comply. He is started on a loop diuretic,
: and plasma sodium increases.

Loop diuretics decrease the

. reabsorption of sodium and chloride
at the loop of Henle. This removes
the concentrating effect of the loop

: of Henle, decreaseing the osmolar
gradient. This, in turn, decreases the
. reabsorption for free water from the

: collecting duct.
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Bridge to Pharmacology

Loop diuretics block the Na*--K*--2Cl*
transporter in ATL, thereby reducing
their reabsorption. Blocking this
transporter also reduces calcium and
magnesium reabsorption, all of which
results in a marked diuresis.

Bridge to Pathology

Bartter’s syndrome is a genetic
mutation resulting in diminished
function of the Na*--K*--2Cl"
transporter in ATL. This leads

to a low volume state, which

causes an increase in renin and
aldosterone (know as a secondary
hyperaldosteronism). Patients exhibit
hypokalemia, alkalosis, and elevated
urine calcium.

Bridge to Pathology

Famitial hypocalciuric hypercalcemia
(FHH) is an autosomal dominant
genetic disorder resulting in
hypercalcemia. In this condition, the
CaSR is mutated such that it does not
respond to plasma calcium. The CaSR
isinactive and “fooled” into thinking
thatthe plasma calcium is low, when
itisin fact elevated. Thus, calcium
reabsorption in the kidney is elevated
despite the hypercalcemia. Patients
also have high levels of parathyroid
hormone (PTH) because CaSRis
expressed in cells of the parathyroid
gland. The mutation prevents the
inhibition of PTH that normally occurs
in response to hypercalcemia.
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e This back diffusion of K* into the lumen creates a positive luminal
potential, which in turn, promotes calcium and magnesium reabsorp-
tion (about 25% of FL) via a paracellular pathway (primarily). This
positive luminal potential also causes sodium reabsorption via a paracel-
lular pathway.

Calcium-sensing receptor (CaSR)

{ The basolateral membrane of cells in ATL contain CaSR (Figure VIII-4-4), which
i is a G-protein coupled receptor. Because it is on the basolateral membrane, CaSR
¢ is influence by the plasma concentration of calcium.

e CaSR couples to at least two G-proteins: 1) Gy which inhibits adenylyl
cyclase, thereby reducing intracellular cAMP, and 2) G_, which activates
protein kinase C (PKC). The net effect of these changes in intracellular
signaling pathways is an inhibition of the Na*--K*--2Cl" transporter.

e Reducing the activity of the Na™--K*--2Cl" transporter reduces the posi-
tive luminal potential (less K+ back diffusion), which in turn, decreases
calcium reabsorption.

e Thus, high plasma concentrations of calcium can directly reduce cal-
cium reabsorption in ATL.

Tubular fluid Peritubular fluid

Ca2* 3 §! «EEZ["“AW‘:W""“MN”NW'H S

Mg2* P

Figure VIlii-4-4. Loop of Henle



DISTAL TUBULE

The early distal tubule reabsorbs Na*, Cl', and Ca?*. Transporters in the distal

tubule are summarized in figure VIII-4-5.

NaCl

e NaCl crosses the apical membrane via a Na*-Cl~ symporter.

e The Na* is pumped across the basal membrane via the Na/K-ATPase pro-
teins and Cl" diffuses down its electrochemical gradient through channels.

e This section is impermeable to water. Thus, osmolality decreases further.
In fact, the ultrafiltrate in the early distal tubule has the lowest osmolal-
ity of the entire nephron.

Calcium

e Calcium enters the cell from the luminal fluid passively through calcium
channels.

e The opening of these channels is primarily regulated by parathyroid
hormone (PTH).

e Calcium is actively extruded into the peritubular fluid via Ca2*-ATPase
or a 3Na*-Ca’* antiporter.

o These cells also express the calcium binding protein, calbindin, which
facilitates calcium reabsorption. Calbindin synthesis is increased by the
active form of vitamin D, and thus vitamin D enhances PTH’s action on
the distal tubule.

Lumen , Capillary

" Epithelial (kidney) cell ™\
crr ‘ g K* ,
PTH ca®

/ 1,25
< .~ Dihydroxy

Figure VIil-4-5. Transporters in Distal Tubule
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Bridge to Pharmacology

{ Thiazide diuretics block the NaCl
symporter in the distal tubule. Blocking
this transporter enhances calcium
reabsorption in the distal tubule and

i can result in hypercalcemia. In addition,
thiazide diuretics are sometimes used

: toincrease plasma calcium.

. Bridge to Pathology

Gitelman’s syndrome is a genetic

: disorder resulting in a mutated
(reduced function) NaCl transporter.
These patients are hypokalemic,
alkalotic, and have a low urine calcium.

Cal =
calbindin
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Bridge to Pharmacology

Potassium sparing diuretics work by
blocking ENaC, e.g., amiloride, or by
blocking aldosterone receptors, e.g.,
spironolactone, or the production of
aldosterone, e.g., blockers of the RAAS
system. Because sodium reabsorption
is reduced, potassium secretion is
diminished.

Bridge to Pathology

Liddle’s syndrome is a genetic disorder
resulting in a gain of function of

ENaC channels in the CD. This results
in enhanced sodium reabsorption

and potassium secretion. Patients

are hypertensive, hypokalemic, and
alkalotic.
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. COLLECTING DUCT

The collecting duct (DC) is composed of principal cells and intercalated cells,
i both of which are illustrated in figure VIII-4-6.

Principal Cells

The luminal membrane of principal cells contains sodium channels,
commonly referred to as epithelial Na* channels (ENaC). Because of
these channels, sodium follows its electrochemical gradient (created by
the basolateral Nat--K* ATPase) into the cell.

Some chloride does not follow the sodium, thus the reabsorption of
sodium produces a negative luminal potential. This negative luminal
potential causes potassium secretion.

Thus, the reabsorption of sodium and secretion of potassium are linked.

Mineralcorticoids such as aldosterone exert an important effect on these
cells. Activation of the mineralcorticoid receptor increases the number
of luminal ENaC channels, increases their open time, and induces syn-
thesis and trafficking of the basolateral Na*--K* ATPase. The net effect
is increased sodium reabsorption and potassium secretion.

Although not illustrated on the slide, principal cells express aquaporins,
which are regulated by anti-diuretic hormone (ADH), also known as
arginine vasopressin (AVP). ADH acts on V2 (Gs—cAMP) receptors to
cause insertion of aquaporins, which in turn, causes water (and urea)
reabsorption.

Intercalated Cells

Intercalated cells are intimately involved in acid-base regulation. The
amount of fixed acid generated by an individual is mainly determined
by diet. A high percentage of animal protein in the diet generates more
fixed acid than a vegetarian-based diet.

The luminal membrane contains a H*--ATPase, which pumps H* into
the lumen. Although free H* is pumped into the lumen, luminal pH can
only go so low before it causes damage to cells, and thus most of the H*
is eliminated from the body via buffers, phosphate and ammonia being
the two most common.

Monoprotonated phosphate is freely filtered at the glomerulus. About
80% is reabsorbed in the PT and another 10% is reabsorbed in the distal
tubule. The remaining phosphate serves as a buffer for the secreted H.
The H* pumpedinto thelumen binds to phosphate to form diproton-
ated phosphate, which is poorly reabsorbed, thus eliminating H* from
the body. Phosphate is the primary titratable acid.

In addition, the H* pumped into the lumen can combine with ammo-
nia to form ammonium, which is not reabsorbed and is thus excreted.
Ammonia is produced by the catabolism of glutamine and this occurs in
cells of the PT.

For every H* excreted by the above buffers, bicarbonate is added to the
body (new bicarbonate).

Aldosterone stimulates the FH*-- ATPase of intercalated cells. Thus, excess
aldosterone results in a metabolic alkalosis.
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Figure VIII-4-6. Late Distal Tubule and Collecting Duct

RENAL TUBULAR ACIDOSIS

Proximal Renal Tubular Acidosis (Type I)

e Due to a diminished capacity of the proximal tubule to reabsorb bicar-
bonate.

e Transient appearance of bicarbonate in the urine until the filtered load
is reduced to match the reduced capacity of reabsorption.

e Steady-state characterized by a low plasma bicarbonate and acid urine.

e An example would be Fanconi syndrome, which involves a general
defect in the proximal tubular transport processes and carbonic anhy-
drase inhibitors.

e Serum potassium is also low. When bicarbonate is lost in the urine, it
is lost as sodium bicarbonate and that pulls water with it creating an
osmotic diuresis. The diuresis leads to loss of potassium in the urine.

Distal Renal Tubular Acidosis (Type I)

e Due to an inability of the distal nephron to secrete and excrete fixed
acid, thus an inability to form an acid urine. Urine pH >5.5 - 6.0

e Mechanisms would include impairment of the transport systems for
hydrogen ions and bicarbonate and an increased permeability of the
apical membrane allowing the back diffusion of the hydrogen ions from
the tubular lumen.

Chapter 4 o Regional Transport

Principal

 cell

Intercalated

I cell

e The result is a metabolic acidosis with an inappropriately high urine pH.

e Serum potassium is also low.
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: Causes:

Autoimmune disorders

Sjogren’s syndrome

Autoimmune hepatitis/primary biliary cirrhosis
Systemic lupus erythematosus (may be hyperkalemic)
Rheumatoid arthritis

Ifosfamide

Amphotericin B

Lithium carbonate

Toluene inhalation

Hypercalciuric conditions (leading to precipitation of calcium stones in
the renal pelvis or ureters)

Hyperparathyroidism
Vitamin D intoxication
Sarcoidosis

Idiopathic hypercalciuria

Renal Tubular Acidosis Type IV: Hypoaldosterone States

Inability to secrete potassium leading to hyperkalemia
Decreased secretion of protons leading to metabolic acidosis

i Causes:

Diabetic nephropathy, due to low renin secretion with loss of kidney
function

Any drug that inhibits the RAAS system, such as ACE-inhibitors, ARBs,
spironolactone, and aliskiren

Trimethoprim

Addison’s disease due to loss of aldosterone secretion from the adrenal
cortex

DISORDERS OF POTASSIUM HOMEOSTASIS

. Potassium Balance

© To keep the body amount constant, excretion of potassium must match dietary
{ intake, and the kidneys regulate potassium excretion. A small percentage of in-
. gested potassium is lost in the stool but this is not a major regulatory route under
¢ normal conditions.
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Figure VIlI-4-7. ICF and ECF Potassium Distribution

e 98% of potassium inside cells (150 mEq/L)
e 2% of potassium in ECF (4 mEq/L)

e >5.0 mEq/L = hyperkalemia

e <3.5 mEq/L = hypokalemia

e The large concentration gradient across the cell membrane is mainly
due to the negative intracellular potential and the permeability of the
cell membrane to potassium.

e The NaK-ATPase maintains the membrane potential as well as a small
net diffusion gradient from the ICF to the ECE.

e Insulin and epinephrine stimulate the Na/K ATPase and can thus reduce
plasma potassium.

e Long term balance is maintained via aldosterone’s effect on potassium
secretion in the distal tubule and collecting ducts of the nephrons.

e Acidosis and increased ECF osmolality (cell shrinkage) shifts potassium
from the ICF to the ECF. Inorganic fixed acid > organic acids > respira-
tory acidosis

o Alkalosis and decreased ECF osmolality (cell swelling) shifts potassium
from the ECF to the ICE. Metabolic alkalosis > respiratory alkalosis

Potassium secretion and excretion by the kidney

Potassium secretion is determined mainly by 2 factors: filtrate flow and sodium
reabsorption (creates negative potential of the lumen). :

e Increased flow and/or aldosterone increases potassium secretion and
excretion.

e Decreased flow and/or aldosterone decreases potassium secretion and
excretion.
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Clinical Correlate

A 55-year-old woman with a history

of end-stage renal failure presents
with confusion after missing a dialysis
session. Her potassium is elevated.
While waiting for the nurse to set up
the dialysis, the patient is treated with
an injection of bicarbonate and insulin
with dextrose

Giving bicarbonate gives the patient
an alkalosis. This causes protons to
leave the intracellular space down its
concentration gradient. To maintain
electroneutrality, potassium shifts into
cells. This decreases the extracellular
potassium concentration. Insulin
activates the sodium/potassium
ATPase and that increases the shift of
potassium into the cell also.
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Figure VIII-4-8. Late Distal Tubule and Collecting Duct

. Acid-Base Disorders

i Acidosis: shifts potassium from the ICF to ECE. Decreased intracellular potas-
i sium reduces the potassium gradient, thus potassium secretion falls. (both pro-
i mote hyperkalemia). However, this negative potassium balance in acidosis is not
: typically sustained because hyperkalemia stimulates aldosterone.

Alkalosis: shifts potassium from ECF to ICF. Increased intracellular potassium
: increases potassium secretion (both promote hypokalemia).

Summary of Potassium Balance

Promoters of hyperkalemia

e Transcellular shifts: metabolic acidosis, hyperglycemia, insulin deficiency
or resistance, muscle trauma

e GI: excessive intake (on rare occasions)

e Kidney: acute oligouric kidney disease, chronic kidney disease where
GFR decreases dramatically from normal, hypoaldosteronism

Consequences of hyperkalemia

e Neuromuscular function: muscle weakness, general fatigue if chronic

e Cardiac: high T wave, eventually in severe hyperkalemia ventricular
fibrillation

e Metabolic: metabolic acidosis
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Promoters of hypokalemia

e Transcellular shifts: metabolic alkalosis, sudden increases in insulin and
catecholamines

o Gl: diarrhea, vomiting, low potassium diet (rarely has an effect on its own)

e Kidney: diuretics due to increased flow (thiazides, loop diuretics, osmotic
diuresis), hyperaldosteronism (adrenal adenoma, renal arterial stenosis),
increased excretion of negative ions (bicarbonate, ketone bodies), renal
tubular acidosis types I and II.

Consequences of hypokalemia
e Neuromuscular function: muscle weakness, general fatigue
e Cardiac: hyperpolarization affects excitability and delays repolarization.
o EKG effects: low T wave, high U wave

e Metabolic: decreased insulin response to carbohydrate load, decrease
growth rate in children, nephrogenic diabetes insipidus, metabolic alkalosis

RENAL FAILURE

Acute Renal Failure

Acute renal failure is a rapid loss of renal function that is often reversible. Loss :
of renal function results in the accumulation of waste products that the kidney :
excretes, e.g., BUN and creatinine. Depending upon the cause, the fractional reab- :
sorption of Na* (FeNat) is either elevated or reduced. As its name implies, FeNa* :
simply means the %of filtered Na* that s excreted: The higher the number, the less
reabsorption and vice versa. The causes of acute renal failure are: :

Prerenal
With prerenal renal failure, there is decreased renal perfusion as would occur
with a decreased renal perfusion pressure, e.g., hypovolumia of hemorrhage,
diarrhea, vomiting; congestive heart failure. Initially, there is no renal injury and
it is reversible if corrected early. Characteristic signs are:

e Reduced GFR

e Reduced FeNa': Tubular function is intact and the low GFR (reduced
filtered load) allows for significant reabsorption.

e Na™ reabsorption: In addition, Ang IT and catecholamines are often
elevated in this condition, both of which increase Na* reabsorption.

e Elevated plasma BUN:Cr: Although both are elevated, the high reab-

sorption of urea (water reabsorption is elevated in prerenal) elevates
BUN more than creatinine.
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Intrarenal

. In this condition, tubular damage occurs resulting in tubular dysfunction. Toxins,
i interstitial nephritis, ischemia, rhabdomyolysis, and sepsis are factors that could
i cause acute tubular necrosis and intrarenal failure. Characteristic signs are:

e Increased FeNa*: Tubules are damaged and thus unable to reabsorb Na*
e Casts/cells in the urine: Damages cells are sloughed off into the tubule
e Low plasma BUN:Cr: Tubular damage prevents reabsorption of urea

. Postrenal
This condition is caused obstruction of fluid outflow from the kidney, e.g., renal
i calculi, enlarged prostate.

e Early: Characteristics are similar to prerenal, i.e., reduced FeNa*, elevated
plasma BUN:Cr

e Late: Build-up of pressure results in tubular damage, resulting in charac-
teristics of intrarenal failure, i.e., marked increase in FeNa*, low plasma
BUN:Cr

Chronic Renal Failure

i Although nephrons often recover from the sloughing of the tubular epithelial cells in
i acute renal failure, in chronic renal failure there is an irreversible loss of nephrons. In
: order to compensate, the remaining nephrons have an increased glomerular capil-
¢ lary pressure and hyperfiltration. One way of looking at this is a “hypertension” at
i the level of the nephron; the hyperfiltration combined with the increased work load
i promotes further injury leading to fibrosis, scarring, and loss of additional nephrons.

Looking back at the function of the kidney and how it regulates a variety of
i physiologic variables, many of the consequences of chronic renal failure are pre-
i dictable. These include:

e Inability to excrete waste products leads to a rise in plasma BUN and
creatinine.

e Inability to regulate sodium and water: This can lead to hyponatremia,
volume overload, and thus edema. In addition, patients are susceptible
to rapid development of hypernatremia and volume depletion following
vomiting and diarrhea.

e Inability to regulate potassium excretion leads to hyperkalemia.

o Inability to excrete fixed acids leads to metabolic acidosis (elevated
anion gap—see next chapter)

e Inability to excrete phosphate leads to hyperphosphatemia. This
hyperphosphatemia reduces plasma calcium, causing a rise in parathy-
roid hormone (PTH—secondary hyperparathyroidism) resulting in
increased bone resorption (renal osteodystrophy).

e Inability to hydroxylate (1-alpha hydroxylase enzyme is in the kidney)
25,0H-cholecalciferol decreases circulating levels of active vitamin D,
which contributes to the hypocalcemia.

e Inability to secrete erythropoietin results in anemia.

i The most common cause of chronic renal failure is the nephropathy produced by
i diabetes. The second most common cause is hypertension.
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Chapter Summary

In the proximal tubule, two-thirds of the water and electrolytes are
reabsorbed, along with almost all the organic molecules filtered. An
exception is urea. Because equal amounts of solutes and fluid are
reabsorbed, the fluid remains isotonic.

The loop of Henle, acting as a countercurrent multiplier, creates an
osmotic gradient inthe medullary interstitium, with thetip reaching
a maximum of 1200 mOsm/kg. This value determines the maximum
osmolality of the urine.

In the early distal tubule, additional electrolytes are reabsorbed and
the osmolality decreases further. In the collecting duct, aldosterone

regulates the final electrolyte modifications and ADH the final osmolality.

Net acid lost in the urine is via phosphate and ammonium. Renal
tubular acidosis is a metabolic acidosis caused by a failure of nephron
cellular processes. Proximal failure is type I, distal failure (distal tubule/
collecting duct) istype|, and type IV is hypoaldosterone.

Hyperkalemia can be caused either by a transcellular shift in potassium
(ICFto ECF) or a failure of the kidney to excrete adequate amounts of
potassium.

Hypokalemia can be caused by a transcellular shift in potassium (ECF to
ICF) or to excess loss via the Gl tract or kidney.

Hyper- and hypokalemia affect the excitability of nerves and cardiac
muscle.

Acute renal failure (disease) is a sudden loss of renal function (GFR) and
is reversible.

Chronic renal failure (disease) is a loss of functioning nephrons and is
generally not reversible. Diabetes is the major cause of chronic renal
failure followed by hypertension.
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Acid-Base Disturbances

BUFFERING SYSTEMS

Figure IX-1-1 shows the CO,-bicarbonate buffer system. This is one of the major
buffers systems of the blood and the one we focus on in this chapter. '

CA
H,0 + CO, == H,CO, <= H*+HCO,

Figure IX-1-1. Production of Carbonic Acid

To demonstrate the changes in the major variables during acid-base disturbanc-
es, the scheme can be simplified to the following: ‘

CO, «—> H*'+HCO,

Recall that the respiratory system plays the key role in regulating CO,, while the
kidneys serve as the long-term regulators of H* and HCO;". Thus, these 2 organ
systems are paramount in our discussion of acid-base regulation. '

FORMULATING A DIAGNOSIS

Acid-base disturbances can be diagnosed from arterial blood gases (ABGs) using
a 3-step approach. Given that arterial blood is the source for the diagnostic data, :
one is actually determining an acidemia or alkalemia. However, an acidemia or :
alkalemia is typically indicative of an underlyingacidosis or alkalosis, respectively. :

An overview of this approach is provided here to lay the framework for remain-
der of the chapter. :

THREE-QUESTION METHOD

Question 1: What is the osis?
e If pH <7.35, then acidosis
e If pH >7.45, then alkalosis

The normal value of pH is 7.4 (see below), with the normal range 7.35-7.45, thus

the basis of the above numbers. However, one can in fact have an underlying
acid-base disorder even though pH is in the normal range. :
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. Question 2: What is the cause of the osis?

To answer this, one looks at bicarbonate next. In the section below, we will go
: into more detail.

Question 3: Was there compensation?

{ A calculation must be performed to answer this final question, and this will be
i covered in detail below. However, bear in mind the following:

e For respiratory disturbances, the kidneys alter total bicarbonate; whether
or not compensation has occurred is based upon the patient’s measured
bicarbonate versus a calculated value of bicarbonate.

e The respiratory system responds quickly and it is important to determine
if it has responded appropriately; respiratory compensation compares the
patient’s measured PCO, versus a calculated (predicted) value.

THE 4 PRIMARY DISTURBANCES

. There are 4 primary acid-base disturbances, each of which results in an altered
{ concentration of H*. The basic deviations from normal can be an acidosis
(excess HT) or an alkalosis (deficiency of H*), either of which may be caused by
: arespiratory or metabolic problem.

e Respiratory acidosis: too much CO,

e Metabolicacidosis: addition of H" (not of CO, origin) and/or loss of
bicarbonate from the body

e Respiratory alkalosis: not enough CO,

e Metabolic alkalosis: loss of H* (not of CO, origin) and/or addition of
base to the body

i Normal systemic arterial values are as follows:

pH=74
HCO;™ =24 mEq/L
PCO, =40 mm Hg

Follow the Bicarbonate Trail

Question 2 asks for the cause of the osis. To answer this, look at the bicarbon-
. ate concentration and remember the basic CO,-bicarbonate reaction, applying
: mass action. The table below shows the 4 primary disturbances with the resultant
. bicarbonate changes.

CO, &> H+ + HCO;~
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Table IX-1-1. Summary of Acute Changes in pH/HCO;~

pH
Respiratory acidosis 4 T
Metabolic acidosis d W
Respiratory alkalosis T "
Metabolic alkalosis 4 T

Respiratory acidosis is characterized by too much CO,
e Increasing CO, drives the reaction to the right, thereby increasing
HCO;™
— For every 1 mm Hg rise in PaCO,, there is a 0.1 mEq/L increase in
HCOj;, as a result of the chemical reaction.

— Thus, thereisa 1:0.1 ratio of CO, increase to HCO3" increase for an
acute (uncompensated) respiratory acidosis.

Chapter 1 ¢ Acid-Base Disturbances

Metabolic acidosis causes a marked decrease in HCO3" because the addition of :

H* consumes bicarbonate (drives reaction to the left).

e Alternatively, the acidosis could be caused by loss of base (HCO;").

Respiratory alkalosis is characterized by a reduced CO,,.
e Decreasing CO, drives the reaction to the left, thereby reducing HCO,™.

— For every 1 mm Hg fall in PaCO,, there is a 0.2 mEq/L decrease in
HCO;™ as a result of the chemical reaction.

— Thus, thereis a 1:0.2 ratio of CO, decrease to HCO;™ decrease for
an acute (uncompensated) respiratory acidosis.

Metabolic alkalosis causes a rise in HCO,~ because the loss of H* drives the

reaction to the right.

e Alternatively, an alkalosis can be caused by addition of base (bicarbonate)
to the body.

COMPENSATION

Respiratory Acidosis

The kidneys compensate by increasing HCO;~ and eliminating H*, but the kid-

neys take days to fully compensate.

e Forevery 1 mm Hg increase in PaCO,, HCO;™ increases 0.35 mEq/L
as a result of kidney compensation. Thus, there is a 1:0.35 ratio of CO,
increase to HCO,™ increase in a chronic (compensated) respiratory
acidosis.

: Note

One can use pH instead of bicarbonate
to determine if a respiratory

¢ disturbance is acute or chronic; this

is provided at the end-of-chapter

: Supplemental Information.
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i Metabolic Acidosis

Metabolic acidosis is characterized by low pH and HCO;™. The drop in pH
: stimulates ventilation via peripheral chemoreceptors, thus the respiratory system
i provides the first, rapid compensatory response.

e Winter’s equation is used to determine if the respiratory response is
adequate.

Predicted PaCO, = (1.5x HCO;") +8

e The patient’s PaCO, should be within 2(+) of this predicted value, and
if so, then respiratory compensation has occurred.

. Respiratory Alkalosis
. The kidneys compensate by eliminating HCO;™ and conserving H*, but the kid-
. neys take days to fully compensate.

e Forevery 1 mm Hg drop in PaCO,, HCO,~ decreases 0.5 mEq/L as
a result of kidney compensation. Thus, there is a 1:0.5 ratio of CO,
decrease to HCO;™ decrease in a chronic (compensated) respiratory
acidosis.

e The maximum low for HCO;™ is 15 mEq/L.

. Metabolic Alkalosis
Similar to a metabolic acidosis, the respiratory system is the first-line compensa-
i tory mechanism. Ventilation decreases to retain CO,.

e The following equation is used to determine if compensation occurred.
It computes the PaCO,, which denotes appropriate compensation.

Expected PaCO, = (0.7 x rise in HCO;") + 40

e The patient’s PaCO, should be within 2(+) of the computed value, but
should not exceed 55 mm Hg. The 40 represents the normal PaCO, (see
above).

. Additional Important Points
: e The body never overcompensates.

— If it appears that a patient “overcompensated” for a primary disorder,
there is likely a second disorder.

e If CO, and HCO;™ go in opposite directions, there is a combined distur-
bance—either a combined (mixed) respiratory and metabolic acidosis
or a combined (mixed) respiratory and metabolic alkalosis.

e Although the opposite direction rule is true, do not presume that it is
required for someone to have a combined disturbance, i.e., a combined
disturbance can still exist even if CO, and HCO;~ go in the same direction.

e Too much CO, is a respiratory acidosis.
e Too little CO, is a respiratory alkalosis.



PLASMA ANION GAP (PAG)

Chapter 1 ¢ Acid-Base Disturbances

The total cation charges in the plasma always equal the total anion charges pres-
ent. However, only major ions are typically measured in a blood sample and an

“anion gap” can be determined (see below and figure IX-1-2).

Cations are estimated as the plasma concentration of the major cation, Na*. Itis
not usually the case but some clinicians also include K* (normal K*is 4 mEq/L :

and if included, then adjust the normal gap accordingly, i.e., add 4).

Anions are estimated as the plasma Cl~ and HCO;™.

PAG = Na* — (CI- + HCO;)

Figure IX-1-2. PAG

. Normal values:
Na*: 140 mEq/L

Cl™: 104 mEq/L

HCO,™: 24 mEq/L

PAG: Na* - (Cl™ + HCO3‘)
PAG:12 + 2

The anion gap is useful in differentiating the cause of a metabolic acidosis. In |
most cases, the anion gap increases when the underlying cause involves an or- :
ganic acid (unmeasured charge is conjugate base of the acid). When the acidosis !
is the result of bicarbonate loss, e.g., diarrhea, then chloride typically increases :
resulting in no change in the anion gap. The more common causes of an elevated
and non-elevated gap can be remembered using the mnemonics provided below. !

Use the following pneumonics to remember elevated and non-elevated gap met-

abolic acidoses:
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MUDPILES (elevated gap) HARDUP (non-elevated ga

M: Methanol H: Hyperchloremia (parental

U: Uremia (kidney failure) nutrition)

D: Diabetic ketoacidosis A: Acetazolamide

P: Paraldehyde R: Renal tubular acidosis

I: Iron; Isoniazid D: Diarrhea

L: Lactic acidosis U: Ureteral diversion

E: Ethylene glycol; ethanol P: Pancreatic fistula
ketoacidosis

S: Salicylates; starvation ketoacidosis;
sepsis

. DIAGNOSIS
. Now that we have discussed how the basic reaction responds to respiratory and

. metabolic disturbances and how the body compensates, let’s use the 3 questions
¢ to quickly determine acid-base abnormalities.

. Question 1: What is the osis?
i Asindicated above, look at pH.

e If pH <7.35, then it’s acidosis.
e If pH >7.45, then it’s alkalosis.

. Question 2: What is the cause of the osis?
Follow the bicarbonate trail (see also Table IX-1-1).

Note

Chronic ratios/calculations are also

provided in the Compensation section
above, while acute ratios are provided
in Follow the Bicarbonate Trail section.
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e Ifthe answer to question 1 is acidosis and HCO,™ is elevated, then
respiratory acidosis.

e If the answer to question 1 is acidosis and HCO;™ is low, then metabolic
acidosis.

o If the answer to question 1 is alkalosis and HCO,™ is low, then respira-
tory alkalosis.

o If the answer to question 1 is alkalosis and HCO;™ is elevated, then met-

abolic alkalosis.

Question 3: Was there compensation?

. Respiratory Acidosis
: Because kidney compensation is slow, it is important to distinguish between
i acute (uncompensated) and chronic (compensated) respiratory disturbances.

e If acute, there is a 0.1 mEq/L rise in HCO;~ for every 1 mm Hg increase
in PaCO, (1:0.1 ratio).

e If chronic, there is a 0.35 mEq/L rise in HCO;~ for every 1 mm Hg rise
in PaCO, (1:0.35 ratio)
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For example, a patient has a respiratory acidosis (determined by steps 1 and 2) with :

PaCO, 60 mm Hg, which is 20 mm Hg greater than the normal of 40 mm Hg.

If acute, then bicarbonate will be ~26 (20 x 0.1 = 2; 24 + 2 = 26). If chronic, then

bicarbonate will be ~31 (20 x 0.35 = 24 + 7 =31).

Metabolic Acidosis

The patient’s PaCO, should fall to a level that is +2 mm Hg of the value computed

by Winter’s equation:
PaCO,=(1.5xHCO;7) + 8

e If the patient’s PaCO, is within 2, then the patient has metabolic acido-
sis with respiratory compensation.

e If it is higher than 2, then the respiratory response is inadequate and the
patient has metabolic and respiratory acidosis.

e If the patient’s PaCO, is too low, then the patient has a metabolic acido-

sis with a respiratory alkalosis.

For example, a patient has a metabolic acidosis with a HCO;~ of 10 mEq/L and
a PaCO, of 23 mm Hg. Expected PaCO, is (1.5 % 10) + 8 = 23 mm Hg, which is |

what the patient has, thus respiratory compensation is adequate.

Respiratory Alkalosis

Again, it is important to distinguish between acute (uncompensated) and :

chronic (compensated) respiratory disturbances.

e If acute, there is a 0.2 mEq/L fall in HCO,~ for every 1 mm Hg decrease
in PaCO, (1:0.2 ratio).

e If chronic, there is a 0.5 mEq/L fallin HCO,~ for every 1 mm Hg
decrease in PaCO, (1:0.5 ratio).

For example, a patient has a respiratory alkalosis (determined by steps 1 and 2)
with a PaCO, of 25 mm Hg, which is 15 mm Hgless than the normal 0of40 mm |
Hg. If acute, then bicarbonate will be about 21 (15 % 0.2 = 3; 24 - 3 = 21), but if

chronic it will be around 16 (15 x 0.5 = 7.5; 24 - 7.5 = 16.5).

Metabolic Alkalosis

The patient’s PaCO, should rise to a level that is + 2 the value computed by the

following equation (not to exceed 55 mm Hg):
Expected PaCO, = (0.7 x rise in HCO;") + 40

e If the patient’s PaCO, is within 2, the patient has metabolic alkalosis
with respiratory compensation.

e If it is higher than 2, then the patient has metabolic alkalosis and respi-
ratory acidosis.

e If the patient’s PaCO, is too low, then the patient has a metabolic and
respiratory alkalosis.
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Note i For example, a patient has a metabolic alkalosis with HCO;~ 34 mEq/L (10 great-
i er than normal) and PaCO, 47 mm Hg. Expected PaCO, is (10 X 0.7) + 40 =

Remembers.caleulatethefanian gap { 47mm Hg, which is what the patient has, thus respiratory compensation is adequate.

to differentiate the possible causes ofa :
metabolic acidosis. i Figure IX-1-3 summarizes the above discussion. This figure can be helpful in re-
. membering the 3 basic steps for analyzing an ABG and come to the correct di-
: agnosis. Some examples follow and you are encouraged to look at the summary

i figure and apply it to correctly diagnosis the examples provided.

Note

ACIDOSIS Ol ALKALOSIS

Paco, is increased / (pH) \ '
in resp acidosis; ITOW _ High
compensatory increase (Acidosis) (Acidosis)
in metab alkalosis Galaost Caussiof
(formula computes the osis? the osis?
compensation value of
Paco.) Look at Look at

2 / Bicarb \ / Bicarb \
Rate Low Elevated Low Elevated

decrease in metab Metabolic Respiratory Respiratory Metabolic

1
1
i
1
1
1
1
1
i
1
1
Paco, is decreased I
in resp alkalosis; l l : l
compensatory |
|
acidosis (Winter’s !
Compensation? : Compensation?
|
|
|
1
1
1

determines
compensation value of o o
Paco,) Use Winter’s Determine if Determine if Paco, T07
[(1.5 x bicarb) + 8] acute (1:01) acute (1:0.2) mm Hg for every
Note to determine what or chronic or chronic 1mEq/LTin
Paco, should be (1:0.35) (1:0.5) bicarb
Compute anion gap:
[Na* = (Cl~ + bicarb)]
Figure IX-1-3.

. Example ABGs Showing Disturbance
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Example 1
 pH=73

: HCO,™ = 14 mEq/L
| PCO, = 30 mm Hg
PO, =95 mm Hg

Example 3

. pH=72

: HCO,™ = 30 mEq/L
: PCO, =80 mm Hg
PO, =70 mm Hg
Example 5

: HCO3- = 20 mEq/L
i PCO, =55 mm Hg

Example 2
pH=7.6

HCO;™ =20 mEq/L
PCO, = 20 mm Hg
PO, =95 mm Hg

Example 4
pH=7.6

HCO,;™ =44 mEq/L
PCO, = 52 mm Hg
PO, =70 mm Hg
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Answers

Example 1

What is the osis? pH is low, so acidosis.

Cause of the osis? HCO; is low, so metabolic acidosis. :
Compensation? Use Winter’s to compute predicted PCO,: (14 x 1.5) + 8 = 29.

Patient’s is 30, which is within 2, thus this is a metabolic acidosis with respiratory :
compensation.

Example 2
What is the osis? pH is high, so alkalosis.
Cause of the osis? HCO,™ is low, so respiratory alkalosis.

Compensation? Must determine if acute (uncompensated) or chronic (compen-
sated). PCO, is 20 below normal, thus acute: 20 x 0.2 = 4, so HCO,~ will be
around 20 (24 - 4). If chronic, it would be 20 x 0.5 = 10, so HCO,~ would be
around 14 (24 - 10). The measured equals the predicted acute, thus this is an :
acute respiratory alkalosis. :

Example 3
What is the osis? pH is low, so acidosis.
Cause of the osis? HCO;™ is high, so respiratory acidosis.

Compensation? Must determine if acute (uncompensated) or chronic (compen-
sated). PCO, is 40 greater than normal, thus acute: 40 x 0.1 = 4, so HCO;~ willbe :
around 28 (24 + 4). If chronic, it will be 40 x 0.35 = 14, so HCO;~ will be around
38 (24 + 14). The measured is much closer to the predicted acute, thus thisisan :
acute respiratory acidosis. :

Example 4
What is the osis? pH is high, so alkalosis.
Cause of the osis? HCO," is high, so metabolic alkalosis.

Compensation? The respiratory compensation is to reduce ventilation, thereby :
increasing PaCO,. Thus, we need to compute what PaCO, should be in a patient :
with this acid-base disorder. Calculation: HCO,™ is 20 greater than normal of 24, :
20 x 0.7 = 14, thus PaCO, should be 14 mm Hg greater than the normal of 40, :
thus 40 + 14 = 54 (predicted PaCO,). Patient’s is 52, which is within 2, so this is a
metabolic alkalosis with respiratory compensation. :

Example 5

No pH is given, but we can still figure out the acid-base disorder. HCO, is low,
so this must be a metabolic acidosis or respiratory alkalosis (review “follow the :
bicarbonate trail” above). PaCO, is well above normal, ruling out a respiratory
alkalosis, thus there is a mixed metabolic and respiratory acidosis. Note that :
PaCO, and HCO;~ went in opposite directions, so we know there is a mixed
disturbance. The low HCO,~ indicates the metabolic acidosis, while the high :
PaCO, indicates respiratory acidosis. If this were simply a respiratory acidosis, :
HCO;~ would be elevated, not reduced. '

KAPLAN) MEDICAL 251



Section IX ¢ Acid-Base Disturbances

. GRAPHICAL REPRESENTATION (DAVENPORT PLOT)

The Davenport plot (figure IX-1-4, panels A-D) provides a graphical representation
i of the preceding discussion. The pH is on the X-axis, and HCO," is on the Y-axis.

At pH 74 and HCO;™ 24, PaCO, is 40 (panel A). These represent the normal
: values indicated above. Knowing either of the 2 measurements allows one to cal-
¢ culate the third, using the Henderson-Hasselbalch equation.

pH = pK + log [HCO;] pK = 6.10 [HCO; ] in mmol/L

aPCO,
a = 0.0301 PCO, in mm Hg

Let’s now walk through the 3 questions and see the corresponding values on the
" i Davenport plot.

- Question 1: What is the osis?
© Splitting the graph at pH 7.4, anything to the left represents an acidosis, while
i anything to the right represents an alkalosis (Figure X-1-4, panel B)

CO, «—> H* + HCO,-
CO,<«—> H*+ HCO,- - T

! B
A ]
.| I
= u\cj- Acidosis I Alkalosis

(on - |
30 E % !
i o 251 I
O 25' _________ o O ?
= 20 ™~ s L. 20 1 |
= e 24 ! PCO, = 40 mmHg :
I I

l T : 1

T 1 T 8 4 Wd
73 74 75 £
pH P

Figure IX-1-4a Figure IX-1-4b
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Question 2: What is the cause of the osis?

e Respiratory acidosis is characterized by a decrease in pH with concomi-

tant rise in HCO;~, while respiratory alkalosis is characterized by a rise

Chapter 1 ¢ Acid-Base Disturbances

in pH with concomitant fall in HCO;™. This is denoted by the red line in

panel C of Figure X-1-4.

e Metabolic acidosis is a decrease in pH and HCO3-, while metabolic
alkalosis is an increase in pH and HCO,™. This is denoted by the purple
line in panel C of the figure. Note that PCO, is the same at all points
along the purple line, hence the term CO, isobar. In other words, the
purple line denotes metabolic changes without accompanying CO,

changes.

e This separates the graph into 4 quadrants (panel C of Figure IX-1-4). ;
Points falling within one of these quadrants with have the respective pri-

mary acid-base disturbance.

Upper left, respiratory acidosis

Lower left, metabolic acidosis

Lower right, respiratory alkalosis

Upper right, metabolic alkalosis

Question 3: Was there compensation?

e There is no need to be as quantitative when using the Davenport plot to
answer this question. Simply determine if the pH moved toward normal

[HCO, ] mEq/L

(7.4).

e The red respiratory and purple metabolic lines represent buffer lines,
thus compensation follows the same plane as it moves toward 7.4.

e The direction the curve shifts if compensation occurred is depicted by

the solid black arrows (panel D, Figure IX-1-4).

CO, «—> H* + HCO,”
C02 <« H' + HCOS* Renal
l .
Respiratory acidosis: | g _ compensation for : D
Increasing CO, | Metabolic respiratory acidosis RESpiiby
\ I c:tsloes:i.gg = ~ I compensation for
30 - ! 9 2 4 30 metabolic alkalosis
|
254  Metabolic ¥~ PCO. Isobar T 25
g 2 @) ~ ~
acidosis: No 1 o = 1
20 4 change in CO, 1 A L 204 Respiratory ~ ~4 |
I P compensation 5 eS|
] ch?e(;s),/i: 28 9 for metabolic 1 ™ cor_npensatlon for'
7 . gCoO, acidosis 1 respiratory alkalosis
73 74 75 73 7.4 5
pH pH
Figure IX-1-4¢c Figure 1X-1-4d
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: Assessment using Davenport plot:

Figure IX-1-5 shows unlabelled points on a Davenport plot. The student is encour-
i aged to try and indicate the correct acid-base disturbance depicted by the points.
i Answers are provided below.

A = acute (uncompensated) respiratory
acidosis

B = chronic (compensated) respiratory
acidosis

C = metabolic alkalosis with respiratory
compensation

D = metabolic acidosis with respiratory
compensation

E = acute (uncompensated) respiratory
alkalosis

F = chronic (compensated) respiratory
alkalosis

[HCO, ] mEg/L

30 -
25

20 -

7.3 7.4 7.5

pH

Figure IX-1-5

SUPPLEMENTAL INFORMATION

. Respiratory Acidosis
A respiratoryacidosis is the result of CO, accumulating in the body, which causes
i an increase in H* (or decrease in pH) and an increase in HCO,™. Quantitatively,

: in the acute (uncompensated) state, for every 10 mm Hg rise in PaCO,, HCO,~
: rises about 1 mEq/L and pH falls by 0.08 pH units.

Respiratory acidosis can be caused by the following:

Respiratory center depression (anesthetics, morphine)
Pulmonary edema, cardiac arrest

Airway obstruction

Muscle relaxants

Sleep apnea

Chronic obstructive lung disease

Neuromuscular defects (multiple sclerosis, muscular dystrophy)
Obesity hypoventilation syndrome

Summary
{ Cause: increase in PaCO,

Result: decrease in pH, slight increase in HCO,~
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Metabolic Acidosis

This is caused by a gain in fixed (not of CO, origin) acid and/or a loss of base.
The increased H* drives the reaction to the left, decreasing HCO,™. Forcing the :
reaction to the left produces some CO2, but the hyperventilation evoked by the
acidosis eliminates CO,. ' :

As described above, the possible cause of the acidosis can be narrowed by de-
termining the anion gap (MUDPIILES for elevated; HARDUP if gap is normal).

Summary
Cause: gain in H as fixed acid and/or a loss of HCO,~ (via GI tract or kidney)

Result: decrease in pH and HCO, 5 compensatory fall in PaCO,

Respiratory Alkalosis

This is caused by an increase in alveolar ventilation relative to body production of :
CO, (hyperventilation). Quantitatively, in the acute (uncompensated) state, for
every 10 mm Hg decrease in PaCO,, HCO;~ decreases about 2 mEq/L and pH
rises 0.08 pH units. :

Respiratory alkalosis can be caused by:
e Anxiety
e Fever
e Hypoxemia
e Pneumothorax (in some cases)
e Ventilation—perfusion inequality
e Hypotension
e High altitude

Summary
Cause: decrease in PaCO,

Result: decrease in H* (increased pH) and slight decrease in HCO,~

Metabolic Alkalosis

This is caused by a loss of fixed acid and/or gain of base. The decreased H* forces
the reaction to the right, increasing HCO;™. :

A compensatory rise in PaCO, is expected because the alkalosis decreases ven- |
tilation. :

Causes:
e Vomiting or gastric suctioning
e Loop and thiazide diuretic use
e Bartter’s, Gitelman’s, and Liddle’s syndromes
o Intracellular shift of hydrogen ions as in hypokalemia
e Primary hyperaldosteronism .
e Loss of bicarbonate-free fluid (contraction alkalosis)
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: Summary
. Cause: loss of H* and/or gain in HCO,"

Result: increase in pH and HCO;™; compensatory rise in PaCO,

Chapter Summary
e There are 4 primary acid-base disturbances.

e The respiratory system regulates CO, and provides a rapid, albeit usually
incomplete, compensatory mechanism for acid-base alterations.

e The kidneys regulate the body’s levels of H* and HC03‘, and thus play an
importantrole in acid-base regulation. Renal compensation is slow, taking
days to fully develop.

e Thefirst step in diagnosing an acid-base disturbance is to determine if it is
an acidosis or alkalosis.

e Following the bicarbonate trail allows one to determine the cause of the acid-
base disorder and thus diagnosis the primary disturbance.

e Thefinalstep in the diagnosis is to determine if the body has compensated.
A calculation is required for this final step.

e Compute the anion gap: Na+ - (CI~ + HCOB“) and remember MUDPILES versus
HARDUP.

e The Davenport plot provides a graphical depiction of the interplay of pH,
HCOB‘, and PaCO, asitrelates to acid-base disorders.
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Endocrinology







General Aspects of the
Endocrine System

OVERVIEW OF HORMONES

Lipid- Versus Water-Soluble Hormones

Figure X-1-1 demonstrates several major differences between the lipid-soluble
hormones and the water-soluble hormones. :

Steroid hormones Peptide hormones and
Thyroid hormones biogenic amines

¥
S n Membrane receptor

) ‘G proteinl s e

Second messengers

/{\\

cAMP Ca?+ IP3 DAG .
: IP3 = inositol triphosphate

J DAG = diacylglycerol

y
Protein phosphorylation/
dephosphorylation |

mRNA

\  / /
\_Protein (enzyme) Enzyme regulation /
“_ synthesis

Figure X-1-1. Signal Transduction Mechanisms
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Receptors

Intracellular
action

Storage

Plasma transport

Half-life

Lipid-Soluble Hormones

(steroids, thyroid hormones)

Inside the cell,
usually in nucleus

Stimulates synthesis
of specific new proteins

e Synthesized as needed

e Exception: thyroid
hormones

e Attached to proteins that
serve as carriers

e Exception: adrenal
androgens

Long (hours, days)
e« to affinity for protein carrier

5 Table X-1-1. Differences Between the 2 Major Classes of Hormones

Water-Soluble Hormones
(peptides, proteins)

Outer surface of the
cell membrane

e Production of second
messengers, e.g., CAMP

e Insulin does not utilize
cAMP, instead activates
membrane-bound
tyrosine kinase

e Second messengers
modify action of
intracellular proteins
(enzymes)

Stored in vesicles

e In some cases, prohor-
mone stored in vesicle
along with an enzyme
that splits off the ac-
tive hormone

Prohormone
stored in vesicle

Active hormone

Inactive
peptide

Dissolved in plasma
(free, unbound)

Short (minutes)
o to molecular weight

. Protein-Bound and Free Circulating Hormones
i The liver produces proteins that bind lipid-soluble hormones, e.g.:

e cortisol-binding globulin
e thyroid-binding globulin
e sex hormone-binding globulin (SHBG)

. Equilibrium

i The lipid-soluble hormone circulating in plasma bound to protein is in equilib-
i rium with a small amount of free hormone. It is the free form that is available
: to the tissues, and thus the free unbound form normally determines the plasma
: activity. It is the free form that also creates negative feedback. This equilibrium is
¢ shown in Figure X-1-2.
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6_ H——H e.g., Cortisol
D T4(and T3)
Bound Free Estrogens
hormone hormone testosterone

Total Hormone in Blood = Bound + Free
Active Hormone = Free Hormone

Figure X-1-2. Transport of Lipid-Soluble Hormones

Role of the liver

If the liver changes its production and release of binding proteins, the circulating
level of bound hormone will change. However, under most conditions the level
of free hormone will remain constant.

Modulation

Liver dysfunction and androgens can decrease and estrogens can increase the
circulating level of binding proteins. For example, a rise in circulating estrogen
causes the release of more binding protein by the liver, which binds more free
hormone. The transient decrease in free hormone reduces negative feedback to
the hormone-secreting tissue. The increased secretion of free hormone quickly
returns the plasma free hormone to normal.

This explains why during pregnancy and other states with a rise in estrogen
levels:

e Total plasma lipid-soluble hormone increases.

o Free plasma hormone remains constant at a normal level; thus, the indi-
vidual does not show signs of hyperfunction.

Hormone Receptors

Hormone specificity

A hormone affects only cells that possess receptors specific to that particular
hormone.

For example, both adrenocorticotropic hormone (ACTH) and luteinizing hor-
mone (LH) increase the secretion of steroid hormones. However, ACTH does so
only in the adrenal corte