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Abstract

As the first step in the oxygen-transport chain, the lung has a critical task: optimizing the exchange
of respiratory gases to maintain delivery of oxygen and the elimination of carbon dioxide. In
healthy subjects, gas exchange, as evaluated by the alveolar-to-arterial PO, difference (A-aDOy),
worsens with incremental exercise, and typically reaches an A-aDO» of approximately 25 mmHg
at peak exercise. While there is great individual variability, A-aDO, is generally largest at peak
exercise in subjects with the highest peak oxygen consumption. Inert gas data has shown that the
increase in A-aDO is explained by decreased ventilation-perfusion matching, and the
development of a diffusion limitation for oxygen. Gas exchange data does not indicate the
presence of right-to-left intrapulmonary shunt developing with exercise, despite recent data
suggesting that large-diameter arteriovenous shunt vessels may be recruited with exercise. At the
same time, multisystem mechanisms regulate systemic acid-base balance in integrative processes
that involve gas exchange between tissues and the environment and simultaneous net changes in
the concegovntrations of strong and weak ions within, and transfer between, extracellular and
intracellular fluids. The physicochemical approach to acid-base balance is used to understand the
contributions from independent acid-base variables to measured acid-base disturbances within
contracting skeletal muscle, erythrocytes and noncontracting tissues. In muscle, the magnitude of
the disturbance is proportional to the concentrations of dissociated weak acids, the rate at which
acid equivalents (strong acid) accumulate and the rate at which strong base cations are added to or
removed from muscle.

"Correspondence to shopkins@ucsd.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stickland et al.

Page 2

Introduction

At rest, pulmonary gas exchange is remarkably efficient. Fresh gas is delivered to the alveoli
by the process of ventilation, and when alveoli are perfused by blood, gas exchange takes
place by the passive diffusion of oxygen into, and carbon dioxide out of the blood. Several
processes are involved: delivery of fresh gas by alveolar ventilation, matching of perfusion
to ventilation such that well-ventilated lung regions are equally well-perfused, diffusion of
gas across the alveolar wall into pulmonary capillary, diffusion of gas through the plasma
and then into the red blood cell. Thus, the primary measure of the efficiency of the process
of pulmonary gas exchange is given by the alveolar-arterial partial pressure difference for
oxygen (A-aDOy) reflecting the difference between the partial pressure of oxygen in
alveolar gas and what subsequently ends up in the arterial blood. Alveolar ventilation is
critically important for the elimination of metabolically produced CO», as alveolar
ventilation that does not increase appropriately with the increased CO, production during
exercise will result in systemic acidosis secondary to CO, accumulation. Thus, alveolar
ventilation is an important mechanism for regulation of acid-base balance.

During exercise, the delivery of deoxygenated blood to the lung increases dramatically and
flux of oxygen across the alveolar membrane must also increase to match tissue demands.
As a first step to understanding the integrative processes outlined above, a brief overview of
pulmonary gas exchange principles are outlined. Next, the normal pulmonary blood gas
responses to exercise are detailed in healthy normal young subjects, and the mechanisms for
the changes with exercise are discussed. Subsequent sections discuss how the gas exchange
responses to exercise may differ between men and women, with normal aging, and at high
altitude. Common techniques for assessment of these mechanisms are also discussed, since
the reader will need a working knowledge of them in reading the literature. It is important to
appreciate that for a variety of reasons, the amount of data collected in healthy normal
exercising subjects is rather small compared to the clinical data collected in patients with
disease. Many researchers are reluctant to obtain direct measures of arterial blood because of
technical difficulties associated with data collection, or have not measured body temperature
during exercise studies where arterial blood gas data is collected. Thus, the gas exchange
section will finish with a review of methodological considerations in gas exchange, followed
by a review of ventilation/acid-base interactions during exercise.

Background Pulmonary Physiology

Alveolar ventilation

The first step in delivery of oxygen to the tissues takes place in the process of delivery of
fresh gas to the gas exchanging portions of the lung, a process termed alveolar ventilation.
However, in the mammalian lung, the functions of ventilation and gas exchange are not
anatomically separate as they are for some other species, notably birds, but are combined
into an organ that does both. Consequently, not all inspired gas reaches the gas exchanging
alveoli, but rather a portion remains in the conducting airways, and is known as anatomic
dead space, reflecting the lack of participation in gas exchange. In addition, the fraction of
alveoli that are either unperfused or are very poorly perfused relative to their ventilation are

Compr Physiol. Author manuscript; available in PMC 2021 July 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stickland et al.

Page 3

termed alveolar dead space. Combined, these are referred to as physiologic dead space (V).
Thus, total expired ventilation (Vg) consists of both alveolar ventilation (V ) and V.

Physiologic dead space can be calculated as a fraction of total ventilation using the Bohr
(20) dead space equation as follows:

VD/VE = (FAC02 - FEC02)/(FAC02 - FICOZ) 1)

where FACO,, A=CO,, and /CO,, are fractional concentrations of alveolar, expired, and
inspired CO, measured dry, and Vg is expired minute ventilation. Equation (1) can also be

expressed in pressure, and assuming that /CO, is zero, results in the following equation:
VD/VE = (PAC02 - PECOZ)/(PACOZ) )

Since there is difficulty estimating PyCO», Enghoff suggested substituting arterial ACO,
(PyCOy) for PACO, in the Bohr equation (60). Assuming alveolar-capillary equilibrium for
CO», P,CO5, respresents a blood flow-weighted mean of the various PACO5 values in the
lung, whereas true mean P5CO, represents a ventilation-weighted mean of PoCO values
(6) and thus the two are not identical. While the effect is relatively small, any ventilation/
perfusion mismatch (VA/Q') or diffusion limitation of CO5 transport or pulmonary shunt

would increase P,CO5, relative to PACO> (6), resulting in an increase in the calculated dead
space fraction.

Once the dead space is accounted for, alveolar ventilation (V ), the delivery of fresh gas to
the alveoli is given by:

VA/VE =1- VD/VE 3)

All of the carbon dioxide in the expired gas comes from alveolar ventilation, and the
alveolar partial pressure of carbon dioxide, PACO,, is related to alveolar ventilation as
(242):

PACO, = (VCOy/V A) e K @)

PaCOs is reported in mmHg, while both the rate of CO, elimination (VCOZ) and V5 are
reported in liter/min. ¥'CO, is always given at 0°C, 760 mmHg, Standard Temperature and
Pressure, Dry (STPD); v 5 and PaCO, are reported under body temperature, ambient

pressure, and Body Temperature ambient Pressure, Saturated (BTPS) with water vapor. The
K is a conversion factor [(273 + #) x 760/273], where ¢= body temperature (273 is 0°C
converted to °Kelvin). K is used to adjust ¥'CO, to body temperature and pressure (and is

equal to 863 mmHg at sea level and at normal body temperature of 37°C) (155, 242).

From Eq. (4), it can be appreciated that for a given rate of carbon dioxide production PyCO»
is determined by alveolar ventilation. As above, the effect of V ,/Q mismatch, shunt and the

diffusion limitation of CO, transport in the lung is considered negligible, and therefore
PpCO, = P,CO, (see later discussion regarding this during exercise).
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Alveolar PO,

If the barometric pressure (Pg) and the inspired fraction of oxygen (/05) and respiratory
exchange ratio (R, the ratio of CO, production to O, consumption) are known, alveolar PO,
(PpO) can be calculated from:

PA02 = [(PB - PHzo) L] FIOZ] - (PACOZ/R) 5
+[PACO, ® F{O5 e (1 — R)/R] ®
It is convention to use the directly measured arterial PCO,, P,CO,, substituted for PACO,
(255). Pg is ambient barometric pressure, and AH,0 is the partial pressure of water vapor at
body temperature. This equation is frequently shortened as:

PpO;y = [(Pg — PH0) ¢ F105] — (PACO2/R) ®)

When R is not measured, it is either assumed to be 1, or 0.8. However, this is only a rough
estimate and for research purposes, the full form of the equation should be used, along with
the appropriate corrections for the saturation vapor pressure of water. At 37°C, PH,0 is 47
mmHg, but AH,0 increases with increasing body temperature and can be estimated by the
formula, accurate to within 1% between 37 and 42°C (146) as:

PH,0 = 5.56 ¢ 271800589 %)

Where tis body temperature (°C) and 2.718 is the Base of Natural Logarithms to 3 decimals
(146). Although PaO5 can be calculated without correcting for the difference in saturation
vapor pressure of water at different body temperatures, it should be appreciated that as body
temperature rises with exercise, this correction becomes increasingly important.

Alveolar-arterial O, tension difference

Using the P5O, calculated from equation 5 and the arterial PO, (P,0,) measured from a
systemic arterial blood sample, corrected for body temperature, the alveolar to arterial
pressure difference for O, (A-aDO, i.e. PAO,-P,05) can be then be calculated. The A-aDO,
is the primary index of pulmonary gas exchange efficiency, and is discussed in detail below.
It is important to recognize that in addition to individual variability in A-aDO,, at rest and
during exercise, an accurate calculation of A-aDO, requires accurate measurement of six
variables: P,05,, body temperature, Pg, £,CO5, ¥0,, and V'CO,, each with an associated

measurement error. Thus, this calculation has variability introduced on this basis as well.

Pulmonary diffusion

As fresh inspired gas is being delivered to the alveolus by the process of ventilation, it
becomes saturated with water vapor and mixed with gas resident in the alveoli. Then,
oxygen must diffuse into, and CO, out of the blood—a passive process. For a hypothetical
homogeneous lung with no v 5/0Q heterogeneity, the physiological definition of lung

diffusion capacity for O, (DL Oy) is:
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DOy = V0,/PAO, - PO, ®)

Where P.0, is the mean PO, passing through the pulmonary capillaries, which is typically
estimated by arterial blood sampling (i.e., assuming that 2.0, = £,0,). This physiological
definition provides that with the increased O, consumption with exercise, the lung must
increase its diffusive capacity to maintain 2,0, and thus 2,0-. However, it is important to
recognize that the lung is overbuilt for most of every day life, and it is generally exceptional
for this to limit arterial oxygenation. For a more comprehensive review of the fundamentals
in pulmonary diffusion, the reader is referred to the Handbook of Physiology—Exercise
chapter on gas exchange (146); however, principles of diffusion will be briefly reviewed here
for the sake of completeness.

Structural determinants of pulmonary diffusion

What components of lung structure determine pulmonary diffusion? The acinus is the largest
structural unit of gas exchange, and consists of respiratory bronchioles, alveolar ducts, and
alveoli. The structural components determining the overall resistance to alveolar gas
diffusion can be conceptualized as an electrical analog model of series resistances:

1/D. = 1/Dg + 1/Dy + 1/Dg ©)

Dy is the overall rate of diffusion capacity of a given gas across the acini; Og is the rate of
diffusion of gas through the alveolar air space from the acinar airways to the tissue
membrane; Dy, is the rate of diffusion across tissue membrane and plasma barrier; Ok is the
combined rate of uptake across the erythrocyte membrane and reaction with hemoglobin.
This conceptual relationship was well summarized previously (146), and therefore, we will
briefly review these components in relation to exercise.

Structural basis of gas phase diffusion resistance (1/Dg)

Convective flux of gas refers to the bulk movement of gas along the airways as generated by
differences between alveolar and mouth pressures, while diffusive flux relates to the passive
movement of gas due to the respective concentration gradients of each gas. At a given rate of
inspiration, convective flux (flow/unit area) is inversely proportional to total airway cross-
sectional area; therefore, convective flux will progressively decrease as the interface of
inspired air moves peripherally even though total flow (flux x cross-sectional area) remains
fixed. Importantly, diffusive flux is independent of total airway cross-sectional area;
therefore, diffusive flux will increase with respect to the concentration gradient as the
convective interface moves peripherally while total diffusive transport (flux x cross-sectional
area) will progressively increase. A peripheral location within the small airways will be
reached where the rate of diffusive transport exceeds the rate of convective transport.
Modeling studies have shown that at this point, airflow almost ceases because of the
reduction in convection transport (221). Mixing between inspired and alveolar gases beyond
this gas phase interface would thus be achieved almost entirely by diffusion, which could
theoretically cause a gas-phase diffusion limitation (146). As the depth of inspiration
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increases, the gas-phase resistance (i.e., the point within the acinar airways where convective
flux has stopped and gas exchange is only occurring with diffusion) is reduced (146). This
reduction in gas phase resistance would theoretically improve overall gas exchange, and may
contribute to the increase in diffusion observed with exercise (70, 95, 120, 130, 133, 134,
148, 305). The importance of the gas phase resistance at rest and during exercise in humans
remains uncertain (146), but there is evidence for it in reptiles with non-alveolar lungs [and
thus large diffusion distances (123)] as well as in horses (119).

Structural basis of pulmonary membrane resistance (1/Dy)

The alveolar capillary membrane resistance is related directly to the available alveolar-
capillary surface area and inversely to the mean harmonic thickness of the tissue-plasma
barrier as illustrated by the equation:

Dy = k surface area/barrier thickness (10)

Where ks the diffusion constant, a function of gas permeability in lung tissue and plasma
(130). The membrane thickness capacity accounts for the conductance of the air-blood
barrier, defined functionally as the tissue (alveolar surface lining layer, epithelium,
interstitial space, and endothelium) as well as plasma regions interposed between alveolar
space and erythrocytes (340). Of note, the mean length of the molecular diffusion path will
vary with spacing between red cells and red cell shape (68, 132). Further, the erythrocyte
deforms into a parachute-like shape as it passes through the capillary (130, 335), which has
the effect of minimizing blood flow resistance (16), but may also reduce diffusion (132),
presumably by shielding portions of the erythrocyte membrane from the capillary surface
and causing greater heterogeneity in the distribution of gas exchange over the surface of the
red blood cell (130, 132).

The functionally effective membrane surface area for diffusion depends on the matching of
alveolar surface area and capillary surface area. Alveolar surface area may be expanded with
exercise by capillary recruitment as well by membrane unfolding and/or stretching
associated with lung inflation (10, 80, 82, 146, 312). As will be discussed later within this
article, there are also data suggesting that exercise may cause interstitial pulmonary edema.
This has the potential to increase barrier thickness, affecting Dy, although it is unclear that
this is a significant contribution to diffusion limitation during exercise (see Section
“Mechanisms of diffusion limitation with exercise”).

Structural basis of erythrocyte resistance (1/Dg)

The resistance to gas uptake within a volume of blood (1/Dg) is determined by the combined
resistances of the red cell membrane and reaction rate with hemoglobin (1/6) and by the
total volume of capillary blood (1/ V).

1/Dg=1/(0eV,) (11)

Capillary blood volume can be expanded by distention and/or recruitment of pulmonary
capillaries secondary to increased microvascular perfusion or pressure. Anatomical capillary
recruitment may occur via augmentation of either plasma or red cell volume; however, only
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augmentation of red cell volume contributes to increased gas exchange (147). With
incremental upright exercise, there is a central shift of blood volume into the thorax (71),
increasing pulmonary arterial, and venous pressures (17, 56, 57, 110, 245, 246, 300 28, 311),
increasing capillary recruitment and capillary distention, and as a result, both pulmonary
capillary blood volume (V;) (120, 148, 338) and surface area for gas exchange are increased.
This increase in capillary recruitment and distention results in reduced pulmonary vascular
resistance with incremental exercise (110, 300, 328) and but also helps to maintain the red
blood cell capillary transit time with increasing cardiac output.

Because of their high binding affinities for Hb, carbon monoxide (5, CO) and nitric oxide
(D_NO) uptake can be used as an estimate of O, O, based on the ratio of Krogh diffusion
constant for the two gases. Alternately, in the presence of a diffusion limitation 5, O, can be
calculated from data using the multiple inert-gas-elimination technique (MIGET). From rest
to peak exercise, Dy O,, D CO, D NO, Dy CO, and V4 all increase linearly with respect to
cardiac output (70, 95, 120, 130, 133, 134, 148, 282, 305). The increase in D with exercise
may come from several sources including: (i) reduction in the gas-phase resistance (i.e., the
point within the acinar airways where convective flux has stopped and gas exchange is only
occurring with diffusion), (ii) unfolding and distension of alveolar septa as the lung expands,
(iii) opening and/distension of capillaries secondary to increased capillary blood volume,
(iv) increased capillary hematocrit, and (v) more homogeneous distribution of erythrocytes
within and among capillaries (130). Studies that have measured either O CO or O NO have
failed to show a plateau with incremental exercise. It may be that there is no true plateau in
Dy with incremental exercise; however, most studies using O CO/D NO techniques have
not measured diffusion above 80% of VOy,ax, that is, at the exercise intensity above which
it is most expected to occur (70, 133, 134, 148, 282, 305). Indeed, MIGET data have
demonstrated the development of a diffusion limitation at high exercise intensities (93, 251,
316), typically in endurance-trained subjects (117), indicating that at high workloads the
increase in O may not be sufficient to maintain adequate O, exchange.

Diffusion between gas and liquid phases

In describing diffusive transfer between gas and liquid phases, in this case alveolar gas and
the blood, (or for CO, from the blood into alveolar gas) differential solubilities must be
taken into account. The Krogh-modified Fick equation to describe diffusion of a specific gas
between two phases is:

dVidt = A[60 X ad/760] e OP/dx 12)

where dV/dtis the volume transferred per unit time (cm3/min) in the x direction; A is the
area in square centimeters through which gas exchange is occurring; a is the Bunsen
solubility coefficient at body temperature in milliliters gas per milliliter of blood per
atmosphere of pressure (i.e., atm™1); dis the diffusion coefficient of the gas in square
centimeters per second,; dP/dx is the partial pressure gradient of the gas in mmHg per
centimeter in the x direction; 60 is s/min and 760 is mmHg/atm; [60 x ad/760] is known as
the Krogh diffusion constant (146).

Compr Physiol. Author manuscript; available in PMC 2021 July 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stickland et al.

Page 8

Rates of diffusion are dependent upon the velocity of random motion particles. Average
Kinetic energy (£k) of different molecules is the same at a given temperature. Since Ex =
mass x velocity?/2, heavier molecules move more slowly and have lower diffusion
coefficients. Thus, diffusion coefficients are directly proportional to mean velocity and
inversely proportional to the square root of molecular weight (Grahams’s law). However, in
liquid or tissue phase, the solubility of a gas must also be taken into account when
examining diffusive gas transport that is highlighted by the diffusion of CO,. CO> is a larger
molecule compared to O, and therefore, based on Graham’s law CO, would diffuse slower
for given concentration gradient; however, CO, has a 20 times greater diffusivity than O.
The reason for this is related to the greater solubility in the alveolar wall for CO; than O,. In
addition, this greater diffusitivity does not necessarily translate into a faster rate of diffusion
equilibrium for CO,, as the diffusivity only refers to transport across the blood-gas barrier
and does not account for CO, transport in blood. The chemical reaction kinetics for CO, are
complex: COs is carried in the blood predominately as HCO3™ after diffusing into the
erythrocyte, undergoing carbonic anhydrase-mediated conversion to HCO3™ and transport
back into the plasma in exchange for chloride (CI7). In the lung, this process is reversed, and
the time constants for HCO3~ CI~ exchange are relatively slow, and thus might contribute to
a diffusion limitation. However, there is now a substantial body of literature that carbonic
anhydrase is also present in the pulmonary capillaries and thus greatly speeds the conversion
of HCO3™ to CO,, overcoming this limitation (41, 72, 73, 159, 240). Thus, we generally
assume that the diffusion limitation of CO» transport in the lung is negligible, and therefore,
that PACO, ~ P,CO,. Experimentally, data are sparse, but this has been suggested to be true
even during very heavy exercise, in the vast majority of individuals (129).

Equilibration index (p./0p)

Given the factors affecting diffusing capacity of the lung discussed above, what is the net
effect on the equilibration of gas across the alveolar-capillary membrane? The equilibration
of a gas with blood in the pulmonary capillary has been modeled on the balance between
diffusing capacity (D) and pulmonary capillary blood flow (Q) as described by Piiper and
Scheid (269). Consider a hypothetically uniform alveolus perfused under steady-state
conditions by a capillary containing a uniform, perfectly mixed volume of blood (the reasons
for these simplifying assumptions are discussed in (228, 324)). A model of this is given in
Figure 1. The rate of transfer of a gas (M) into the blood contained in a tiny cross-sectional

segment of capillary (defined by the length dXx) is given by Fick’s law.

dMy = (P5— P )®dDy (13)

Where Dx s the diffusing capacity for the gas at location adx, Px is its alveolar partial
pressure and Py the partial pressure in the capillary blood at location dx [note that equation
13 is a modified form of Eq. (12)]. This flux of gas creates a change in the gas content of the
blood aCony along this segment as:

d]\lX =Qe dCony (14)
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where Q is steady state perfusion [note that Eq. (14) is just a restatement of the Fick
equation, seen in its more familiar form in Eq. (22) below]. To determine equilibration
between alveolar and end-capillary gas these two equations can be combined, rearranged,
and integrated along the length of the capillary to give:

(Pa — P.)/(Pa — Py) = e~ DLIOB (15)

the coefficient B is the conversion of blood gas content to partial pressure, and is the
effective solubility of the gas in blood (in units of ml gas/100 mL blood per mmHg)
representing the slope of dissociation curve between gas and blood (269). Thus, B can be
calculated as:

p = dCony/dPcy (16)

For inert gases (such as used in the multiple inert gas elimination technique) and to an
approximation for COy, there is a linear relationship, between solubility (i.e., ) and partial
pressure and thus B is a constant. It is evident from Eq. (15) that either an increase in
diffusion capacity or a decrease in the rate of blood flow would allow more complete
equilibration of blood with alveolar gas (113, 269) at any time point along the pulmonary
capillary. In the situation with a minimal extent of diffusion limitation, the amount of gas
exchanged per minute depends on content of incoming venous blood and the rate of gas
equilibration in the blood, times the amount of blood flow per minute (113). When Dy /Qg is

high for a given gas, gas exchange is said to be “perfusion limited”. For example, nitrous
oxide (N,O) is readily soluble in lung tissue (high D) and thus the partial pressure rises
extremely rapidly in the blood. Consequently the rate of N,O gas transfer through the lung is
dependent on blood flow, and therefore perfusion limited. In contrast, CO has a p that is very
high (due to the high affinity and avidity of CO for hemoglobin), and hemoglobin acts as an
almost “infinite sink” for CO. Therefore, the partial pressure of CO in blood rises very
slowly, resulting in very low Dy /Qg (i.e.,D;./Qp~0.03), and thus CO gas exchange is
“diffusion limited.” This makes CO an ideal gas to study lung diffusion (113). Importantly,
oxygen is unique as the oxyhemoglobin dissociation curve (i.e., content/pressure ratio) is not
linear, and therefore, B for O, would vary depending on the location of mixed venous blood
on the oxyhemoglobin dissociation curve (conceptualized in Fig. 2). While in normoxia, the
curvilinear nature of the oxygen hemoglobin dissociation curve means that this approach is
not quantitatively accurate, it is still helpful from a conceptual standpoint. At rest in
normoxia, DL/Qﬁ is approximately 10 for O,, resulting in O, equilibrating within the first
1/3 segment of pulmonary capillary transit (113). As capillary blood equilibrates with PAO»,
O, exchange is, therefore, perfusion limited in this condition. In hypoxia, both PoO5 and
mixed venous O, are reduced. As gas exchange shifts to the steeper part of the O,
dissociation curve in hypoxia, p is increased, causing a reduction in DL/Qﬁ and a prolonged

equilibration time.

From the DL/QB relationship it should be evident that a diffusion limitation for a gas can

develop when D is reduced (i.e., with lung disease), B is increased (i.e., for oxygen under
conditions of hypoxia) or Q is increased (such as with exercise). Exercise is, therefore, a
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particular strain on O, equilibration because of the unique combination of an increase in O
combined with a reduced B secondarily to the reduction in mixed venous O,. When these
changes are large, they may be sufficient to overwhelm any increases in Dy that are
occurring due to increasing pulmonary blood volume with exercise and result in the net
development of a diffusion limitation. There is considerable evidence to show that this is one
of the causes of impaired pulmonary gas exchange. Somewhat paradoxically, in healthy
subjects, impaired pulmonary gas exchange and an increased A-aDO, during exercise occur
most often in endurance athletes. In these individuals, very high cardiac output may impair
diffusion in the lung despite normal (or even supranormal) healthy lungs (see Section
“Pulmonary gas exchange and exercise”).

For oxygen the DL/Qﬁ relationship can be further modeled as (225):

PAO; — PoOy = (PO, — PyOy)(~PLO2/P020) a7

This formula integrates pulmonary perfusion, diffusion, the oxyhemoglobin dissociation
curve, alveolar, and mixed venous PO, to predict the PO, difference between the alveoli and
the end capillary (i.e., A-aDO>) for a given mixed venous PO,. Within this formula, overall
gas exchange efficiency between the alveoli and end capillary (i.e., PAO»-~."O,) would
firstly be improved as mixed venous PO increases, as this narrows the entrance difference
(i.e.,PAO, — PVO,) (269). In addition, as gas exchange efficiency (i.e., Pa0,-P. O5) is
determined by the entrance difference to the negative exponent of DL/QB, as DL/Q[; becomes

larger the difference between PO, and A" O is reduced, and therefore, gas exchange
improved.

Ventilation-perfusion matching

Up until this point, we have been concerned with the delivery of oxygen to the alveolus and
diffusion into the blood, and the same process in the opposite direction for CO5, but the
process does not stop there. It is important to recognize that the lung is not a uniform organ.
Thus, on the airway side, there is heterogeneity in ventilation of the millions of alveoli
within the lung and consequently regional PO, and ACO, varies in the alveolus. Similarly,
on the pulmonary vascular side, pulmonary perfusion is also heterogeneous, and so efficient
gas exchange depends on the optimal matching of ventilation to perfusion such that well
ventilated areas of the lung are also well perfused.

Mass balance of O, and CO, and ventilation-perfusion matching

The basic mass balance equations for O, and CO, provide a basis for quantitatively
understanding ventilation-perfusion matching. Under steady-state conditions, pulmonary gas
exchange obeys the principals of mass balance: this means that the loss of CO, from the
capillary blood is balanced by entry of CO, into the alveolar gas, and similarly for O,, the
gain into the capillary blood is balanced by the loss from alveolar gas. We exploited this
principle in the previous section in discussing diffusion equilibrium across the alveolar wall.
Assuming inspiratory minute ventilation, vy, and expiratory ventilation, Vg are converted to
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standard temperature and pressure, oxygen uptake, and carbon dioxide production on the
alveolar gas side can be calculated as:

VOz = VI [} F102 - VE ° FEOZ (18)
and
VCO, = Vi @ FECO, — Ve FiCO, (19)

Consider the case of a single gas-exchanging unit without dead space. The assumption is
made in this case that there is diffusion equilibrium. For the purposes of this explanation, the
further simplifying assumption is made that the respiratory quotient is 1, and thus the
volume of inspired and expired air are identical. In the alveolus, the volume of oxygen taken
up from the alveolus can be calculated as:

VO, = VA @ Fg(F10; — FgO,) (20)
and the corresponding volume of CO, evolving into the alveolus is:
VCOZ = VA e (FgCO, — FiCOy) (21)

When combined with the Fick equations for O, and CO, and solved for V' 5/0, this allows

the effects of ventilation perfusion inequality on pulmonary gas exchange in a single gas
exchange unit to be described. The Fick equation describes the uptake of oxygen into the
blood:

VOZ = Q . (CaOQ — CvOz) (22)

Under steady-state conditions, the equations describing blood and gas oxygen exchange can
be combined using K'as a conversion factor from fractional concentrations to partial
pressures (and to allow for the fact that gas concentrations are STPD and ventilation
volumes are BTPS) and solved for v o/Q as

VAlQ = K ¢ (C,0; — C50,)/(P{O; — PAOy) (23)
A similar equation can be written for CO, and takes the form:
VAlQ = K o (C;CO, — C,CO5)/(PACO, — PiCO) (24)
Since the inspired partial pressure of CO, is very low, this can be simplified to

VA/Q =Ke (CVCOQ — CaC02)/(PAC02) (25)

Equations 23 to 25 point out the intimate relationship between oxygen and carbon dioxide
that are inextricably linked by the v 4/Q ratio in a gas-exchanging unit. Note that these

relationships can also be derived for the whole lung without the simplifying assumptions
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above. For CO5, in the whole lung, since PACO, is dependent on alveolar ventilation, the
equation is the same. However, the derivation for oxygen is much more complicated and the
reader is referred to (241, 242, 254, 255), for further explanation.

Ventilation-perfusion matching; effect on gas exchange

The precise matching of ventilation to perfusion is one of the primary determinants of the
efficiency of pulmonary gas exchange. The relationship between ¥ /0 ratio and alveolar gas
concentrations can be visualized graphically in the O,-CO, diagram [Fig. 3 from Farhi (67)].
From this, it can be appreciated that in a given alveolus, as ¥ o/Q ratio falls, the PO, and
PCO, in the blood leaving that alveolus approaches pulmonary mixed venous blood. In the
extreme case, ventilation is absent and pulmonary mixed venous (deoxygenated) blood
enters the systemic circulation. This region of the lung that is perfused but not ventilated is
termed a shunt, and when present results in a significant increase in A-aDO, and a
corresponding reduction in arterial oxygenation. On the other hand, as V 5/Q ratio rises, the

PO, and ACO,, in the blood leaving the alveolus approaches the inspired concentrations.
Portions of the lung with extremely high vV 5/0 ratios are termed dead space ventilation—

areas of the lung that are ventilated but not perfused. This is in essence “wasted” ventilation,
lowering the local PACO», but doing little to change ~,05.

The reason for this is because of the alinearity of the oxygen-hemoglobin dissociation curve,
in contrast to a nearly linear CO, dissociation curve (342, 345).V »/Q mismatch affects both
0O, and CO,, leading to an increase in Z,CO, and a decrease in P,0,. The high ventilation
does little to increase ~,0, because the blood leaving the well-ventilated units of the lung
are already on the flat part of the oxygen-hemoglobin dissociation curve and almost fully
saturated with O,. This effect is commonly seen in patients with lung disease such as
chronic obstructive pulmonary disease, where V /0 mismatch results in hypoxemia but near

normal arterial CO,. As a result of the reduced ~,0,, the peripheral chemoreceptors are
stimulated, increasing alveolar ventilation, reducing PyCO, and thus P,CO,. However,
increased ventilation of the high ¥ 4/0 sections cannot “make up” PO, for the low V 5/0
sections because in high V7 4/0 regions large changes in partial pressure are associated with
only minimal changes in content, and therefore hypoxemia is maintained. In contrast,
because the dissociation curve for CO, is much more linear, the ACO, of the blood leaving
the high ¥ 4/0 units is lowered as compared to the low ¥ 4/Q regions, and the net effect is

that 2,CO, will be maintained at nearly normal levels. This can be seen in Figure 3, where
an increase in the v 4/Q ratio from 1.3 to 7.4 halves ACO, but PO, increases by less than

20%.

At rest, in healthy normal people, the distribution of ventilation-perfusion ratios amongst the
millions of gas-exchanging units in the lung is centered at approximately 1, consistent with
the ratio of overall resting alveolar ventilation (~5 liter/min) to overall perfusion (cardiac
output also ~5 liter/min). However, it would be a mistake to think of the effects of V'5/0

inequality on gas exchange efficiency only in terms of overall v 5 and overall Q. This is
because the heterogeneity about these overall means, and how well regions of relatively high
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V  are matched by relatively high Q is a major determinant of the effect on gas exchange. In
resting normal subjects, the distribution of V5 and Q are relatively uniform, although there is
a well-described gravitational gradient in V' /0 ratio in addition to other factors that
contribute to heterogeneity [see reference (83) for review]. However, during exercise the
distribution of ¥ /0 widens and becomes less uniform, and may form a significant
contribution to gas exchange impairment during exercise as discussed below in the Section
“Pulmonary gas exchange and exercise”. Note the assumption that there is diffusion
equilibrium may not always be the case for oxygen during exercise, particularly during
hypoxic exercise or at very high cardiac outputs, as discussed in the Section “Pulmonary gas
exchange in hypoxia”.

Pulmonary gas exchange and exercise

Now that the basic components of pulmonary gas exchange have been introduced,
pulmonary gas exchange during exercise with respect to these components can be evaluated.
Figures 4 and 5 show temperature-corrected arterial blood gas data obtained from 32 healthy
normal athletic subjects (15 males and 17 females) during progressive cycle exercise from
pre-exercising rest to ¥O,may, documenting the changes in the A-aDO,, A,CO; and A,0,. It

should be noted that pre-exercise does not represent a true resting condition as the subjects
are on the cycle ergometer, breathing through a mouth piece, anticipating exercise, and
therefore, are hyperventilating compared to a true resting baseline. In addition, some of the
A-aDO», values are calculated as negative, which likely represents measurement error,
reflecting the inherent lack of steady state conditions of these pre-exercise data. The general
patterns of gas exchange responses are largely similar when the data are plotted as a
percentage of ¥O,ax fOr the same group of subjects, as in Figure 5. It can be appreciated

that although the efficiency of gas exchange as measured by the A-aDO, deteriorates with
increasing exercise intensity, 2,0, is largely maintained until the oxygen consumption is
greater than 50 mL/kg/min. However, during very heavy exercise approaching ¥ Oomax, in
some individuals the 2,0, may fall. This is secondary to a substantial increase in A-aDOo,
in combination with a lack of increase in PyO because of a blunted hyperventilatory
response to heavy exercise. Although most of the subjects who have an A-aDO, greater than
25 mmHg are exercising at a VO, above 60 mL/kg min, there are still some who experience

an A-aDO, greater than 25 mmHg at a V0O, of less than 50 mL/kg/min. A significant fall in

P,0, (> 10 mmHg) and hemoglobin saturation (S;0,, >5%) from rest can be sufficient to
compromise oxygen transport and is termed exercise induced arterial hypoxemia (EIAH-
discussed below) (47).

Pulmonary gas exchange during submaximal exercise

From rest to moderate-intensity exercise, there is a proportional increase in alveolar
ventilation, and as a result there is little change in 2,0, from the pre-exercise values. As
seen in Figures 4 and 5, many subjects hyperventilate, as indicated by a reduction in 2,CO,
pre-exercise and at low exercise intensities, but this is largely an artifact of the laboratory
setting. Once exercise intensity increases beyond approximately 60% to 80% of maximal
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oxygen uptake, ventilation increases disproportionately to metabolic demand, resulting in a
reduced P,CO5 and an increased PoO». This effect is beneficial for the regulation of acid-
base balance because the acidifying effects of CO, are more than completely eliminated,
thus providing some compensation for the metabolic acidosis associated with increased
arterial [lactate] and [protein]. Pre-exercise there is minimal gas exchange impairment
observed in young healthy subjects (i.e., A-aDO, is <5 mmHg), and A-aDO, tends to
increase linearly with incremental exercise reaching a peak at VOsp,.x (Fig. 4). As P,CO,

and PpO, are typically well maintained from pre-exercise to moderate exercise, and A-aDO,
is low, 2,0, is usually maintained close to pre-exercise levels up to moderate intensity
exercise (see Figs. 4 and 5). A reduction in A,0, during submaximal exercise has been noted
in some highly trained subjects (250) as well in some less well-trained women (100), and
has been ascribed (particularly in women) to an inadequate ventilatory response to exercise
(250) (see Section “Sex and pulmonary gas exchange”).

Pulmonary gas exchange during maximal exercise

Although the time spent in maximal exercise is limited in duration for any one individual, it
is of great interest from a physiological standpoint because it represents the greatest stress to
the pulmonary system. The blood gas responses to exercise near VO, .« are shown in Figure

6, which shows the ~,0,, £,CO,, and A-aDO,, from cycle and treadmill exercise tests in
198 healthy normal subjects exercising at 90% to 100% of ¥ Oy ppax. The VOomax OF these

subjects spans the physiological range for healthy normal subjects varying from 30 to
approximately 80 mL/kg/min. Of note, the pulmonary gas exchange response to exercise
varies with the mode of exercise even among the same subjects exercising at the same
absolute and relative oxygen consumption (78, 118). Some of these differences relate in part,
to differences in alveolar ventilation, as 2,CO, is greater during running than cycling
exercise; nonetheless the A-aDO, is greater during running (118) than during cycle exercise
for reasons, that are obscure. However, irrespective of exercise modality, a common pattern
emerges: there is an inverse relationship between ¥ Oopax and P05 at ¥ Oopax SUch that,
paradoxically, individuals capable of extraordinary levels of aerobic work have on average a
lower P,0,. However, as can be seen from Figure 6A, the 2,05 during very heavy exercise
is highly variable even among populations of similar aerobic fitness. For example, at a V0,
of 70 mL/kg/min the P,0, varies from 110 to 53 mmHg and even at a more modest level of
VOomax. there is a similar range of responses. Also notable is the large variability in the
P,CO, during maximal exercise. As seen in Figure 6B, the majority of subjects show a
hyperventilatory response to maximal exercise and with few exceptions 2,CO5 is less than
40 mmHg. On average, there is a weak positive association with VO,,,.x SUch that subjects

with a higher V0,,« have a greater 2,CO,.

Exercise-induced arterial hypoxemia

Exercise-induced arterial hypoxemia (EIAH) refers to a decrease in 2,0, and/or the
saturation of hemoglobin in arterial blood with exercise. EIAH has been has been
comprehensively reviewed (47,117) and defined in several ways depending on the research
question at hand. For questions related to systemic oxygen transport and delivery, arterial
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oxygen saturation (S;05) is the best indicator of the consequences of EIAH, whereas for
questions concerned with the efficiency of gas exchange, then the extent of the increase of
the A-aDO, with exercise is more appropriate. Similarly, when the ventilatory response to
exercise is under consideration, then the arterial ACO, can be used. Within these guidelines,
mild EIAH is defined as a 5;0, of 93% to 95% (or a decrease of 3—4% from rest), moderate
EIAH as a S;0, of 88% to 93%, and severe EIAH as a 5,0, of less than 88%. Similarly, an
A-aDO, greater than 25 mmHg is consistent with a mild gas exchange inefficiency, and an
A-aDO> greater than 35 to 40 mmHg consistent with a severe gas exchange impairment
(47). It is important to consider 2,CO5, because many subjects will maintain their arterial
PCO,, to within a few mmHg of resting values until close to V0, ON a graded exercise

test as seen in Figure 5, and thus especially during submaximal exercise, the
hyperventilatory response to exercise may be inadequate. A 2,CO; at ¥ Oypay in the 35 to 38

mmHg range represents a borderline hyperventilatory response and 2,CO5 greater than 38
mmHg, an absent hyperventilatory response (47). The use of these different criteria allows
for identification of the key components of EIAH, which individually may not result in a
decrement in 2,0, or S,0,. It should be noted that EIAH is not confined to humans and is
especially notable in the horse which develops a large A-aDO, during maximal exercise
associated with a considerable decline in 2,0, (to ~70 mmHg) and S;0, (~88%) (272, 329).
Although EIAH is often most pronounced at maximal exercise, some subjects develop a
reduction in 2,04 even during moderate exercise (100,250) and this is suggested by some
authors to be exaggerated in women (see Section “Sex and pulmonary gas exchange”).

While most exercising humans show an increase in AaDO, with exercise, when arterial
blood gas data are directly acquired and corrected for body temperature, EIAH as indicated
by decreased P,0, affects a minority of healthy individuals. As seen in Figure 6, it is only
above an oxygen consumption of 55 to 60 mL/kg/min that the average A-aDO> is greater
than 25 mmHg, and the average 2,05 less than 90 mmHg—the boundaries of the normal
response (47). Thus, it is important when using this information in the clinical evaluation of
patients that despite the attention given to pulmonary gas exchange and EIAH in the
research literature, that EIAH is uncommon in all but the most highly aerobic athletes. Other
explanations should be sought for the increased A-aDO, and the decreased 2,05 in an
individual who presents with cardiorespiratory symptoms. In addition, it is essential that the
blood gas data be corrected for temperature before conclusions are drawn, as failure to do
this will lead to an underestimation of 2,0, and 2,CO5, and as a result an overestimation of
the calculated PpO, and A-aDO>, (see Section “Temperature correction of arterial blood
samples” for further discussion) (278). Also, it is essential that blood gases and oxygen
content are directly measured and that EIAH is not inferred from measurements made with
pulse oximetry because of the very limited validity of these devices during exercise (see
Section “Pulse oximetry”).

Mechanisms of exercise-induced alterations in pulmonary gas exchange

The effect of exercise on pulmonary gas exchange is perhaps best understood when
consideration is given to the contributions of the four causes of hypoxemia as classically
defined by: hypoventilation (i.e., inadequate alveolar ventilation), diffusion limitation,
ventilation-perfusion mismatch, and shunt.
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Alveolar ventilation and pulmonary gas exchange

Assessment of alveolar ventilation

The alveolar ACO,, is a balance between the rate of replenishment of CO, diffusing out of
blood perfusing the pulmonary capillaries and the rate of removal by the process of alveolar
ventilation as seen in Eq. 3. A,CO5 is used as an indicator of the adequacy of alveolar
ventilation, which assumes that that the alveolar-arterial difference for CO5 is negligible. If
steady-state conditions can be assumed, and arterial blood gas and expired gas data are
available, then fractional physiological dead space ventilation can be calculated during
exercise using Enghoff’s modification (60) of the Bohr equation (20).

Vp/Vr = (PaCOZ - PECOZ)/(PaCOZ) (26)

If the tidal volume is known, then V 5 can be quantified. The multiple inert gas elimination

technique (64, 326, 331) (MIGET), which is described in more detail below, also allows for
the calculation of dead space in a similar manner using gases of high solubility such as
acetone and ether.

Alterations in alveolar ventilation with exercise
Figure 6B shows the relationship between V0, and P,CO, during exercise near ¥Osax in
175 of the subjects from Figure 6A and Figure 7 shows the relationship between 2,CO, and

P,0, in these same individuals. It can be appreciated that very few of these subjects have
overt hypoventilation and the P,CO, is almost always less than 40 mmHg at ¥Oypax. The

vast majority of subjects (114, ~70%) have an adequate hyperventilatory response as defined
as by Dempsey and Wagner (47) although a minority (7= 12, ~7%) exhibit a minimal
hyperventilatory response. This minimal hyperventilatory response is implicated as a
contributor to EIAH (45, 103, 203, 235), as the failure to lower PACO> limits the increase in
Pn0O5 with exercise. However, even in the subjects with an absent hyperventilatory response,
the variation in 2,0, is substantial and across all subjects 2,0, is only loosely associated
with P,CO» across all subjects (Fig. 7).

Mechanisms for limitation of alveolar ventilation with exercise

A number of mechanisms for inadequate hyperventilation are possible including: a
decreased peripheral chemoreceptor function (103), respiratory muscle fatigue (142), and
mechanical constraints imposed on inspiratory and expiratory flow (145, 203), with the last
explanation the most likely. In young fit subjects, almost all of the maximal expiratory flow-
volume (MEFV) curve may be approached during exercise (145) and even when helium-
oxygen mixtures are used to remove expiratory flow limitation EIAH is not completely
abolished (203). Also, although ventilatory muscle fatigue may not play a major role during
short-term maximal and very low intensity exercise, respiratory muscle fatigue has been
demonstrated during high intensity exercise (142), where it may further contribute to relative
hypoventilation.
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Ventilation-perfusion matching and exercise

Assessment of ¥ 4/0 matching during exercise

Most of the quantitative information on v 4/Q matching has come from a technique known

as the multiple inert gas elimination technique (64, 326, 331), MIGET, which can be used to
study resting gas exchange in both health and disease and also can be applied during
exercise. Using MIGET, the relative contributions of ¥ 4/0Q inequality, diffusion limitation of

oxygen transport, and intrapulmonary shunt to the A-aDO, can be estimated (93, 95). To do
this, relationships between arterial, expired and mixed venous concentrations of trace
amounts of marker gases dissolved in saline and infused intravenously, are used to solve for
the distribution of v 4/Q ratio in multiple gas exchange units. These marker gases are inert,

meaning that they do not participate in chemical reactions in the blood, and obey Henry’s
law; that is, they have linear relationships between solubility and partial pressure. After
approximately 20 min to allow for equilibration at rest, or 2 to 3 min during exercise, arterial
and pulmonary mixed venous blood samples are obtained from indwelling catheters. In
addition, mixed-expired air samples are obtained by expired gas sampling from a heated
mixing chamber. With an independent measure of cardiac output, the pulmonary mixed
venous concentrations can be calculated by the Fick principle (333), eliminating the need for
pulmonary arterial sampling. After the blood samples undergo equilibration with nitrogen
and extraction, the concentrations of the inert gases are measured in all samples using gas
chromatography. For a homogenous lung at a specified Va/Q, the values for P and P, are
described by the equation:

Pyl Py = PAl Py = Al(A+VA/Q) (27)

where P, Pg, and Py are the arterial, mixed venous and alveolar concentrations of each gas

respectively, and A is the blood gas partition coefficient. The concentrations of the exhaled
gases (Pg) are diluted by the anatomic dead space, so that Px is obtained by dividing the

measured Pg by (1 — Vp/V/7) gases, where Vp/V/ris the fractional Bohr dead space. Six

gases, each separated by a decade in A, gives sufficient resolution to evaluate lung function,
with low-solubility gases such as SFg (A ~ 0.0005) sensitive to shunt (VA/Q = 0) and ether

(A~ 10) and acetone (A ~ 300) sensitive to dead space (V' o/0 = ) (114, 332).

Because a normal lung is a mixture of units with different v 5/Q ratios, for each of the six

gases, the measured value for P, will be greater than the homogenous value, and the value
for Pa will be less than the homogenous value. The MIGET model chooses the distribution
of ¥ o/0 units that best fits with the measured P, and P values obtained for each of the six

inert gases. Thus, in a hypothetical homogeneous lung without dead space (i.e., V /0

matching is perfectly uniform), there is no alveolar-arterial difference for the inert gases
(i.e., the inert gases are fully in equilibrium with alveolar gas) and thus P,/ Py = PA/Py

However, in the presence of V7 4/O mismatch, inert gas P, becomes greater than Pa as
elimination of the inert gas is impaired (114). Thus, the effect of 1 5/0 inequality is to
increase the retention of any gas (R, the ratio of P,/Py) and decrease the excretion (£, the
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ratio of P5/Py). The effect of dead space ventilation is to decrease the excretion of the gas,

but has no effect on the retention since dead space ventilation does not come in contact with
the blood perfusing the alveoli.

MIGET is quantitative, and there are several ways of describing these data (114). For
example, the alveolar-arterial difference for each gas can be plotted as a function of A (on a
log scale), and the area under this curve calculated. A larger number implies a greater A-a
difference and more v 5/Q inequality (114, 346). Alternately, the distribution of ventilation

and perfusion can be expressed as a function of ¥ 5/0 ratio. MIGET modeling of the ¥ 4/0

distribution considers the lung “as if” it were comprised of fifty individual gas exchange
units with different 1V ,/0 ratios equally spaced on a logarithmic scale. Total ventilation and

cardiac output are partitioned between the 50 ¥ ,/O compartments to minimize error
between data predicted from the modeled V 5/0 distributions and experimentally measured

data (63, 139, 332). The LogSDV and LogSDQ (the standard deviation of the ventilation and
perfusion distributions derived using the 50-compartment model, respectively) are used to
express the global extent of ¥ 5/0 inequality with larger number representing more v 5/0

inequality (330) (Fig. 8).

The MIGET technique also quantifies intrapulmonary shunt and dead space ventilation—the
extremes of ventilation-perfusion inequality, where V o/Q ratio is zero or infinite. Since in

terms of gas exchange, blood flow to regions with a ¥ 5/0 ratio less than 0.005 is
indistinguishable from shunted blood it is characterized as shunt, and similarly ventilation to
regions with a v 5/Q ratio greater than 100 is characterized as dead space ventilation.
Importantly, for the application of MIGET to the study of exercise gas exchange, once the
distribution of ¥ 5/0Q units is obtained from the inert gas data, then a predicted value for
P05 and P,CO, can be calculated, using the relationship illustrated by the O,/CO, diagram
in Figure 3, where each value of ¥ ,/Q corresponds to a unique pair of predicted values for
P,0, and P,CO,. This is important, as it allows quantification of the contribution of V' 5/0
mismatch and shunt (with the exception of that from the bronchial circulation and thebesian
veins) to the A-aDO,. The contribution of diffusion limitation is thus obtained indirectly as
the amount of A-aDO, not accounted for by ¥ »/Q mismatch and shunt.

Alterations in ventilation-perfusion matching with exercise

V a/Q inequality accounts for almost all of the A-aDO; (35, 76, 93, 124, 251, 316) at rest

(Fig. 9). There is a small contribution to A-aDO, from venous admixture (i.e., physiological
shunting) as a result of the bronchial and thebesian circulation returning deoxygenated blood
to the left ventricle (see discussion below). As exercise intensity increases, the extent of

V A/Q inequality increases, as does the A-aDO,. As can be seen from Figure 9,V 4/0

inequality accounts for the majority of the A-aDO, until VO, is greater than approximately
40 mL/kg/min. Then the observed A-aDO, cannot be accounted for by vV /0 inequality and

diffusion limitation of oxygen transport likely contributes to A-aDO». In some individuals,
V A/Q inequality may comprise up to 60% of the A-aDO, at VOyax (124). However, the
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effects of ¥ 5/0 inequality on gas exchange are mitigated in part by the overall increase in

V A/0 ratio of the lung as a whole, consistent with an approximately 20-fold increase in
ventilation from rest to VO, ., compared to a fivefold increase in cardiac output. Thus, in
Figure 9 the A-aDO, accounted for by ¥V o/0 mismatch increases with a lower slope than the

overall A-aDO,. This effect can be conceptualized in Figure 8 which shows a graphical
representation of 2,0, versus V' 4/Q ratio with the distribution of perfusion to different

V A/Q ratios overlaid. It can be appreciated that compared to rest,V” /0 inequality increases
slightly with exercise, as demonstrated by a broadening of the distribution of ¥4/ ratios.
Importantly, however, the overall 1V ,/Q ratio (i.e., peak or mean ¥ »/Q ratio) increases with
exercise as demonstrated by a rightward shift in the ¥ 5/0 distribution. Because of this
rightward shift, the well-documented broadening of the ¥V 5/0 distribution with exercise has
a limited effect on the units of relatively low v 5/Q ratio that will cause a widening of the A-
abDO0s.

Mechanisms of increased V 5/Q inequality with exercise —exercise-induced pulmonary

edema

With incremental upright exercise, there is a central shift of blood volume into the thorax
(71), increasing both right and left ventricular filling pressures (245). Reeves and Taylor
(247) have shown that approximately 80% of the variance in mean pulmonary artery
pressure is due to pulmonary arterial wedge pressure (i.e., left-ventricular end-diastolic
pressure) (311), and therefore pulmonary arterial and pulmonary arterial wedge pressures
both increase with exercise (17, 56, 57, 110, 245, 246, 300, 311, 328). The rise in pulmonary
vascular pressures distends and recruits pulmonary capillaries, increasing capillary blood
volume, the area for gas diffusion, and diffusion capacity (148). The distension of
pulmonary vessels, combined with capillary recruitment, results in reduced pulmonary
vascular resistance with incremental exercise (300, 328). In addition, capillary recruitment
helps to offset the increase in cardiac output and maintain red blood cell capillary transit
time.

Importantly, the pulmonary microcirculation has evolved to maximize gas exchange
efficiency, and as a result, vessel walls are very thin and distensible. West has calculated that
there is a considerable increase in pulmonary capillary wall stress with exercise which
greatly increases the risk for exercise-induced hydrostatic pulmonary edema, or even stress
failure (343, 344). Indeed, there is evidence suggesting that pulmonary edema, or vascular
damage, does develop with exercise (31, 98, 127, 206, 355).

Exercise-induced pulmonary edema, if present, could be a cause of ¥ »/Q mismatch.

Interstitial edema fluid would be expected to distort the surrounding architecture of the
alveoli and capillary network. Altered airway and blood vessel diameter resulting from the
presence of cuffing would affect distribution of air flow and blood flow in the lung (121). In
addition, alveolar interstitial fluid may alter regional lung compliance with further
impairment of airflow distribution in the lung (29, 121). The pattern of the increased V 5/Q

mismatch with exercise is consistent with interstitial edema being the mechanism (76, 93,
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94, 121, 124, 219, 231). Although this has not been conclusively established, there is
considerable indirect evidence: when comparing those who increase ¥ ,/O mismatch during

exercise to those who do not show an increase with exercise, there are differences in V5/Q
mismatch in recovery. Those who increase ¥ ,/Q mismatch during exercise also have greater
V /0 mismatch in recovery which persists beyond the point at which ventilation and cardiac

output normalize to pre-exercise levels (268). Hypoxia and hyperoxia alter pulmonary
arterial pressures and thus capillary filtration, and therefore, administration of different
inspired oxygen concentrations would show a predictable pattern on ¥ /0 mismatch.

Consistent with the theory that interstitial edema causes V 5/Q mismatch, exercise in
normobaric hypoxia causes a greater increase in ¥ /O mismatch than in normoxia, and this
increase is relieved by breathing 100% oxygen (93). Additionally, the extent of V' 5/0

mismatch increases with exercise duration even at relatively low exercise intensities (121).
Finally, prolonged exercise makes the distribution of pulmonary blood flow less spatially
uniform (29), as would be expected from compression of small blood vessels, and the extent
of this derangement is correlated with the degree of v ,/Q mismatch previously measured by

MIGET. Possible alternate mechanisms for the increased ¥ /Q mismatch with exercise

include heterogeneity of hypoxic pulmonary vasoconstriction (137) reduction of gas mixing
in large airways (319) or heterogeneity because of increased ventilation alone.

The occurrence of exercise-induced pulmonary edema is still debated (128), and there is
evidence against exercise-induced pulmonary edema playing a significant role in pulmonary
gas exchange. Not all studies have been able to document evidence of pulmonary edema
following exercise using various techniques (55, 90, 115, 195), which may be due to some of
the basic limitations of these techniques as well as the difficulties in quantifying subclinical
pulmonary edema during/following exercise which typically involve a delay between
termination of exercise and assessment. Repeated exercise does not further impair gas
exchange (292, 356). In addition, no study has successfully linked anatomical evidence of
edema with impairments in pulmonary gas exchange as assessed by MIGET or the A-aDO-.
Interventions that acutely increase pulmonary arterial pressure, pulmonary arterial wedge
pressure, and therefore, pulmonary capillary wall stress during exercise have not been shown
to affect gas exchange efficiency as measured by the A-aDO, (259, 301). Finally, if
pulmonary edema were to develop regularly with exercise, it could be argued that significant
edema would be more frequently observed, such as in the thoroughbred horse, which
develops pulmonary capillary stress failure but not typically pulmonary edema (222, 350).

Diffusion limitation

Assessment of diffusion limitation of oxygen transport during exercise

Diffusion limitation of gas transport is comprised of two components, (i) gas-phase diffusion
limitation where alveolar air is not perfectly mixed and (ii) alveolar-capillary membrane
diffusion limitation representing a failure of complete equilibrium from across the alveolar
wall. While both have the potential to affect gas exchange, the effect of gas-phase diffusion
limitation is thought to be small, particularly during exercise where high flow rates are
expected to improve gas mixing. Many of the techniques used to measure diffusing capacity
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of the lung can also be used during exercise (see Section “Measuring pulmonary diffusing
capacity”). However, perhaps the most information has come from MIGET studies, which
indirectly assessed the contribution of diffusion limitation to the A-aDO, and pulmonary gas
exchange.

Calculating diffusion limitation with MIGET

In contrast to the respiratory gases, the inert gases that are infused during MIGET studies do
not demonstrate measurable diffusion limitation in their elimination from the lung. An
important factor determining diffusion equilibrium is the ratio of solubilities of a gas in the
alveolar wall (a) to solubility in blood (B). In the previous discussion of diffusion
equilibrium, a is a component of diffusing capacity for a gas (D). Unlike oxygen, the
solubility of an inert gas in the alveolar wall is similar to its solubility in blood and thus the
ratio of a/p is approximately 1. However, for respiratory gases B is much higher than a.. For
oxygen, the ratio of a/f = is 1/27 and for CO, 1/11, thus they are more vulnerable to
diffusion limitation than inert gases. If lung structure showed a significant diffusion
limitation for inert gases, then the limitation of O, exchange would be so severe as to not be
compatible with life.

The extent of pulmonary diffusion limitation is inferred by estimating the contribution of
V A/Q inequality and intrapulmonary shunt, as measured by inert gas data to the A-aDO, and

attributing the remainder to diffusion limitation. The problem with this approach is that it is
an indirect estimate of diffusion limitation, and cannot distinguish the contributions of
pulmonary O, diffusion limitation from postpulmonary shunting (e.g., from bronchial and
thebesian veins) toward the overall A-aDO,. Pulmonary shunting at rest via the bronchial
and thebesian veins is believed to comprise less than 2% of total cardiac output (93, 316,
328) and it is argued that it is unlikely to change proportionally with exercise. Studies
conducted during hypoxia, indicate that such shunts would have to increase to 10% to 20%
of cardiac output to explain the contribution to the A-aDO, (251, 316). It has been suggested
that since such shunts are anatomic, they will not change with /0O, however as mentioned in
the section on shunt, the agitated saline contrast data suggest that this may not be strictly
true for pulmonary arterio-venous pathways. It is generally thought that extrapulmonary
shunting contributes a very small amount to the overall A-aDO,, as extrapulmonary shunt
likely comprises a relatively small amount of cardiac output.

Effect of exercise on diffusion equilibrium

As described earlier (in Section “Structural determinants”), there are several factors that act
to optimize the diffusion of oxygen across the alveolar wall during exercise, and reduce the
extent of diffusion limitation. These changes include reduced gas-phase diffusion resistance,
distension, and recruitment of capillaries secondary to increased capillary blood volume and
increased perfusion pressures and an increase in hematocrit and optimized red cell spacing
(130). Nonetheless, there is considerable evidence that diffusion equilibrium fails during
heavy exercise in some cases. The vast majority of data comes from studies using MIGET
with the contribution of diffusion limitation estimated as described above. In healthy normal
subjects, diffusion limitation is evident in subjects exercising at oxygen consumptions above
approximately 3 liter/min or 40 mL/kg/min (Fig. 9) (93, 316) and is increased by increasing
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exercise intensity and moderate hypoxia (15, 94, 251). In highly trained athletic subjects, the
extent of diffusion limitation has been suggested to distinguish those who develop EIAH
from those who do not develop EIAH (117, 251).

Mechanisms of diffusion limitation with exercise

Dempsey et al. (45) proposed that a diffusion limitation may develop during high-intensity
exercise due to an inadequate time for oxygen equilibration, across the blood-gas barrier. As
noted above, capillary recruitment during exercise helps maintain capillary transit time. One
study estimated that the capillary blood volume plateaus at an oxygen uptake of
approximately 3.5 liter/min (338); however, there were two important limitations to this
study: first, the study used Oy CO and Dy NO to estimate capillary blood volume. Since NO
is a pulmonary vasodilator this could affect the measurement. Second, the difficulty of the
measurements meant that the highest exercise intensity evaluated was 80% of V0, max, and

thus the physiological range of exercise was not evaluated. In athletes who can exercise
above 4.5 liter/min, and with a cardiac output more than 32 liter/min, mean pulmonary
capillary transit time is expected to drop below 0.33 s, and thus infringe upon equilibration
time. Importantly, capillary transit time is likely to vary throughout the lung, and therefore, it
may not be mean capillary transit time that is the critical factor. Rather, the distribution of
transit times through the pulmonary capillaries, and the volume of blood exposed to very
low transit times may result in a diffusion limitation and increase in the A-aDO5. Studies
measuring whole lung red cell transit times (i.e., from right ventricle to left atrium)
demonstrate a marked heterogeneity in transit times that if present to a similar extent in the
pulmonary capillaries would support this idea (120). Also, data obtained from the multiple
inert gas elimination technique would tend to support the reduced transit time hypothesis, as
a diffusion limitation as measured by MIGET typically develops at oxygen uptake more than
2.5 liter/min (93, 124, 251, 328).

Both red cell capillary transit time and whole lung pulmonary transit times fall with exercise
(120, 338, 357) but unequivocal evidence to show that transit times approach the
hypothetical minimum time (120, 338) for oxygen equilibration is lacking. In part, this is
because the techniques used to measure pulmonary transit time either measured whole lung
pulmonary transit of red blood cells, (however, capillary transit time is the important
variable for gas exchange), or used inspired gases that can alter the physiological conditions
of measurement.

Also arguing against reduced transit time as the likely mechanism for diffusion limitation
during exercise is the observation that subjects who develop MIGET evidence of diffusion
impairment often do so at submaximal levels of exercise (251), where presumably capillary
recruitment is not maximal and transit time is not minimal. However it is the ratio of
diffusional (D) to perfusional (3Q) conductance that determines the completeness of end
capillary equilibration (226, 227) as previously discussed. Subjects with EIAH have a lower
DL/Qﬁ compared to those who do not develop EIAH (251). Thus, it is possible that the

perfusional conductance (i.e., cardiac output) is recruited more quickly than diffusional
conductance (i.e., Dy and V) causing diffusion impairment even at relatively low levels of
exercise. Isolated lung studies that have attempted to replicate exercise by reducing mean
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capillary transit time to 0.18 s, while maintaining a near homogenous ventilation-perfusion
distribution and a mixed venous oxygen tension of approximately 22 mmHg, have not
shown any affect of red cell transit time on the A-aDO5 (8) and thus this issue is largely
unresolved.

Decreases in D, CO, and Dy have been observed following exercise (97, 197, 205, 209, 251,
275, 299). The development of pulmonary edema with exercise has been suggested to
explain postexercise reductions in 5 CO and Dy, (97, 209). However, researchers have
failed to find a relationship between postexercise changes in pulmonary diffusion and
pulmonary gas exchange during exercise (251), or indices of blood-gas barrier injury (217).
During recovery from exercise there is a redistribution of blood to the periphery, and this
redistribution of blood from the thorax would lower surface area for gas exchange secondary
to a decrease in pulmonary capillary blood volume (96, 205). Indeed, Dy, is related to
surface area (130), and any change in capillary blood volume (i.e., V%) would affect surface
area for gas exchange and thus Dy,. However, Dy, has been shown to decrease despite V4
being elevated after exercise in some studies (197, 209). Combined, these findings indicate
that the functional significance of reductions in diffusion capacity following exercise in
unclear. Diffusion limitation from thickening of the blood-gas barrier is unlikely, but cannot
be definitively ruled out. After prolonged, heavy exercise in humans, the diffusing capacity
for CO decreases but there is no decrease in the O, diffusing capacity calculated from the
inert gases (8). This is best explained by a decrease in pulmonary capillary volume with a
redistribution of central blood flow (96); however, there may also be a change in the
matching of blood flow and diffusing capacity, which can impact gas exchange similarly to
V A/Q inequality (3).

Diffusion limitation—CO, exchange

It has been suggested that much like for O, a diffusion limitation for CO, may also develop
with exercise. Calculations based on DL/Q'ﬁ suggests a slight diffusion limitation for CO, at

rest resulting in an arterial-alveolar ACO,, difference of approximately 0.2 mmHg which
may reach 7 mmHg at peak exercise (269). Importantly, impaired CO, equilibration (and
thus the retention of CO,) will impair O, exchange (324). The rate of rise in PO, is delayed
a small amount by the presence of simultaneous CO, exchange (324). This can be explained
by the progressive leftward shift in the oxyhemoglobin curve as capillary ACO, falls,
allowing more O, to be taken up by hemoglobin (324). Simulation experiments indicated
that CO5, exchange enhanced O transfer by approximately 2% (111), and may become more
important when alveolar PO is low and CO» equilibration is incomplete (112). Thus, while
a typical assumption in pulmonary physiology is that PACO, = P,CO,, this may not be
appropriate during some conditions of exercise, although definitive evidence for this is
lacking.

Pulmonary shunt

In the classic Riley three-compartment model of the lung, a pulmonary shunt is defined as
blood that passes from the venous system to the arterial system without passing through
ventilated areas of the lung (255). In some circumstances, blood from the left side of the
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heart may be shunted to the right side of the heart but we are not concerned with these here
because they do not decrease arterial PO,. Venous-arterial shunts can take several forms: (i)
outside the lungs, that is, extrapulmonary such as in the heart between atria or ventricles
(intracardiac), (ii) within the lungs (intrapulmonary), or (iii) postpulmonary either arising
from blood in the bronchial circulation that is returned to the left atrium after perfusing the
bronchi, or from the coronary circulation which drains blood into the left ventricle through
the thebesian veins. All of these shunts will act to depress the oxygen concentration of the
blood leaving the left ventricle and perfusing the body, and increase A-aDO,. In addition,
lung units of very low V' »/Q ratio that are very poorly ventilated essentially deliver mixed

venous blood into the systemic circulation. Determining which of these alone or in
combination are responsible for any increase in A-aDO, with exercise is difficult,
particularly when the shunted blood does not contain pure mixed venous blood. Most
information on the contribution of shunts to gas exchange during exercise has come from
using MIGET or the 100% O, breathing technique.

Assessment of shunts during exercise

Gas exchange techniques

Oxygen: The impact of venous admixture/shunt fraction on arterial oxygenation can be
appreciated using the classic shunt equation:

04/0; = (Co0y — C,09)/(C/05 — C50,) (28)

Where Q./@; is the ratio of blood flow through a right-to-left shunt relative to total flow (i.e.,
cardiac output), C.-0, is pulmonary end-capillary O, content (i.e., O, content based on the

calculated alveolar PO,), C,0, is measured arterial O, content, and C;0, is mixed venous

O, content. The formula can be rearranged to
C,0, =[0s - C50, + (0 - Q) - C05)/ 0 (29)

From this equation, it is important to note that shunting of mixed venous blood will have a
greater effect on C,0, during heavy exercise than rest, as the O, content of the shunted
blood (i.e.,C50,) is lower during exercise as more oxygen is extracted and the P;O, declines

(158). In addition, the oxygen hemoglobin curve is right shifted from the effect of increased
mixed venous CO,, decreased pH and increased temperature. The effect of a fixed degree of
shunt on the A-aDO; at rest and during heavy exercise can be calculated as follows:
Assuming: PAO, = P./O, = 110 mmHg, oxyhemoglobin saturation of end-capillary blood

(5:05) = 100%, and [Hb] = 15 g/dL, then C,05 is 20.4 mL O5/100 ml.

At rest, assuming a cardiac output of approximately 5 liter/min and mixed venous O,
content of 15 mL O/100 mL, the effect of a 3% shunt on C,0, is minimal relative to C./0,

(156).

Cy02 =[0.15-15+ (5 —0.15) - 20.4]/5
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Cy307 =20.24, §,072~97.1%, P,02~92 mmHg,
A — aD0O»~18 mmHg

In contrast, if the same end-capillary C.O, of 20.4 mL O,/100 mL is assumed, but with a
peak cardiac output of 25 liter/min and mixed venous O, content of 5 mL O,/100 mL, the
effect of a 3% shunt on O, content during exercise is much greater (156).

Cy09 =1[0.75-5+ (25 - 0.75) - 20.4]/25

Cy307 =19.94, §,072~95.6 %, P,02~79 mmHg,
A —aD02~31 mmHg

From this, it is evident that a 2% to 3% shunt of true mixed-venous blood, if present, would
account for all of the increased A-aDO, during exercise. Breathing 100% O, and examining
the change in arterial A0, compared to room air breathing provides an estimate of combined
intra- and extrapulmonary shunt. Using the 100% O, technique, venous admixture/shunt
fraction has been calculated to be minimal (i.e., <1% of cardiac output) during exercise (45,
93, 316, 323, 328). However, recent imaging studies (discussed below) have raised the
possibility that anatomic arteriovenous conduits may respond to altered inspired oxygen
concentrations differently than the rest of the pulmonary circulation and constrict in
hyperoxia, thus potentially affecting venous admixture/shunt fraction calculation (59, 191)
when measured using the oxygen technique. It should be noted at the time of writing of this
manuscript this issue is controversial and unresolved.

Measuring shunt during exercise with MIGET

MIGET has the ability to detect venous admixture/shunt fraction, and can quantify its effect
on the A-aDO,. In simplistic terms, MIGET detects venous admixture/shunt because gases
of very low solubility are not retained in the blood after passing through the pulmonary
capillaries, and thus retention of these gases only occur as a result of right to left shunting of
blood. In fact gases of all solubilities are retained in the presence of shunt, however only
gases of low solubility (such as SF6, A ~ 0.0005) give sufficient resolution for accurate
quantification; gases such as acetone (A ~ 300) are so soluble that they are essentially fully
retained except in the presence of units with a V7 »/Q ratio more than 1. This can be verified
by solving Eq. (27) for SFg and acetone and assuming ¥ 4/Q = 0. It should be noted that
MIGET is insensitive to postpulmonary shunting (e.g., bronchial circulation or thebesian
veins). This is because oxygen will be consumed in these circulations, thus reducing the
oxygen content of blood returning via these pathways to the left heart, but inert gas
exchange does not take place. Of note, none of the previous studies using MIGET have
documented any significant intrapulmonary shunt during exercise in healthy humans (93,
121, 124, 153, 219, 231, 251, 328).

Compr Physiol. Author manuscript; available in PMC 2021 July 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stickland et al. Page 26

Anatomical evidence for intrapulmonary shunting

In the isolated lung perfused with microspheres larger than a typical pulmonary capillary,
microspheres have been detected in the fluid leaving the lung, indicating the existence of
anatomical arteriovenous anastomoses in the lung. Vascular anastomoses between
pulmonary arteries and veins have been demonstrated in many mammals (193, 238, 298,
315, 352), and the diameter of these conduits in humans has been shown to be up to 55 um
in infants (352), and 200 um in adults (315); roughly 5 to 20 times the diameter of a typical
pulmonary capillary. A criticism of previous work has been that injection pressures used to
examine arteriovenous conduits may have been nonphysiologic; however, recent work has
shown that arteriovenous anastomoses are present in isolated human and dog lungs when
similar perfusion pressure observed during exercise are used (193, 298). Thus, despite the
gas exchange findings of no significant right-to-left shunt, considerable anatomical evidence
supports the existence of large-diameter arteriovenous anastomoses within the lung. We refer
to them subsequently as arteriovenous anatomic shunts to distinguish them from a right-to-
left shunt affecting gas exchange by increasing calculated venous admixture/shunt fraction.

Recent work using agitated saline contrast echocardiography (58, 192, 300, 301),
Technetium-99m-labeled albumin microspheres (351) and macroaggregated albumin (190)
suggests that exercise recruits arteriovenous anatomic shunts in most subjects. These
arteriovenous anatomic shunts have been shown to be correlated with cardiac output, mean
pulmonary artery pressure and A-aDO» in exercising humans (300). Recently it was
demonstrated that those subjects who recruited arteriovenous anatomic shunts had higher
peak cardiac output and ¥ O, .« While having lower pulmonary artery systolic pressures and

lower pulmonary vascular resistance compared to those who did not recruit shunts (167).
Consistent with the human studies, intrapulmonary arteriovenous anatomic shunts have been
observed in dogs during exercise (298). Intravenously injected 25 um microspheres were
found in the tissue and arterial blood of the systemic circulation during exercise but not at
rest. In these animals, the absence of intracardiac shunts was confirmed and based on the
size of the microspheres, the size of these arteriovenous anatomic shunts were in vessels of
at least 25 um in diameter.

It is important to note that the methodologies used to study arteriovenous anatomic shunts in
humans have significant limitations. In studies using albumin microspheres and
macroaggregated albumin (190, 351), the lower range of the particles injected were within
the diameter of a typical pulmonary capillary. Therefore, it is possible that the greater
arteriovenous anatomic shunts fraction with exercise is the result of capillary recruitment
and distention. The passing of these smaller particles through capillaries would also explain
the larger than expected resting shunt fraction of 2.9% seen in healthy humans (351).
Agitated saline contrast echocardiography as currently implemented is qualitative and does
not allow for determination of the magnitude of arteriovenous anatomic shunts. Although
there have been recent attempts to assign a qualitative scoring system (191) this approach is
invalidated. More importantly, the exact size of the contrast bubbles that traverse the
pulmonary circulation is unknown. Furthermore, while unlikely, the appearance of saline
contrast bubbles in the left ventricle could be due to other factors including: (i) small
diameter (<11pm) bubbles which are able to pass through normal capillaries, (ii)
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deformation of larger bubbles and their subsequent transit through the pulmonary capillaries,
and/or (iii) capillary distension for consistency. The estimated survival time for a
microbubble small enough to travel through a typical pulmonary capillary is 190 to 550 ms
in static fluid (208); however, microbubble dissolution is rapidly accelerated with increased
fluid velocity and hydrostatic pressure (318, 354). The fourfold to fivefold increase in
cardiac output combined with the onefold to twofold increase in pulmonary vascular
pressures typically observed with incremental exercise, as well as the time delay of
appearance of contrast bubbles in the left ventricle, suggests that the contrast bubbles
observed in the left ventricle are unlikely to be contrasts bubbles less than 11 pm that have
gone through pulmonary capillaries. Importantly studies confirming arteriovenous anatomic
shunts during exercise by using microspheres of a known diameter greater than a typical
pulmonary capillary are lacking in humans.

Resolving discrepant information between functional gas exchange-dependent data and
anatomical data

Gas exchange-dependent and anatomical shunt exercise data evaluate the lung from two
different viewpoints (functional vs. anatomical). The disparity between shunt calculated with
functional gas exchange-dependent techniques (i.e., venous admixture/shunt fraction) versus
anatomical techniques has been a topic of recent debate (125, 126, 188, 189). As stated
above, none of the previous work using MIGET has documented significant intrapulmonary
shunt during exercise (93, 121, 124, 153, 219, 231, 251, 328), and studies using the 100%
oxygen technique have similarly confirmed a venous admixture/shunt fraction of less than
1% of cardiac output during exercise (45, 93, 316, 323, 328). Thus, the contribution of
shunts to the increased A-aDO, during exercise has been argued to be minimal (47, 125,
126, 323). Conversely, anatomic methods are suggestive that anatomic pathways large
enough to allow red blood cells to bypass gas-exchanging regions are present in the majority
of healthy subjects. One possible explanation for this discrepancy may be due to gas
exchange occurring proximal to or within arteriovenous anastomoses.

Our classic understanding of the lungs is that gas exchange occurs only between alveoli and
pulmonary capillaries. However, precapillary gas exchange of both O, and N, has been
demonstrated in humans (140, 283) and animals (39). These studies demonstrated that
precapillary O, exchange occurs in smaller vessles in normoxia, with a greater O, exchange
occurring in larger vessels when the fraction of inspired oxygen is increased. Accordingly, in
subjects breathing 100% O, during exercise, some O, exchange may occur proximal to the
intrapulmonary arteriovenous pathways (39, 140, 283), and thus these vessels would not be
recorded as true shunt, as the calculated venous admixture (Q./Q;) would be reduced. In
addition, intrapulmonary arteriovenous pathways themselves may participate in limited gas
exchange restricted to their perimeter blood, which would allow some deoxygenated core
blood to bypass the pulmonary capillary bed in normoxia, but not be recorded as true mixed
venous shunt (81, 297). Recent work has shown that the exercise-induced intrapulmonary
arteriovenous anastomoses as assessed by contrast echocardiography can be eliminated in
subjects by breathing 100% O, (191). This observation could explain why previous work
does not show significant gas exchange shunt when using 100% O, (45, 93, 316, 323, 328).
The lack of intrapulmonary arteriovenous anastomoses when breathing 100% O, may be due
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to actual changes within the pulmonary vasculature, or alternately, the increased dissolved
PO, from breathing 100% O, may be affecting contrast bubble survival, resulting in the
apparent reduction in intrapulmonary arteriovenous anastomoses. The latter explanation
appears less likely based on work showing that contrast echo detection is not affected by gas
bubble composition (59). Importantly, the effect of the recruitment of these arteriovenous
anatomic anastomoses on pulmonary gas exchange during exercise remains to be
determined. Since significant shunt is not detected using gas exchange techniques (such as
MIGET), it is highly unlikely that these vessels act as true shunt vessels from a gas exchange
perspective.

Pulmonary gas exchange in hypoxia

For a more thorough detail of pulmonary gas exchange in hypoxia the reader is referred to
additional resources (325). The primary physiological challenge at high altitude is the
reduction in oxygen availability resulting from reduced barometric pressure (Fg) (24).
Although the fractional concentration of oxygen remains constant at 0.21, with increasing
elevation (and corresponding decline in barometric pressure), PO, falls, and importantly, at
extremely high altitudes small fluctuations are of particular importance.

Hypoxia gas exchange efficiency: rest

Resting A-aDO, decreases with increasing altitude, and thus the fall in 2,0, with increasing
elevation is somewhat buffered. The reasons for this decrease in A-aDO, are related to the
relative contributions from pulmonary diffusion limitation of oxygen transport, ventilation-
perfusion heterogeneity and shunt (341). The interested reader is referred to other extensive
reviews (325); however, determinants of pulmonary gas exchange at rest in hypoxia will be
briefly reviewed.

While ventilation-perfusion inequality may be increased at high altitude, A-aDO, may not
be affected. Modeling studies (325) have shown that the effect of a given (unchanging)
amount of ventilation-perfusion inequality on the A-aDO> is reduced at altitude. The reason
for this is twofold: in hypoxia, more of the ventilation-perfusion ratios of the individual lung
subunits fall on the steep part of the oxygen hemoglobin dissociation curve, and
consequently the range of PO, values from low to high ventilation-perfusion ratio parts of
the lung is less, reducing A-aDO,. Secondly, the overall ventilation of the lung is increased
relative to cardiac output (325), shifting the overall ventilation-perfusion ratio of the lung
rightward toward higher v 5/Q ratios, in a similar fashion to that depicted for normoxic

exercise in Figure 8. Gas density is also reduced with increasing altitude, resulting in a more
uniform distribution of inspired gas in the lung. Similarly, cardiac output and pulmonary
artery pressure are increased with hypoxia, which would cause recruitment and distention of
the capillary bed (33, 34) increasing the uniformity of the distribution of perfusion. Thus,
since the distribution of both ventilation and perfusion are expected to be more uniform at
high altitude, one might similarly expect ventilation-perfusion matching to be more uniform.

Since the increase in pulmonary arterial pressure with hypoxia will increase the driving
pressure for fluid efflux, pulmonary edema may develop, compressing small airways and
blood vessels which can disrupt ventilation-perfusion matching (268). Thus, the effect of
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edema can complicate the ¥ 4/O matching at altitude, and counterbalance the other factors

increasing uniformity detailed above. In keeping with this idea, hypobaric chamber studies
have shown that the resting V" o/0 inequality is increased with increasing altitude, consistent

with the development of interstitial edema (76, 328). However, as mentioned above, A-aDO,
may actually be reduced at altitude in comparison to sea level because of the relative
position of the ¥ 5/0 subunits on the oxyhemoglobin dissociation curve.

In healthy normal subjects, diffusion limitation generally does not occur at rest. While the
reduction in driving pressure with altitude would be expected to contribute to a diffusion
limitation, there is an increased diffusing capacity in hypoxia (15, 322, 334) that helps to
prevent a diffusion limitation. As previously stated, A-aDO, falls with increasing altitude,
which is consistent with ¥ 4/0 inequality providing a greater contribution to resting A-aDO,

in hypoxia than diffusion limitation (15, 334). Of note, there is some evidence that at
extremely high altitudes, diffusion limitation may develop at rest in a small number of
individuals (334), although this requires further investigation.

Similar to that for ventilation-perfusion inequality, the contribution of a fixed level of shunt
to pulmonary gas exchange decreases with altitude (323). This is because in hypoxia the
lung enters the steep part of the oxygen-hemoglobin dissociation curve: for a constant
content difference between pulmonary mixed venous and arterial blood (i.e., a fixed shunt)
there is a numerically smaller difference between the two partial pressures. MIGET studies
have shown that the effect of intrapulmonary shunting on gas exchange is negligible at
altitude (15, 334), the extreme exception being the development of pulmonary edema and
alveolar flooding, which would lead to an intrapulmonary shunt (249).

Pulmonary gas exchange during hypoxic exercise

At sea level, with the exception of highly trained athletes, 2,0, is typically maintained near
resting levels with incremental exercise. However, during exercise at altitude in acclimatized
subjects, virtually all individuals experience a fall in 2,0, from resting values secondary to a
greater increase in A-aDO,. The preceding discussion on the relative contributions of
ventilation-perfusion heterogeneity and diffusion limitation to the A-aDO, might lead one to
think that since both ventilation-perfusion matching (76) and pulmonary diffusion limitation
(316) are expected to increase with increasing exercise intensity, that the A-aDO, might
similarly be expected to further increase with when the altitude is also increased. While this
is true for subjects exercising in acute hypoxia (94, 316), this is not the case for acclimatized
subjects.

Figure 10, shows the remarkable variability in the A-aDO, between groups of subjects
exercising at differing altitudes. While at each barometric pressure the A-aDO, increases
with increasing exercise intensity, there is no apparent additional effect of altitude. The same
is true even in chamber studies when the same group of subjects is repeatedly studied at
different barometric pressures under standardized conditions (334). In addition to
intersubject variability, this finding can likely be explained by the relative contributions of
pulmonary diffusion limitation and ventilation-perfusion inequality to the A-aDO> during
exercise, and the differing effects that altitude has on each of them, discussed further below.
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Ventilation-perfusion inequality during hypoxic exercise

As previously mentioned, resting ventilation-perfusion inequality increases with increasing
hypobaric hypoxia, although the magnitude of the increase varies between subjects and
depends on ascent profile, with faster ascent associated with greater ventilation-perfusion
inequality. Ventilation-perfusion inequality increases with increasing exercise intensity in
normoxia (124) and is also further increased in hypoxic exercise (76, 328). As an example,
at a barometric pressure equivalent to the summit of Mt. Everest, significant resting and
exercising ventilation-perfusion inequality is present (334). Data from a chamber study by
Wagner et al. show that at both 348 mmHg (~6100 m) and 253 mmHg (~8850 m, Everest
Summit) ventilation-perfusion inequality is elevated above that seen at other barometric
pressures, possibly reflecting the rapid ascent profile and the development of pulmonary
edema (see below) before these data were collected.

As described in an earlier section, there is considerable evidence that increased V /0

inequality during exercise results from the development of interstitial pulmonary edema.
There are additional data suggesting that hypoxic exercise also results in edema and vV /0

mismatch: (i) subjects who have a history of high-altitude pulmonary edema (HAPE) also
show larger increases in exercise induced ventilation-perfusion inequality compared to
subjects without a history of HAPE (231); (ii) in a large scale study, climbers at 1200 and
4559 m had an increase in closing volume (44) suggesting interstitial edema, because when
present, excess peribronchial fluid forms around and compresses small airways, leading to
air trapping.

The extent of ¥ o/0 inequality during exercise may also be altered by drugs commonly taken

for altitude illness. In humans exercising in normoxia and acute hypoxia, acetazolamide
reduces V 5/Q inequality, decreases the A-aDO, and increases the 2,0, compared to placebo

(153). The mechanism for this is speculated to be release of hypoxic pulmonary
vasoconstriction and reductions in pulmonary arterial pressure, although other effects of
acetazolamide on the pulmonary circulation cannot be eliminated. Similarly, sildenafil, a
phosphodiesterase inhibitor that causes pulmonary vasodilation, reduces pulmonary arterial
pressure and the A-aDO, with an increase in 2,0, in acclimatized subjects exercising at
4350 m (252), although v 5/0Q inequality has not been directly measured in this context.

Thus,V o/0 inequality as a contributor to inefficient gas exchange is likely present in most

individuals exercising at altitude. However, as mentioned earlier, at altitude more of the
ventilation-perfusion ratios of the individual lung subunits fall on the steep part of the
oxygen hemoglobin dissociation curve, and the overall ventilation of the lung is increased
relative to cardiac output (325), shifting the overall ventilation-perfusion ratio of the lung
even further rightward toward higher v 5/0 ratios. Although the extent of ¥ 5/0 inequality
increases markedly, the effect on A-aDO, decreases to an even greater extent as more of the
lung moves on to the steepest part of the dissociation curve. The combined result is that

V A/0 inequality contributes relatively little to the exercising A-aDO, at the most extreme

altitudes. Thus in contrast to the resting data,V /0 inequality is a relatively minor
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contributor to gas exchange inefficiency during exercise at altitude, where diffusion
limitation becomes the major contributor.

Diffusion limitation during hypoxic exercise

With hypoxic exercise, the D, O, is increased above resting values as pulmonary capillaries
become maximally recruited; however, this not sufficient to prevent a diffusion limitation.
Thus, it can be appreciated that, in contrast to ventilation-perfusion inequality, diffusion
limitation becomes an increasingly larger contributor to the A-aDO, during hypoxic
exercise, despite an overall increase in D O,. The reason for the increased diffusion
limitation with hypoxic exercise can again be explained by DL/Qﬁ. As elevation increases,
the ratio of DL/QB falls since the slope of the O,-hemoglobin dissociation curve (i.e., )
increases in hypoxia. Thus, diffusion limitation becomes a progressively more important
contributor to the A-aDO> as the altitude increases. The contribution of diffusion limitation
(as measured indirectly by MIGET) to the A-aDO, during exercise has been shown to
decrease with acclimatization (15) compared to acute hypoxia, presumably on the basis of
reduced O and a consequent increase in DL/QB. Interestingly, in addition to the effects on

ventilation-perfusion matching described above, acetazolamide has also been shown to
reduce diffusion limitation during acute hypoxic exercise, likely by reducing § and
improving diffusion equilibrium (153), although it is unknown if the effect is sustained with
chronic ingestion at altitude.

Sex and pulmonary gas exchange

Sex differences in pulmonary structure and function have been well documented. For
example, in comparison to males of the same height, females have smaller lung volumes (42,
270, 313, 336), small airway diameter (202, 207), lower expiratory flow rates (270, 336),
and lower lung diffusing capacity (43). Differences in pulmonary function appear early in
childhood, where forced vital capacity (FVC) is greater in boys than girls starting around
approximately 8 years of age, but the maximal expiratory flow volume (MEFV) curve is
greater in girls than boys (when matched for lung size) until about 13 years of age (84, 170,
271, 307, 308). Airway resistances have also been shown to be higher in young girls
compared to young boys (48, 84). These data suggest that lung parenchyma and airways
grow at different rates (termed dysanapsis) between the sexes (86, 207). In the mature lung,
males exceed (age- and height-matched) females in all measures of pulmonary function (3).
While the consequences of exercise on pulmonary gas exchange have been well studied, a
comprehensive understanding of sex-based differences in pulmonary gas exchange
(particularly during exercise) is still lacking. This is due to the fact that the majority of the
classical studies examining pulmonary gas exchange during exercise used almost exclusively
male subjects. During the last decade interest is sex-related differences in exercise and
performance has increased (88-91,100,101,118,219,234,253,356), leading to the publication
of several reviews on this topic (102, 122, 277).

At present, however, only a handful of studies have attempted to examine exercise
differences in pulmonary gas exchange between the sexes. Harms et al. (100) were first to
report that females may experience greater fall in 2,05, S,05, and a wider gap in A-aDO
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compared to male counter-parts, suggesting that prevalence of EIAH may be greater in
women. In contrast, Hopkins et al. (118) report the P,05, at VOsyax, Was not significantly

different in women compared to men. Likewise, in a study where men and women were
matched according to age, lung size, and aerobic capacity (VOamax, ML/kg/min), there was

no significant difference in P,0,, 5,05, or A-aDO> in response to normoxic or hypoxic
(A0, = 0.12) exercise (219) between sexes. This study also showed that, even though
women had a lower D, Oy, the ratio of DL/QB during hypoxic exercise was similar between

the sexes, and that ¥ 5/0 inequality (i.e., LogSDQ) was slightly lower in women compared to

men during all levels of exercise in normoxia or hypoxia (219). These data suggest that lung
size, and not sex per se, may be important in determining susceptibility to EIAH, and that in
females there may be factors that are beneficial for gas exchange that may compensate for
lung size.

Differences in ventilation are known to exist between men and women. In children and
adolescents, sex reportedly accounts for very little (<2%) of the differences in ventilatory
drive at rest or during exercise (220); however, it appears that females around midpuberty
become more sensitive to CO, compare to males (2, 220). While it is currently debatable if
the chemical control of ventilation (chemosensitivity) in response to CO, or O, is different
in men or women (2, 88, 187, 303, 348, 349), it is clear the hormonal influences and timing
of the menstrual cycle can influence alveolar ventilation (61, 237, 279, 303, 304) and O, CO
(11, 65, 66). Healthy women have on average a slightly lower arterial ACO, than men,
reflecting progesterone-related increased chemosensitivity. In principle, these effects could
alter gas exchange during exercise; however, there is evidence that menstrual cycle has no
significant effect on exercise performance, ¥0omax, respiratory exchange ratio and/or blood

lactate accumulation (280), suggesting that any potential effect on gas exchange is minimal
or of little functional consequence. It is known that women, by virtue of their smaller lungs
and airways, experience greater mechanical constraints in expiratory airflow compared to
men (91, 203). This is evident as tidal flow-volume loops begin to impinge upon the
maximal flow-volume envelope during periods of high ventilatory demand as occurs during
exercise (see Fig. 11) (276) and results in an inadequate hyperventilation (relative
hypoventilation) response to exercise which likely contributes to EIAH. Supporting this,
Dempsey et al. (45) and McClaran et al. (203) reported that replacing air with lower density
gas mixtures (20% 0,/80% Helium) reduces expiratory flow limitation and improves 2,0,
during exercise. These data support the notion that individuals with small lung volumes
experience greater mechanical constraints, and thus it has been speculated that any
individual with small lungs, regardless of sex, is likely to be more prone to pulmonary gas
exchange impairment compared to those with larger lungs. However, additional studies that
have a wider range of subjects with respect to age, body/lung size, and aerobic capacities,
are warranted before a clear understanding of sex differences in pulmonary gas exchange are
known.

Ageing and pulmonary gas exchange

The normal aging process produces a number of anatomical and functional changes within
the lung. For example, changes in lung shape (4), greater number and size of pores of Kohn
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(239), decreased alveolar surface-to-volume ratio (107, 312), decreased vital capacity (30,
42), increased FRC and RV (42, 152, 172), increased dead space ventilation (196), increased
chest wall (74, 213, 257) and pulmonary arterial stiffness (85, 194), loss of elastic recoil
(160, 320), and decreased respiratory muscle strength (40) occur with aging. These changes
have been extensively reviewed and the interested reader is referred to Handbook of
Physiology: The Respiratory System (25), Handbook of Physiology: Aging (286), and The
Textbook of Respiratory Medicine (229), for a comprehensive review. This summary will
focus principally on the overall consequences of aging on pulmonary gas exchange during
exercise; however, it is worth noting that there are relatively few studies that have
specifically examined pulmonary gas exchange efficiency as measured by the A-aDO»
during exercise in relation to aging, and therefore other variables relating to gas exchange
will be discussed.

A decline in resting 2,0, with advancing age clearly points to an age-associated alteration in
gas exchange (9, 154, 200, 215, 216, 243, 285). Although the rate of decline is somewhat
variable, ranging from less than 1 mmHg to 5 mmHg every 10 years, it is estimated that the
average decrease in resting 2,0, is 3 to 4 mmHg per decade after 20 years of age (201, 218).
However, it should be noted that most of the previous studies have included very few elderly
subjects beyond 70 years of age, and therefore, rely extensively on the extrapolation of 2,02
data from young and middle aged subjects. More recent studies, specifically examining 2,0,
in elderly subjects ranging between 69 to 104 years old, find similar overall reduction in
P,0, with elderly subjects more than 70 years of age as with the previous studies, but report
no further decline of 2,0, beyond the seventh decade of life (38, 87, 99). It is tempting to
speculate that the processes responsible for the declining 2,0, may have stabilized after the
seventh decade, and/or, perhaps, the loss of 2,0, decline beyond the seventh decade is a
potential predictor of lung health and longevity (i.e., those who continue to decline do not
survive as long). In contrast to arterial AO,, alveolar PO, (PaO5) remains stable or even
increases with age, and consequently an increase in resting A-aDO, (>30 mmHg) is often
observed with advancing age. Classically, the fall in 2,0, with age has been attributed to an
increase ¥ 4/0 inequality occurring due to losses in lung elastic recoil that leads to early

airway closure (i.e., greater lung closing volume) in the dependent lung regions of aged
individuals. This, in turn, alters the distribution of ventilation (which in the “healthy lung” is
already topographically distributed) and serves to reduce alveolar ventilation within the
dependent lung regions (5, 53, 169, 210). Although pulmonary blood flow to the apices of
the lung increases with age, total blood flow still remains greater in the dependent lung
regions (116). Thus the increasing heterogeneity of ventilation (reduced alveolar ventilation
in the dependent lung region) leads to greater ¥ ,/Q mismatch, increasing A-aDOs.
Supporting this, data from one study using MIGET has reported significantly greater, albeit
still normal,V 4/Q inequality in healthy 39- to 60-year-old subjects compare to younger 21-
to 24-year-old subjects (330). Likewise, evaluation of phase 11l and phase 1V alveolar slopes
obtained from single breath N, washout maneuvers, which are independent measures of
ventilation distribution and lung closing volume, respectively, find greater heterogeneity in
ventilation and increased lung closing volumes with advancing age (26-28, 161, 258). Other
factors also capable of contributing to greater ¥ o/0 inequality with senescence include a

reduction in cardiac output and/or decreased distensibility of the pulmonary vasculature.

Compr Physiol. Author manuscript; available in PMC 2021 July 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stickland et al.

Page 34

Children and adolescents (ages 8-18 years old) demonstrate age-related decreases in mass-
specific ventilation and ventilation efficiency (i.e.,V'g/VCO,) at rest and during exercise (77,

220). In adults, however, ventilatory efficiency at rest appears to be largely independent of
age, but is found to be less in men compared to women (92). During exercise, ventilatory
efficiency declines with age in both men and women, as indicated by elevated V¢/V0, and

VE/VCO, relationships [reviewed by reference (144)]. Losses in lung recoil and increased

chest wall stiffness are thought to underlie the decline in ventilatory efficiency and
contribute to declines in vital capacity, expiratory flow rates, and maximal ventilatory
response to exercise, resulting in greater O, cost of breathing and expiratory flow limitation
during exercise (143). In some very fit elderly subjects, EIAH has also been reported due
inadequate hyperventilation and expiratory flow limitation (143, 236). In addition, the
decreases in alveolar surface-to-volume ratio and decreases in lung diffusing capacity (as
measured by D, CO) that occur with age would also contribute gas exchange impairment
(43, 49, 310, 312). The average decline in D, CO is approximately 0.15 mL/min/mmHg per
year after 20 to 25 years of age, with greater rates of decline in males (0.2-0.32 mL/min/
mmHg per year) compared to females (0.06-0.18 mL/min/mmHg per year) (214, 309).
While it is clear that age effects on gas exchange can undoubtedly reduce ventilatory
efficiency, particularly in response to exercise, it should also be noted that changes in
respiratory sensitivity (or decreases in baseline 2,CO,) may also increase the Vi/V0, or

VE/VCO; relationship without representing a loss of ventilation efficiency per se. Thus, age-
associated increases in V/V0, or VE/VCO, cannot be assumed to be solely from increased

V A/Q heterogeneity.

Theoretically, age-associated increases in A-aDO5 could, at least in part, contribute to the
overall decline in exercise performance seen with age. However, it must be emphasized that
the transfer of O, across the healthy lung is not normally limited (93,118,219,251,316,328)
and typically provides approximately four to six times the total O, content needed for basal
metabolism. Thus, under basal conditions, the normal age-associated reductions in 2,02
would not be expected to significantly impact the healthy lung. But, given the anatomical
and functional changes occurring in the lung with age, it is theoretically possible that the
respiratory system (particularly in the elderly athletic subjects capable of high pulmonary
blood flow, i.e., cardiac output) may play some role in limiting maximal exercise capacity.
However, evidence supporting pulmonary-related exercise limitation in healthy elderly
subjects is generally lacking. Rather, it must be remembered the determinants of maximal
aerobic performance (i.e.,VOpmay) are multifactorial, and it is more likely that age-related

declines in cardiovascular function (i.e., lower maximum heart rate and stroke volume) (287,
306), reduced skeletal muscle capillarity, oxidative capacity, and mass (36,166,173); and
decline in neuromuscular function (168, 288), collectively serve to lower exercise tolerance
(and limit ¥0,4) in the elderly.
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Methodological issues for evaluating pulmonary gas exchange during

exercise

Although all measurements have their limitations, some common issues arise when
measuring pulmonary gas exchange, particularly during exercise. Generally speaking, these
issues are most problematic when values are indirectly evaluated or estimated rather than
measured directly, such as with the use of pulse oximeters to indirectly estimate hemoglobin
saturation. A few of the more common issues are discussed below.

Estimating alveolar gases

Alveolar PO, can be estimated from end-tidal oxygen tension, or calculated using Eq. 5
substituting arterial ACO, for alveolar PCO» (255). End-tidal PO, is mean weighted for
regional alveolar ventilation, while PoO» calculated from Eq. 5 is weighted for regional
blood flow, as the CO5, dissociation curve is essentially linear over the physiological range.
P=1CO5 can similarly be used to estimate PACO,/~,CO,. Importantly, at rest A=rCO> is less
than PACO, (and correspondingly A=7O, more than P50O,) due to dilution of gas from
poorly perfused alveoli (i.e., dead space). Using end-tidal values to predict alveolar
pressures has the potential of underestimating P5CO,, resulting in an overestimation of
PnO5; however, in the healthy lung at rest, alveolar dead space is extremely low, and
P=1CO5 is a good approximation of PACO,. With exercise, there is an increase in V7,
UCO,, and mixed venous CO», such that the within-breath fluctuations of alveolar gas
composition are greater (50). With the rapid increase in alveolar volume on inspiration
during exercise, end-inspiratory PAoCO, is well below the mean PoCO,, whereas during
expiration, PACO5 increases toward P;CO, more rapidly than at rest as the increased CO,
production of exercise is evolved into a lung volume becoming smaller as expiration
continues (151). The latter factor results in P=7CO, being higher than mean PAoCO4/P,CO,
during exercise (150), and thus A=7CO> has the potential to overestimate P5CO,/~,CO, at
peak exercise. Jones et al. developed a prediction equation to calculate Z,CO, from AeTCO,
during exercise (151); however, it is worth noting that this equation was developed with
subjects exercising up to 50% VO0,max (Peak WCO, production = 2.219 liter/min). Further,
the equation should not be used in patients with abnormal pulmonary function as areas of
high time constants would lead to A=7CO rising further above ~,CO,, and the equation
should not be used in children as they typically use much higher ventilatory rates than what
was studied by Jones et al. (151).

Pulse oximetry

Pulse oximeters use a light source and photodiode light detector to measure the amount of
light passing through an arteriolar bed. 5,05 can be estimated noninvasively because the
light absorbing characteristics of hemoglobin differs between oxyhemoglobin and
deoxyhemoglobin. However, pulse oximeters are notoriously inaccurate during exercise.
This is, in part, because of motion resulting in signal corruption (230), or loss of signal in
digital probes where handgrip is used such as in cycling exercise (317, 339). There have
been many validation studies of pulse oximetry during exercise over the last 20 years, with
widely varying conclusions with standard error of estimates (see numerically similar to
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precision) ranging from approximately 2% (233, 353), to ~5% (281). New generation pulse
oximeters incorporate advanced signal processing to deal with nonstandard signal detection
(12,14,289); however, this is not entirely satisfactory. Importantly, significant measurement
errors occur even when adequate pulse rate signal detection is evident (353), yet many data
points with poor pulse rate signal detection may still provide reliable data. Thus, this
criterion alone cannot be used to judge the quality of the data obtained using these devices.
An estimate of the extent that a particular device underestimates S;0, may be obtained by
the administration of several breaths of a hyperoxic gas mixtures (A0, 0.5-1.0) in the final
few seconds of an exercise test. This will elevate the S;0, to approximately 100% and any
systematic bias by the device will become apparent. Many modern devices come equipped
with a variety of sensor probes allowing for monitoring of 5,0, in the finger, ear lobe, or
forehead. In some studies (353), forehead sensors have been suggested to be more accurate.
However, if central venous pressure is raised, such as in patients with heart failure,
contamination from venous blood may affect the signal obtained from forehead sensors
biasing the measurements toward low readings (267, 293). Overall the nature of the
measurement bias of pulse oximeters is such that when significant errors in measurement are
present the tendency is toward underestimating the true S,0o.

Aside from their use in monitoring, pulse oximeters have significant limitations that
preclude their widespread use for research. When answering research questions, precise
measurements of oxygen transport are important, and monitoring S,05 alone is probably not
adequate. This is particularly true during normoxic exercise, where 5,0, values are on the
flat part of the oxygen hemoglobin dissociation curve. In this range, relatively small changes
in 5,0, are associated with large differences in 2,0, and even small uncertainties in S;0»
would have a big effect on estimated ~,0, [discussed in reference (353)]. Also 5,05 is
affected by the temperature and pH changes during exercise that result in a decrement in
S,07 of 4% to 5% in the absence of any change in 2,0,. Dempsey and Wagner (47) have
offered a standardized definition of mild exercise induced arterial hypoxemia as a fall in
5,05 to below 95% from a normal resting value of 98%. A change of 4% to 5% in S;05 is
very close to the precision of many pulse oximeters and data points could be expected to fit
this definition on the basis of nonrandom measurement error alone. Thus, the use of pulse
oximeters should be confined to a few very limited circumstances such as in pediatric
populations. If no alternative is available, the investigator should validate the device in use in
their laboratory against direct measures of 5,05 in a small number of subjects.

Temperature correction of arterial blood samples

With exercise, there is an increase in body (and therefore arterial blood) temperature.
However, the electrodes within a standard blood gas analyzer are maintained at 37°C in a
thermostatically regulated chamber, and therefore, all blood gas measurements are made at
37°C regardless of subject temperature. When body temperature is higher than 37°C, the
reported 2,0, and P,CO, measured at 37°C are lower than the actual value within the
subject. Failure to correct arterial blood gases will result in a lower 2,0, and 2,CO5,, and
correspondingly a higher calculated PO, and A-aDO,. Thus gas exchange will appear to be
worse than is actually present. A variety of equations have been developed to correct 2,0,
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and P,COy, and the reader is directed to reviews that summarize many of these formulas (7,
75). For P,CO,, a common equation used is (157, 273)

P,COy(corrected) = PaCOz(measured)IOO'Om(T -37 (30)

where measured is the value given by the blood gas analyzer, and 7 is the body temperature.

The temperature correction of 2,05, is more difficult, as the change in PO, with respect to
temperature depends on the degree that hemoglobin is saturated with oxygen. As an
example, the effect of changing temperature on 2,0, varies from 7.4%/°C at low
hemoglobin saturation, to 1.3/°C when hemoglobin is fully saturated with oxygen (274).
Again, the reader is directed to other resources for further discussion of temperature
correction formulas (7, 75, 274); however, a relatively simple formula from Severinghaus
(273) provides a correction equation with reasonable accuracy within the physiological
range during normoxic exercise:

P,Oy(corrected) = PaOZ(measured)loo'm](T =37 (31)

Of note, when temperature correction formulas (75, 273) are compared using representative
data which spans the typical range observed during exercise (temperature = 38-40°C, ~,0,
=100-70 mmHg, P,CO, = 30-40 mmHg) the difference in adjusted 2,0, values between
the formulas is less than 4 mmHg (i.e., <6%), while the difference in adjusted 2,CO, values
is less than 0.5 mmHg (i.e., <2%).

Measuring diffusing capacity

Carbon monoxide

As described earlier MIGET calculates a O O, by calculating the diffusing capacity for
oxygen that accounts for the amount of the A-aDO, that is not ascribed to V 5/Q inequality

and shunt. The reader is referred to other work for a more complete explanation (95). Of
note, a limitation of using MIGET to calculate D O, is that a calculation of D, O, is only
possible in the presence of diffusion limitation.

It is also possible to estimate D O, by measuring diffusion of CO. For a more complete
description of D, CO, see the Handbook of Physiology chapter on gas exchange in
Comprehensive Physiology (146). It is recognized that the binding affinity of Hb for CO is
over 200 times greater than that for O,, which can be expressed in the following equation:

SCO/S0; =2.15- PCO/ PO, (32)

Where SCO and SO, are carboxy and oxyhemoglobin saturation. CO and O saturations are
typically 1% and 97%, respectively, at a PO, of 100 mmHg, and therefore, CO tension
would be only (1.00/97)/2.15 = 0.005 mmHg. Even at an SCO = 10%, the ACO would be
only 0.05 mmHg and as a result can be neglected. Thus, it was reasoned that if CO uptake
could be measured using brief breath holds, then diffusing capacity for CO could be
determined based on the following equation:
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D CO = VCO/PACO 33)

Dy CO can thus be used to provide an estimate of 5 O, based on the ratio of Krogh
diffusion constant for the two gases:

D0, = D CO - [a0; - dO,/aCO - dCO]

= D, CO - DxO,/ DgCO 4

a is the respective Bunsen solubility coefficient at body temperature in milliliters gas per
milliliter of blood per atmosphere of pressure, d'is the diffusion coefficient of the gas in
square centimeters per second, and D is the respective Krogh diffusion constant (60x a.df
760) (146). Using this equation, it is conventionally assumed that 5, O, = 1.23/0, CO,
although empirical data in exercising foxhounds indicates that this ratio is approximately
1.61 (134). Importantly, the reaction of CO and O, with hemoglobin is not instantaneous
(105, 106). It has now become apparent that the reaction kinetics of gases with hemoglobin
can result in significant resistance to alveolar/capillary gas transfer and that measurements of
Dy O, and D CO may not accurately reflect true membrane diffusing capacity (D) for
these gases.

Nitric oxide

Inhaled NO can also be used to evaluate diffusing capacity. The affinity of NO to
hemoglobin and the reaction velocity of NO with hemoglobin is substantially greater that
than of CO, and due to the marked differences in reaction velocities relative to Oy, D, CO,
and D NO can provide different but complementary information about the capillary bed. It
was generally assumed that the erythrocyte resistance is virtually zero for NO (130);
however, recent work indicated that the resistance to alveolar-capillary NO uptake is not
zero (22). Importantly, NO is a pulmonary vasodilator, and it is unclear how using NO to
evaluate diffusion may itself alter perfusion/capillary blood volume and ultimately diffusing
capacity. As mentioned previously, D, Oy, D CO, D NO, and Dy increase linearly with
exercise (70, 95, 120, 130, 133, 134, 148, 282,305), and while there is no evidence of a
plateau near peak exercise in O, CO, D NO, or Dy, MIGET data demonstrate the
development of a diffusion limitation in some subjects at high exercise intensities (93, 251,
316).

Relative importance of diffusion and reaction kinetics in gas exchange

Roughton and Foster (263) separated diffusion into the membrane and red cell resistances as
expressed in the following equation:

Total resistance = membrane resistance
+ red cell resistance (35)

or
1/D.=1/Dy+1/0V,
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Where Dy is the diffusing capacity of the lung in mL/min/mmHg, Dy, is the membrane
diffusing capacity incorporating resistance from both alveolar capillary membrane and
plasma barriers, &represents both diffusion and reaction kinetics within the red cell
contained in a milliliter of blood with a normal hematocrit and O, capacity, and V% is
capillary blood volume. The reciprocal of D is thus the total resistance of all the diffusion
barriers and reaction kinetics for gas exchange. Roughton et al. (264) found that 1/6CO
increases as AO5 increases, indicating that O, CO will decrease as PO, increases. Using this
relationship, it is possible to measure O CO at more than one P50, resulting in a linear
relationship between 1/0; CO and P50, and from this, DyCO and V; can be calculated.
Assumptions of this equation include: (i) diffusive resistance in the alveolar gas phase is
negligible, (ii) there is no interaction between septal tissue and erythrocyte membrane, (iii)
PpO, itself does not affect D\CO or V4 (131), and (iv) that 6 measured /n vitro can
accurately reflect the 7n vivo values (discussed below).

Breath holding to determine diffusing capacity

The traditional single-breath diffusing capacity method requires a breath hold of upto 10 s
(70, 148), which may be impractical during high-intensity exercise, while the fixed
intrathoracic pressure may alter cardiac output, pulmonary artery pressure, or capillary blood
volume as compared to steady-state breathing. Rebreathe (13, 131, 305), open-circuit (282),
and single-breath techniques that use a prolonged expiration (135, 136, 244) appear to be
suitable alternatives to evaluate exercise D, CO/D NO. The classic method by Roughton and
Foster to partition Dy and V¢ requires D, CO during steady state at at least two different
PnO> levels (typically room air and /O, = 1.0). This technique would be difficult during
exercise, and further, continuously breathing 100% O during exercise may affect cardiac
output/pulmonary artery pressure and thus D, CO. As a result, this technique has typically
been performed at rest before and after exercise. However, combined measurements of

Dy NO and D, CO can allow for simultaneous calculations of Dy and V/ during exercise in a
single maneuver (130, 133).

Estimation of 6 during exercise

With the method developed by Roughton and Forster, there is concern regarding the value
given for @for CO, and the reader is referred to the Handbook of Physiology gas exchange
chapter in Comprehensive Physiology for a more thorough review (146). Importantly, & (i.e.,
resistance of gas uptake by the red cell) declines as the fraction of unbound heme sites
decreases (291), while @ can also be modulated by changes in blood temperature. These two
factors may make valid calculations of Dy, and V4 using a fixed value for @ problematic
during incremental exercise, because of the drop in mixed venous A0, and increase in body
temperature with exercise. Indeed recent work has shown that the value given for 8 can
significantly affect the values derived for Dy, and V at rest and during exercise (37). As
mentioned above, it was previously assumed that the erythrocyte resistance for NO is
virtually zero (130); however recent work indicates that 8 for NO uptake is around 4.5 mL
NO/(min/mmHg/mL blood) (22).
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Basic concepts of acid-base physiology

It should be evident that disturbances or inadequacies of gas exchange that affect delivery of
oxygen to the tissues, or removal of CO, from the tissues, will result in a change in blood
and tissue acid-base balance. Inadequate O, delivery and uptake by muscles, particularly
during exercise, will result in an increased reliance on non-aerobic sources of ATP
production, that is, phosphocreatine (PCr2~) degradation and glycolytic pyruvate /lactate™
production. In this section of the article, we will consider the physicochemical basis for
these changes and the contributions of these, and associated changes in acid-base variables
in determining acid-base state.

The traditional (descriptive) approach to acid-base balance recognizes respiratory and
metabolic origins of acid-base disturbances, and various approaches have been developed to
determine their contributions. It is now recognized that acid-base disturbances do not simply
have respiratory and metabolic origins. The “metabolic” origins may result from high rates
of acid/alkali production such as occurs within the digestive tract and skeletal muscle, from
ingesting weak-acid salts (e.g., sodium bicarbonate), dehydration or overhydration,
imbalances in plasma and lymph protein concentrations, altered cellular metabolism, and
rapid fluid/electrolyte shifts between fluid compartments.

The physicochemical approach to understanding acid-base balance described here has its
historical basis in the physiological chemistry research of Henderson (109), and van Slyke
(321) nearly 100 years ago. In addition, the approach embraces the known physicochemical
reactions between water, strong and weak ions and CO5 that occur in aqueous physiological
solutions, as described in detail in early texts on physical chemistry, in particular those by
Edsall and Wyman (54), and Harned and Owen (104). In 1981, Peter Stewart (295)
published a detailed monograph that integrated the physiology of acid-base balance within
the context of the underlying physical chemistry of aqueous (physiological) solutions. This
is now referred to as the physicochemical approach or the Stewart approach to acid-base
balance, although Lawrence Henderson first described blood as a physicochemical system in
the 1920s (109). A detailed introduction to the physicochemical approach to acid-base
balance is provided in another article of this series (176).

Overview of Physicochemical determinants of acid-base balance

The physicochemical approach is founded on four underlying physical premises:

i Protons are a main constituent of water, the most prevalent molecule within the
body. Water thus provides an almost limitless source of H* for biochemical and
physicochemical reactions. Protons are part of the solvent that comprises the
milieu of the body. It is because of the ability of water to so rapidly dissociate (H
*and “OH) and reassociate that makes water the “universal” solvent.

ii. A dissociated proton molecule (H*) is only in physical existence for a fleeting
instance of time, approximately 107> second. The proton is highly reactive,
associating briefly with negative charges on proteins, “OH molecules, HCO3~
molecules, and amino acids to name a few. The proton is therefore very unlike
inorganic electrolytes such as Na*, K*, and CI™ that are relatively unreactive.
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iii.  The positive charge in pure water is physically represented by oxonium or
hydronium ion (H30%) and it is conventional for physical chemists and
physiologists to ignore the water to which the proton is attached, hence giving
reference to H* (55).

iv. The addition of strong or weak acids to an aqueous solution affects the
association between protons and water. For example hydrochloric acid (HCI)
exists only in aqueous form and is characterized by a very high [CI7] while [H*]
is relatively low. Although H* is an integral part of the aqueous system, it is the
strong acid anion, CI~, that makes this solution so acidic. The strong acid anion
CI™ can be neutralized by the addition of an equivalent amount of the strong base
cation Na™ to the solution, but without an accompanying acid anion such as CI™,
HCO3™, or H,PO,4~. Thus, if NaOH is added—the strong anions CI~ and Na*
will remain fully dissociated in solution while a rapid reaction between H*, "OH,
and water results in decreased [H*]. One might think that the resultant solution is
saline with a neutral pH. However, following the addition of the NaOH, a very
small number of Na* bind with water, such that the anionic charge due to CI~
exceeds the resultant cationic charge of Na*, thus the resultant solution is saline
with a slightly acidic pH.

Strong ions and strong ion difference

In this section, the activity of ions in solution, as well as their total molal concentrations, are
considered. Because plasma proteins, both globulin and albumin, loosely bind cations (69,
171), the measured ion activities are somewhat less than their molal concentration. Van
Leeuwen (171) has termed this the net cation equivalency (or “base-binding power”) of
plasma proteins.

The values for the key variables used in the physicochemical assessment of acid-base
balance, for resting humans, are provided in Table 1. The concentrations of strong acid
anions and strong base cations within a fluid compartment are summed, with consideration
of the charge, to yield the strong ion difference, or [SID]. The [SID] represents the sum
(charge considered) of the strong acid anions and strong base cations, where the term
“strong” refers to the fact that the ion will be fully, or nearly so, dissociated in aqueous
solutions. The strong ions are important determinants of the concentrations of [H*] and
[HCO3™] because they directly affect the associated state of H,O, and thereby determine the
concentrations of H* and “OH.

Within plasma and the extracellular fluid compartment the [SID] may be calculated as:

[SID)(mEq/L) = ([Na*] + [K*] + [Mg?* | +[ca®* )

— ([C17] + [tactate™] + [S0F ) (36)

In practice, the free concentrations of the divalent cations and anions are approximately
equivalent and can be ignored, leaving:
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[SID]p1asma(mEq/L) = ([Na*] + [K*]) - ([CI7]

@7
+[lactate™])

In some treatments of acid-base balance using the physicochemical approach, [lactate™] is
also ignored. However [lactate™] cannot be ignored with exercise, recovery and in many
clinical conditions.

When assessing the acid-base state of skeletal muscle, PCr2~ and Mg2* must be used within
the equation because their free concentrations are large and change substantially during
exercise:

[SIDmuscte(mEq/L) = ([Na*| + [K*] + [Mg** )

- ([Cl_] + [lactate™ | + [PCr2 - ]) (38)

A decrease in [SID] (without concurrent change in PCO, or Aiqt), can be due to either a
decrease in strong cation concentration OR an increase in strong anion concentration. Either
of these changes will increase [H*] and decrease [HCO3~]—and acidification of the solution
occurs (Fig. 12). Conversely, an increase in [SID] has an alkalinizing effect and decreases [H
*] and increases [HCO37].

Weak acids and bases, and [A¢ot]

The total weak acid concentration (Aiqt) represents the sum (charge considered) of the weak
acids and bases such as plasma proteins, inorganic phosphate and some of the amino acids.
The dependence of [H*] on [A] in the plasma system is shown in Figure 13. The term
‘weak’ refers to those anion acids and cation bases that are not fully dissociated in solution.
This physical attribute of many weak acid anions such as phosphate, bicarbonate, and
albumin are what makes these ions good proton “buffers.” These molecules are weak acids
because they have one or more proton dissociation constant (pK”) that is less than 7.4. In the
absence of weak acids, the acidification resulting from decreased [SID] or increased ACO; is
more profound (compare Figs. 12, 13, and 14).

The main weak acids and bases within the extracellular fluid compartment are albumin,
globulin, phosphate, and bicarbonate. Bicarbonate, however, is part of the CO, system and
thus is not used in the calculation, or estimation, of [Ay]. Similar to the strong ions, the
weak ions also directly affect the concentrations of H* and HCO3™ in solution. Within
skeletal muscle, it is primarily the histidine moieties on proteins that contribute to [Aiotl,
with creatine, Pi, ATP, ADP, and other molecules also contributing (174, 248). The main
contributors to [Aq] in resting skeletal muscle are the histidine groups of proteins (60%),
creatine (15%), Pi (8%), and ATP (7%), with other compounds accounting for about 10%. It
is primarily the histidine moieties on structural proteins that provide most (55-65%) of the
capacity for nonbarbonate proton binding, with creatine (15%), inorganic phosphates (8%),
organic phasophates (7%; ATP and ADP), and carnosine (7%) playing lesser roles (184, 198,
199). There is a fiber-type distribution in carnosine content and nonbicarbonate buffering,
with fast type Il fibers having a greater ability to both generate and buffer protons (199). The
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non-bicarbonate buffering capacity of mixed human muscle has been determined by acid
titration to be 160 mmol H*/kg dry muscle mass/pH (176, 177), which equates to
approximately 42 mmol H*/L intracellular fluid/pH.

The carbon dioxide system

The ACO; is one of the main determinants of acid-base balance and the third independent
variable so long as the body behaves as an open system with respect to CO, (Fig. 14). The
production of CO, by most cells of the body requires that CO, be transported from
production sites and dissipated to the ambient environment by the lungs (146, 149), hence
the requirement for gas exchange to maintain acid-base balance. By its physicochemical
nature CO, is essentially a strong acid and, because it is a major end product of cellular
respiration, its accumulation in the body will result in what has traditionally been termed a
“respiratory” acidosis manifested as an elevated 2,CO5 and [H*] (and a depressed pHa).
Conversely, excessive exchange of CO, with the environment (induced or voluntary
hyperventilation) will lower CO, and can result in a respiratory alkalosis manifest by
decreased ~2,CO, and [H*], (increased pHa). This, in fact, typically occurs in the arterial
circulation during exercise. The majority of acid-base disturbances usually have complex
origins, comprising a mix of respiratory, and nonrespiratory origins.

Carbon dioxide is a strong acid by virtue of its ability to combine with water to increase the
concentration of H* while at the same time increasing the weak acid [HCO3~]. This reaction
effectively acidifies the solution to which CO, has been added. The majority (about 95%) of
the total CO, within the body is in the form of HCO3~, with much smaller concentrations of
H,CO3, CO32™, dissolved CO, [CO2(g)], and carbamino compounds (CO; bound to amino
groups on protein). The chemical reactions involved in the hydration and dehydration of
CO, are

CO, + Hy0 < HyCO3 «» HT + HCO3 < 2H' + CO32 - (39)

With carbonic anhydrase catalyzing the hydration/dehydration of CO, there is a near
equilibrium of these CO, compounds at the various CO, exchange sites in various tissues
and at the lungs. The inhibition of carbonic anhydrase, using acetazolamide, for example,
impairs the ability to regulate acid-base state at tissue production sites and at the lungs (164,
165). These reactions are of fundamental importance in the control of ventilation because
two of the variables are detected by peripheral and central chemoreceptors, PCO, and H™.
Here, the physical chemistry of CO, within aqueous solutions is merged with applied
physiology. Furthermore, in normal people under normal situations the CO5 system is an
open system because CO» arising from cellular metabolism or titration of CO, stores is
passed into the ambient environment. Operationally, the open CO, system facilities the
ability to get rid of CO, from production sites and provides a direct link between cellular
metabolism and ventilation. Many factors can contribute to an increase in 2,CO,, and hence
drive an increase in Vg, including an increase in cellular CO, production, acidification, and

titration of body CO», stores, impaired cardiac output, impaired pulmonary perfusion,
impaired pulmonary airway conductance, and impaired erythrocyte CO,/HCO3™ release.
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Solving equations to determine acid-base balance

The physicochemical approach explicitly acknowledges that the physical and chemical laws
governing the reactions between molecules within aqueous solutions must be obeyed (54,
104, 295). Accordingly, the following five mass action equations, and one equation
expressing electrical neutrality of solutions, describe the physicochemical characteristics of
any aqueous, physiological solution (295, 296):

Water dissociation

Ky, = [H*] - [-OH] (40)

Weak electrolyte system
Ka - [HA] = [HY] - [A7] @D
[Atot] = [HA] +[A7] “2)

Carbon dioxide system

K. - PCO, = [H*] - [HCO3]

K3 [HCO3] = [H*]-[CO3 ™| @)

Electrical neutrality
[SID] + [H*] - [HCO3] - [A7] = [CO32-] - [~ OH] = O (44)

It is noteworthy that [H*] appears in each of these equations and its dependence on the
concentrations of strong and weak acids/base and CO>, is evident. These six equations can be
combined into a single equation that may then be solved for [H*] when the three
independent variables and the constants (Table 2) are known (295, 296)

[H]' + {Ka + [SIDI[H] + [KA([SID]

, 2
—[A¢ot]) = (KcPCO, + Kw)}[H+] - (45)
{KA(KcPCOs + K},) + K3KcPCO»} [H+]
—KAK3KcPCO, =0

This equation, and variations of it, can be solved using available software (http://
ppn.med.sc.edu/watson/Acidbase/Acidbase.htm; www.acid-base.org; www.acidbase.org).
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Determinants of [H*] in different body compartments

Interactions between systems

The body is capable of tolerating relatively large physiological disturbances of muscle,
plasma, and erythrocyte acid-base balance. For example, during high-intensity exercise the
pH of intensely contracting type 1l fibers can be estimated to decrease from approximately
7.0 to approximately 6.0 [based on data of reference (284)]; this is equivalent to an increase
in [H*] from 100 to 1000 nmol/L. Similarly, femoral venous plasma [H*] as high as 100
nmol/L has been reported during very high intensity exercise (180). At the same time,
arterial plasma [H*] is only 64 nmol/L, indicating important roles of the lungs, erythrocytes,
and other noncontracting tissues in reducing the magnitude of the acidosis (162, 179, 204).
The source of the acidosis in the femoral vein during high-intensity leg-cycling exercise is
clearly the leg muscles, with the circulation operating to remove metabolic products and heat
from, and deliver nutrients and oxygen to, contracting muscle. The circulatory system thus
plays an important role in distributing, throughout the entire body, products generated by
contracting muscle, necessitating reactions by other tissues and organ systems to try to
restore their own balance, as well as balance within the whole body. Accordingly, when a
disturbance to acid-base balance occurs, the processes involved in maintaining or recovering
acid-base balance are multifactorial, with a level of complexity that reflects the necessary
integration of responses amongst tissues and environments. One of the best ways that we
have for understanding these processes is to perform a quantitative analysis of each of the
factors that can contribute to the acid-base state within each tissue compartment of interest,
arterial plasma, or skeletal muscle, for example.

The multisystem mechanisms that regulate systemic acid-base balance are integrative
processes that involve gas exchange and the simultaneous net changes in the concentrations
of strong and weak ions within and between extracellular and intracellular fluids (Fig. 15).
Acid-base balance is, therefore, the net effect of gas and ion transfer processes across cell
membranes and amongst tissues. Skeletal muscle is the pre-dominant tissue in the body and
plays important roles in both generating and ameliorating acid-base disturbances. Renal and
gastrointestinal water and electrolyte transport mechanisms are also involved in the
regulation of acid-base balance, but will not be considered within this paper. For the sake of
simplicity and clarification, we will now examine mechanisms for dealing with acid-base
disturbances within contracting muscle, venous blood, and arterial blood as independent
systems. This will be followed by a quantitative analysis of the contributions of independent
variables to an exercise-induced acid-base disturbance within these key compartments.

Contributors to [H*] in muscle at rest and exercise [Atot]

Both [Aiot] and its apparent dissociation constant (Kj) increase with moderate to high-
intensity exercise (177, 184), mainly due to increases in creatine and inorganic phosphate
concentrations, and thus this increases the capacity for proton buffering. The relationship
between the dependent acid-base variables and changes in muscle [Ait] are shown in Figure
16.
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Carbon dioxide system

Within skeletal muscle, CO, exists primarily in the form of HCO3™ (88%), with minor
contributions by CO32~ (8%), carbamates other compounds, and dissolved CO,. Dissolved
CO,, HCO3™, and CO42~ are in rapid equilibrium due to the ubiquitous presence of various
carbonic anhydrase isoforms within most intracellular and extracellular compartments and
membranes. The ACO, in resting muscle is 45 to 50 mmHg, with [HCO37] 10 to 15 mEqg/L
(Fig. 17). Increased rates of aerobic metabolism, such as occurs with very high intensity
exercise, can raise femoral venous ACO, to over 100 mmHg (163, 180), therefore,
intramuscular ACO5 can exceed 100 mmHg (Fig. 17B). In adequately perfused muscle, with
the action of carbonic anhydrases, metabolically produced CO5 is rapidly removed from
muscle. Another contributor to increased ACO5 in muscle during exercise results from
protons reacting with HCOs3~, which contributes to the reduction in [HCO37].

Strong ion systems

The concentrations of strong ions within the intracellular fluid compartments are determined
by the simultaneous and ever-changing activities of numerous ion channels and ion transport
systems (32,183) and metabolism. The influence of metabolic activity on muscle [SID]
needs to be included for three reasons. First, PCr2~ is a divalent strong acid anion with a pK’
= 4.5, and its concentration decreases during moderate to high-intensity muscle contractions,
which contributes to both the decrease in muscle [SID] and increase in muscle [Aiqt]
(increased phosphate and creatine) with exercise. Second, lactate™ is also a strong acid anion
(pK’ 3.9), and its accumulation contributes nearly 50% to the decrease in muscle [SID]
during exercise (177). Third, metabolic activity (ATP production) is ultimately required to
maintain or restore ion concentrations within cellular compartments. The main ATP-
dependent ion transport systems are the sarcolemmal and T-system Na,K ATPase and the Ca
ATPase of the sarcoplasmic reticulum. The major ions involved in the strong ion
determination of muscle [SID] are: (i) CI™ (typically in electrochemical equilibrium across
the sarcolemma due to the high CI~ conductance of this membrane); (ii) Na*, and (iii) K*
whose concentrations are determined mainly by the Na*™-K* ATPase and secondarily by the
Na*-K*-2CI~ co-transporter and other cation channels (iv) PCr2~ which is determined by its
simultaneous and ongoing rates of degradation and resynthesis; and (v) lactate™ whose
concentration is determined by the rate of glycolytic pyruvate™ production, pyruvate™
conversion to lactate™ (in part determined by pyruvate™ conversion to acetyl CoA and the
aerobic metabolic rate), and the net effects of monocarboxylate transporter (MCT) facilitated
uptake and efflux. The relationships between the dependent variables and [SID] in resting
and exercised muscle are shown in Figure 18.

Production of the acid-base disturbance within contracting muscle

At any point in time, muscle [H*] can be determined by the measuring the concentrations of
the main strong and weak ions and the ACO,. This does not imply that protons are not
involved in biochemical and chemical reactions, merely that there always exists a
physicochemical balance between protons and other molecules.
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Acid-base effects of cellular metabolism in normal individuals: High-intensity exercise

Alterations in cellular metabolism, and particularly skeletal muscle metabolism during the
performance of activities, may have a profound effect on acid-base balance within
contracting muscle and in blood (108, 138, 174, 180). These changes and interactions are
summarized in Figure 19. It is important to remember that the water content of the cells
increase during exercise, due mainly to the rapid accumulation of osmotically active
molecules (creatine, Pi, and lactate™) during the rest-to-work transition (177,185). Within
contracting skeletal muscle, increased glycolytic activity results in the net accumulation of
strong acid anions (mainly lactate™ with a small amount of pyruvate™), and weak acid anions
(most other glycolytic intemediates). By definition, the maintenance of electroneutrality
requires that the net increase in the concentrations of acid anions will affect the balance
between the two most abundant weak ions in solution, namely, HO™ and H*. An increase in
the concentration of acid anion molecules must be accompanied by an equal increase in the
concentration of net positive charge, and this positive charge is provided in large part by the
dissociation of water. For example, in an aqueous solution that contains only strong ions:

[SID] + [HF] - [HO™] =0 (46)

SubstitutingK;,,/ [H+]f0r[HO_] :
(47)
[0 + [SIDI[H] - K}, = 0

which is the same as:

)” 2 _[SID]/2 (48)

[H*] = (Ki, + [SID)*/4

From this equation, it is evident that an increase in the concentration of strong acid anions,
which lowers [SID], directly contributes to an increase in [H*].

We will now consider the contributions of changes in the independent acid-base variables to
muscle [H*] in a study in which men performed very high intensity leg bicycling exercise
for 30 s followed by 90 min of recovery (162, 163). The effects of changes in the
independent acid-base variables ACO», [Aiot], and [SID] are shown in Figure 20. In normal,
healthy individuals the provision of ATP within contracting skeletal muscle during transition
from rest to exercise, during step increases in work intensity and during performance of
high-intensity exercise, relies heavily on the degradation of PCr2~ and on glycolysis with
attendant production of lactate™. The degradation of PCr2~ results in an increased
intracellular [SID] (174), and therefore, has an initial alkalinizing effect on intracellular
acid-base balance (51, 186, 266). The PCr2~ store is very limited and net degradation slows
rapidly (within 2 min) when the ATP demand is maximal (290), so the alkalinization that
occurs is brief. It is brief because glycolysis, supplied by stores of glycogen within muscle
and the muscle’s ability to extract glucose from the circulation, is rapidly and maximally
activated. Increased glycolytic flux results in the production of pyruvate™ that is rapidly
converted to lactate™, both of which are strong acid anions. The production and
accumulation of lactate™ within muscle can be rapid (180, 184), with production rates of
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approximately 60 mEg/L/min and intracellular concentrations exceeding 45 mEq/L (184).
Simultaneous to the increase in intracellular [lactate™], there occurs a rapid and considerable
loss of intracellular K* to the extracellular fluids and plasma as a result of repeated
depolarizations and repolarizations of the sarcolemma. The decrease in [K*] contributes
approximately 50% to the decrease in intracellular [SID]. The decrease in [SID] can occur
very quickly and be very large, and the associated increase in intracellular [H*] is indicative
of the pronounced intracellular acidification (177).

There is evidence that the increases in [K*], [H*], and arachidonic acid within the
interstitium of contracting muscle stimulate CIlI and CIV afferent nerves (260-262, 314)
which have inputs to the respiratory control center (19) and thus drive ventilation (224). It is
likely that a peripheral driver of ventilation is very important at this time because arterial,
and therefore, CSF, [H*] initially falls which removes the central chemoreceptor drive to
ventilate.

[H*] in contracting tissues and the venous circulation will increase during the period of
high-intensity exercise and produce a modest increase in arterial [H*] by the end of exercise
and into post-exercise recovery (162, 163). Within contracting muscle, the increase in [H*]
is very rapid, resulting in the titration of CO, stores which, together with increasing
mitochondrial CO, production, results in a pronounced increase (up to 100 mmHg) in
muscle and venous PCO, (163, 180). By this time, the v is already so high that arterial

PCO; falls below (to 30 mmHg) resting values.

Even at lower exercise intensities, skeletal muscle contraction results in the progressive
increase in activities of TCA cycle, beta-oxidation, and respiratory chain enzymes such that
increased flux of carbohydrate and fatty acid carbon through the oxidative systems results in
activation of pyruvate dehydrogenase (337) and a consequent increase in mitochondrial CO5
production. This necessitates the rapid removal of CO, from cells to minimize cellular
acidification. To accomplish this, there are a number of carbonic anhydrase isoforms present
on mitochondrial membranes (62), sarcolemma, T-system membranes, within the cytoplasm
and in the interstitial fluid and blood plasma (347). Carbonic anhydrase isoforms are also
abundant on erythrocyte plasma membrane and within erythrocytes and the lungs (23, 79).
Erythrocytes play a profound role in buffering the increases in [H*], [lactate™], and pCO,
(18, 141, 180, 204) such that in the absence of erythrocytes the concentrations of these
metabolites in plasma would likely be toxic (184). The body is thus endowed with a
catalyzed, physicochemical system for rapid CO, transfer from cells to lungs to ambient
environment (atmosphere).

The relationship between muscle [H*] and PCO, during 30 s of very high intensity exercise
and 9.5 min of recovery is shown in Figure 20A. Because of the high [Ai] (strong
nonbicarbonate proton buffering) within skeletal muscle ([A:ot] = 140 mEg/L) large changes
in ACO, are required to produce significant changes in [H*] and [HCO37]. In addition to
these nonaerobic mechanisms, there is also a rapid simultaneous increase in muscle CO»
release due to both acid titration of CO, “stores” [bicarbonate, carbonate, carbamino
compounds within tissues (163, 179, 204, 223) and increased aerobic metabolism (180,
223)]. This release of stored CO, is also readily evident from noncontracting tissues during
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and following periods of high-intensity exercise (162, 179, 204). An indication of the rate of
total CO» production and release by contracting muscle and noncontracting tissues can be
obtained from the venous-arterial ACO, difference (Fig. 21). As exercise intensity increases
from low to high, there will also be an increasing contribution from the dehydration of
HCOj3™ resulting from acidification such that titration of CO, stores (primarily bicarbonate)
within noncontracting tissues and within contracting muscle generates CO» that contributes
to elevated plasma PCO, and [H*] during exercise, and that both of these contribute to the
ventilatory drive to increase V.

The relationship between muscle [H*] and [A] during 30 s of very high intensity exercise
and 9.5 min of recovery is shown in Figure 20B. The increase in [Ai] from 140 to 170
mmol/L represents the increase in total weak acid concentration that occurs, so this has a
modest acidifying effect. These increases are due to the increased [Pi] resulting from PCr2-
hydrolysis (from 26 to 98 mmol/kg dry wt), increased glycolytic phosphates from 3 to 22
mmol/kg dry wt (174, 176, 177) and increases in [ADP] and [AMP]. The increase in [Ay] is
accompanied by an increase in the apparent dissociation constant for [ Aqt], the Ka, from
1.64 x t0 1.98 x 1077 eq/L (174, 176, 177). It is estimated that the increases in [Ay] and Ka
contribute 19% and 7%, respectively, to the increase in [H*]; during 30 s of very high
intensity exercise (Fig. 20B).

The relationship between muscle [H*] and [SID] during 30 s of very high intensity exercise
and 9.5 min of recovery is shown in Figure 20C. Compared to changes in ACO, and [Aiotl,
physiological changes in [SID] have rather pronounced effects on cellular acid-base state.
Changes in intracellular [SID] are affected by changes in the concentrations of strong ions
by means of biochemical reactions (PCr2~ and Lac™), transmembrane ion transport processes
(Na*, K*, Ca?*, Mg?*, CI~, and Lac™), and transmembrane water movement. After the initial
alkalinizing effect of PCr2~ hydrolysis, which raises [SID], there occurs an increase in [Lac
~] and a decrease in [K*], both of which contribute to decreased [SID] and hence cellular
acidification. A 40 mEq/L increase in [Lac™] such as occurs with 30 s of very high intensity
exercise has the effect of increasing [H*]; by 158 nEg/L, and accounts for about 50% of the
total increase in [H*], with the decrease in cellular [K*] accounting for the remainder. Thus,
decreases in intramuscular [SID] result in a pronounced intra- and extracellular acidification
associated with increased CO», release (metabolic CO5 production as well as titration of
intracellular CO, stores).

Exercise and acid-base summary

The primary effect of changes in the ion concentrations on muscle [H*]; during contraction
is a decrease in intracellular [K*] that reduces intracellular [SID] (since [Na*] and [CI7]
accumulate to similar degrees). With high-intensity exercise, the net reduction in [K*] occurs
rapidly and, through its effect on the intracellular [SID], contributes to the increases in [H*].
Coincident with this change, however, is the concurrent hydrolysis of PCr2~. The rapid
hydrolysis of PCr2~ reduces its concentration which has a direct effect on increasing
intracellular [SID], and thus contributes to a decrease in [H*]. In the first seconds of the rest
to work transition, the decrease in [PCr27] effectively raises [SID] and thus [H*] must
decrease. It should also be recognized that PCr2~ hydrolysis results in the production of
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creatine, which is electroneutral, and that the subsequent hydrolysis of ATP from the
creatine kinase reaction results in the production of the weak acid inorganic phosphate. PCr2
hydrolysis is thus a potent means for increasing [SID] and for reducing intracellular [H*],
albeit while modestly increasing [Ai]. With increasing glycogenolytic and glycolytic
activity, the strong acid anion lactate™ progressively increases in concentration and its net
accumulation is not effectively balanced by the simultaneous changes in other intracellular
strong ions. Thus, concurrent decreases in intracellular [K*] and increases in [lactate™] result
in progressive decreases in intracellular [SID] because [PCr2] either does not change
further or may increase if ATP demand is reduced. The unequal accumulation and/or
removal of cations and anions during exercise leads to a decrease in intracellular [SID]
(altered balance of strong and weak ions in solution) which directly and physicochemically
contributes to the increase in [H*] during moderate to high-intensity exercise. The
magnitude of this increase is proportional to: (i) the concentrations of dissociated weak acids
(i.e., structural nonbicarbonate proton buffering capacity of muscle); (ii) the rate at which
acid equivalents (strong acid anions such as PCr2-, pyruvate™, and lactate™) accumulate or
are removed from muscle or consumed within muscle; and (iii) the rate at which strong base
cations are added to or removed from muscle.

Arterial and venous plasma

With moderate- to high-intensity exercise there is an integrated set of responses within
plasma and erythrocytes, with each of these two “compartments” necessarily reflecting the
changes imposed by the tissues that were just perfused by the vascular system. Venous blood
draining contracting muscle thus reflects metabolic and ionic events occurring within
contracting muscle cells. Within venous plasma and erythrocytes draining contracting
muscle there are pronounced increases in [K*], [lactate™] (with consequent decrease in
[SID]), ACO,, osmolarity (increased [Na*] and [CI~], and protein (and hence [Ai]). Arterial
blood reflects the major effects of ventilation on the removal of CO, and the replenishment
of Oy, including redistribution of CI~ and HCO3™ between erythrocytes and plasma. Venous
blood draining noncontracting tissues reflects the effects of those tissues on their ability to
further correct some of the exercise-induced changes that occurred in venous plasma
draining contracting muscles. Noncontracting skeletal muscle also participates in these
“corrections” and includes extraction of lactate™ and K* from, and net addition of water to,
plasma (162, 176).

An example of how one determines contributions to the changes in acid-base state of
plasma during and following high-intensity exercise

Here, we will again use the example of 30 s of high-intensity leg bicycling exercise with 10
min of recovery [Table 3; (162, 163)]. A similar analysis has been performed with four
repeated bouts of high-intensity exercise with 90 min of recovery (176, 180, 204). It should
be remembered that the net shift of relatively (compared to plasma) dilute fluid into
contracting muscles decreases plasma and extracellular water content of many tissues, and
contributes to increases the concentrations of most molecules present within plasma.
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The effects of changes in plasma ACO, and [SID] on [H*] and [HCO37], at a constant [Ao]
of 17 mEg/L are shown in Figure 22. At a normal plasma [SID] of 40 mEg/L, changes in
PCO;, have a profound, nearly linear, effect on [H*]. An important point to make is that as
[SID] increases, the relationship between ACO, and [H*] becomes less steep—thus
increases in [SID] have the effect of acting as a nonbicarbonate proton buffer. Note that the
relationship between [PCO;] and [H*] becomes steeper as [SID] decreases. The relationship
is such that an increase in FV ACO, from 46 (point R on Fig. 22, top) to 106 mmHg (at 30 s
of recovery) increases [H*] by 51 nEg/L if [SID] stays at 42 mEq/L. However, FV [SID] is
also decreased by 3 mEq/L with exercise due to increased [Lac™], which has the effect of
increasing [H*] by a further 8 nEg/L at a ACO, of 106 mmHg, giving a combined increase
in [H*] of 63 nEg/L and an [H*] of 103 nEg/L (point 0.5 on Fig. 22, top). In addition, high-
intensity exercise is associated with a decrease in plasma fluid volume which has the effect
of raising [Ao]—this relationship is shown in Figure 22, bottom. The increase in [ Al
from 17 to 18.6 mEg/L has the effect of increasing [H*] by 5 nEg/L at a ACO, of 106
mmHg. Using this example, therefore, the separate effects of increased ACO,, decreased
[SID] and increased [Aot] on [H*] have been quantified: the effect of increased ACO, alone
raised [H*] by 51 nEg/L; the effect of decreased [SID] alone, in the presence of increased
PCO,, raised [H*] by 8 nEq/L; and the effect of increased [Ay] alone, in the presence of
raised ACO,, raised [H*] by 5 nEg/L. The final FV plasma [H*] estimated in this manner is
108 nEqg/L, which is equivalent to a pH of 6.97. Compensating factors limited the actual
measured increase in FV [H*] to 95 nEg/L (pH 7.02; Table 3). It is, therefore, clear that
approximately 80% of the increase in [H*] 30 s after the end of exercise was due to the
increased ACO,.

At 3.5 min of recovery, as Lac™ continues to flux from muscle into blood and as ventilation
continues at a high rate, there is a marked change in the contributions of the independent
variables to [H*] (point 3.5 on Fig. 22, bottom). FV [SID] decreased a further 10 to 29
mEq/L, while PCO, decreased by 58 to 48 mmHg. Thus, while ACO, returned to
preexercise values, effectively removing the CO, contribution to the acidosis, the albeit
reduced acidosis is sustained by the decreased [SID]. The contribution from increased [Ao
remains minor. At 9.5 min of recovery, FV PCO5 has decreased further to 40 mmHg, with
no further change in [SID] and [Ayt], indicative of a ventilatory compensation for the
current metabolic acidosis. A similar analysis of the effects of changes in the independent
variables on [HCO3], and on arterial variables, can be performed in the same fashion.

Imbalance between lactate™ and total acid appearance in plasma/blood

There continues to be some debate surrounding the stoichiometry of the molar increase in
plasma (or blood) [lactate™] and the molar increase in plasma (or blood) total acidity
(21,178). The crux of the debate is that some researchers argue that, during exercise and
recovery, there is a 1:1 stoichiometry between the appearance of metabolic acid in blood and
the appearance of lactate™, while others have evidence that the stoichiometry can far from
1:1. The main issues related to this problem will be noted here, and the interested reader is
referred to a debate of the problem for more information [56, 57]. The first problem is that in
many studies researchers are comparing a [HCO3™] measured on only the plasma portion of
blood, and comparing this value to a [lactate™] measured on whole blood (plasma and lysed
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cells). This is not a valid comparison because different compartments are compared, and
because of the disequilibrium that frequently exists between the intracellular fluid of
erythrocytes and plasma (see Section “The role of erythrocytes”). This problem can simply
be rectified by measuring plasma and not whole blood [lactate™], because whole blood
measures of [HCO3™] are difficult to obtain and will not accurately represent the /n vivo
condition. Furthermore, if one could measure the change in whole blood acidity and
compare it to the change in lactate™, there would rarely be a 1:1 stoichiometry. When the
change in whole blood acidity is calculated (182), a 1:1 stoichiometry with whole blood
lactate in humans is not found, nor is it observed in perfused rodent hindlimbs. With
moderate to high-intensity exercise, the increase in blood acidity consistently exceeds the
increase in [lactate™] (162, 181, 183). The second problem relates to the intensity and
duration of exercise; low- and moderate-intensity exercise tend to generate data that agree
with a 1:1 stoichiometry, albeit still a plasma [HCO,] versus whole blood [lacatate™]
comparison. The third is that lactate™ is not the only contributor to the plasma acidosis
during exercise, as has been detailed above. The other main contributors include ACO, and
[Aiot] changes and, also as detailed above, each of these exert independent effects on the
measured concentrations of [HCO3~ and [H*]. We can illustrate these points by again using
the data of (163), and there are many other studies using human and animal models that
support a changing stoichiometry between lactate™ and acid appearance in blood.

In Figure 23, we have shown using blood from three different sites of blood sampling, the
time course of plasma [lactate™] and plasma [HCO3~] where, to facilitate a direct
comparison, the [HCO3™] at time thas been subtracted from the resting preexercise values.
In arterial plasma, there is a 1:1 stoichiometry between changes in the two variables.
However, it is typically antecubital venous blood that is sampled and analyzed in the
exercise studies cited above. There are clear and large discrepancies in the magnitude and
time course of these two variables in antecubital venous plasma and in femoral venous
plasma.

The role of erythrocytes

Erythrocytes play an active role in regulating plasma and body acid-base state through the
clearance of metabolic products, mainly CO, and lactate™, from contracting skeletal muscle.
The role of erythrocytes is far greater than the delivery of O, to, and removal of CO, from,
working muscles. From the acid-base perspective erythrocytes play important roles with
both the CO, and SID systems. First, and relatively well-studied, transport of CO, within
erythrocytes in the form of HCO3™ greatly reduces the magnitude of the plasma acidosis and
likely helps maintain plasma [HCO3~] within tolerable limits. Second, and less well known,
is that erythrocytes transport considerable amounts of lactate™ from one body compartment
to another (180, 184, 204). Much of the lactate™ that enters into the venous circulation by
sarcolemmal MCT-facilitated diffusion from contracting skeletal muscle rapidly enters the
erythrocytes through MCTs in the erythrocyte plasma membrane. This has the effect of
reducing plasma [lactate™] from what would be toxic levels (184), increasing plasma [SID]
and thereby reducing the plasma acidosis.
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An example of the time course of changes in erythrocyte [lactate™] in blood sampled from
the femoral vein, brachial artery, and antecubital vein in a study of high-intensity leg cycling
exercise is provided in Figure 24. In this study, subjects performed four 30 s bouts of
exercise, interspersed with 4 min rest periods, followed by 90 min of recovery (180, 204).
Peak plasma [lactate™] occurred at 5 min of recovery and averaged 25.9 and 25.7 mEg/L in
arterial and antecubital venous plasma (204) and 21.0 and 21.3 mEg/L in arterial and
femoral venous plasma (180). The arterial erythrocytes [lactate™] were similar in both of
these studies, allowing the following analysis. In femoral vein and artery, at the end of the
first 30 s bout (last 10 s of exercise + first 10 s of rest), erythrocyte [lactate™] had increased
by more than 3 mEg/L, and this further increased to 12 to 13 mEg/L at the end of the fourth
exercise bout (Fig. 24). What is noteworthy is that there was no difference between femoral
venous and arterial erythrocyte [lactate™] during the period of repeated exercise, while
erythrocyte [lactate™] in antecubital venous blood was greatly reduced. These results show
that lactate™ originating within contracting skeletal muscle is transported in not only plasma,
but also erythrocytes. The differing dynamics of the arterial and femoral venous erythrocyte
[lactate™] during the 90 min recovery period is also very interesting.

The time course of recovery of erythrocyte [lactate™] in the arterial circulation is markedly
slower than in femoral venous erythrocytes; the difference in [lactate™] was not due to
differences in mean corpuscular volume of cells between the two sampling sites. This
indicates a pronounced and prolonged reuptake of lactate™ by skeletal muscles recovering
from high-intensity exercise, consistent with the view that lactate™ is a highly preferred fuel
source by skeletal muscle (211). The first 60 min of recovery is also characterized by a
continued extraction of lactate™ by noncontracting tissues, as evident in the differences
between arterial and antecubital venous erythrocyte [lactate™]. During recovery, the
markedly greater arterial (than either vein) erythrocyte [lactate™] is due to the equilibration
of lactate™ between plasma (5-13 mEg/L greater than in erythrocytes) and erythrocytes
while in the arterial portion of the circulation. As blood perfuses the tissues, there appears to
be a selective offloading of lactate™ from erythrocytes because erythrocyte [lactate™]
recovered at a faster rate than plasma [lactate™] within both venous plasma “compartments.”
The avdifferences for [lactate™] across inactive tissues and across previously contracting
skeletal muscle recovering from exercise were greater for erythrocytes than for plasma. This
apparent preferential loss of lactate™ from erythrocytes will be facilitated by efflux through
MCTs, whereas diffusion of lactate™ into the extracellular compartment of muscles occurs
passively from the capillary plasma into the extracellular solution.

Lactate oxidation and roles of noncontracting muscle/tissues

Noncontracting muscle, similar to many other noncontracting tissues, serves to regulate
plasma and whole body acid-base, ion, and fluid balance during the period of exercise and
initial recovery (162, 179, 204) and in response to experimentally induced increases in
plasma [lactate™] (211, 212) or [K*] (175). The arterial blood that perfuses noncontracting
muscle is higher in [lactate™], [K*], [protein] ([ Awt]) osmolarity, and [H*] and lower in
FCO, and [HCO3™] than the intracellular fluid of muscles. As a result, there are net
movements of these molecules, as well as water, between erythrocytes, plasma, and muscle
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as blood perfuses these muscles—these reactions help to restore plasma ion concentrations,
acid-base state, osmolarity, and blood volume.

When lactate™ is presented to noncontracting muscle, it is a preferred metabolic substrate,
where by facilitated diffusion through monocarboxylate transporters, it is extracted by
muscle at high rates and subsequently oxidized (211). Using the 30 s high-intensity exercise
study of Kowalchuk et al. (162, 163), the time course of change in muscle and plasma
[lactate™] within each of the three main plasma compartments is shown in Figure 25. It is
very evident from this figure that during this brief 10 min recovery period following very
high intensity exercise there was a persistent gradient from contracting quadriceps muscle,
to femoral venous plasma, to arterial plasma and ultimately to noncontracting muscle (and
other tissues) where initial [lactate™] would have been about 5 mEg/L. The effects of this
lactate™ removal on plasma acid-base state are pronounced because the increase in [lactate™]
is the primary contributor to the decreases in plasma [SID] and hence the decrease in
[HCO3™] and increase in [H*] seen with exercise (Figs. 26 and 27). As described above,
lactate™ removal from plasma is a relatively slow process because there are substantial
amounts of lactate™ transported by erythroyctes, and erythrocytes recover their [lactate™]
faster than plasma, which has the effect of prolonging the plasma [lactate™] recovery. Thus,
as lactate™ is removed from the plasma compartment there is an initially slow (32, 162, 163)
though continuing (179,180) recovery of plasma [H*] and [HCO37].

Another noteworthy effect of noncontracting muscle is its response to the increased arterial
plasma osmolarity and [protein] that occurs with high-intensity exercise. The increased
[protein], resulting from the net flux of fluid into contracting muscle, is the main contributor
to the increased [Aqi] which is the second most important contributor to the plasma acidosis
in arterial plasma (because CO, has been eliminated at the lungs, the greatly reduced ACO,
has an alkalinizing effect on arterial plasma). In a study of four repeated bouts of high-
intensity exercise, there was no difference between arterial and antecubital venous plasma
[protein] as blood perfused noncontracting muscles, while there was a significant decrease in
the antecubital venous plasma total ion concentration of 18.4 mEg/L at the end of the second
exercise bout 2 (204). This suggests a net addition of water to the plasma, matched with a
net gain of protein by the vascular compartment, during perfusion of noncontracting tissues.
The net effect was a prolonged, albeit minor, contribution by [A] to the acidosis during the
recovery period.

Integration of mechanisms in acid-base balance and pulmonary CO,

excretion

There is a very intimate relationship between ventilation and acid-base balance, because
ventilation responds to changes in acid-base balance, and alterations in ventilation also alter
acid-base balance. Accordingly, the reactions and responses of the CO, system are of
fundamental importance in the control of ventilation because two of the variables, ACO, and
[H*], directly impact the intracellular [H*] that is sensed by metaboreceptors, and peripheral
and central chemoreceptors. In addition to a close, regulatory coupling between arterial
plasma/CSF [H*] and control of ventilation (1, 52), there is also significant input from the
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periphery in ventilatory control (232). Also, because CO5 responses are not confined to a
compartment, but are systemic, an acid-base perturbation in any system will affect
peripheral and arterial [H*] and thus have effects on the control of ventilation.

To exemplify this interaction, the Vg, ¥CO,, and acid-base data collected in response to

high-intensity leg cycling exercise (162, 163) will continue to be used as depicted in Figures
26-28. The ventilatory data show very high Vi and ¥'CO, at the end of the 30 s period of

exercise and first 5 min of recovery (Fig. 28), at a time when arterial [H*] and ACO; are low
(Fig. 26 and 27) and not sufficiently elevated to stimulate an increase in ventilation. The
increased Vg, then, must occur in response to other signals, signals that likely arise within

contracting muscle and stimulate ClI11 and CIV sympathetic nerve activity within muscle
(232). Evidence to support this lies in the greatly elevated femoral venous plasma ACO, and
[H*] (Figs. 26, 27), reflecting concentrations within contracting muscle, when Vg and ¥CO,

are maximal. Also, the time course of decline in Vg and V'CO, closely follow the time course

of decline in femoral venous [H*] and ACO,. Together, these data demonstrate a close
coupling of the ventilatory response to acid-base changes within working muscle during the
first 3.5 min of recovery, and not to the acid-base state of the arterial plasma/CSF
compartments. After 3.5 min of recovery, however, there is minimal further decrease in
femoral venous [H*] and PCO,, yet Vg and VCO, continue to fall, perhaps reflecting an

increasing contribution from low arterial plasma/CSF ACO, to suppress the ventilatory
stimuli occurring in the periphery (recovering skeletal muscle). At 9.5 min of recovery,
ventilatory variables are still elevated above pre-exercise (Fig. 28), consistent with elevations
in arterial and venous plasma [H*] (Fig. 26), and despite low or normal arterial and plasma
PCO, (Fig. 27).

When the effect of ventilation on acid-base state is considered, then, already at 30 s of
recovery, alveolar ventilation was fully responsible for decreasing arterial plasma ACO» by
71 mmHg and [H*] by 46 neg/L (compare Fig. 22 with Fig. 27). It is also noteworthy that
plasma [HCO37] only loosely follows the time course of change in plasma ACO» (Fig. 27).
The end-exercise femoral venous [HCO37] increased by only 2 mEg/L despite a nearly 60
mmHg increase in ACO, and 30 nEg/L increase in [H*]. This demonstrates that femoral
venous plasma [HCO3™] is more sensitive to nonrespiratory factors that contribute to the
acidosis (decreased [SID] and increased [Aiqt]) than to increased ACO,. The subsequent
sustained decrease in arterial and femoral venous [HCO3™] reflects the loss of CO, stores
due to the high pulmonary excretion of CO,.
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Figure 1.
Schematic diagram showing equilibration of a gas in the pulmonary capillary of a

homogeneous lung. The top half of this figure represents a schematic alveolus and
pulmonary capillary, the bottom half the corresponding changes of gas partial pressure in the
pulmonary capillary. X represents the distance along the pulmonary capillary from X, the
start of the contact point with the diffusion barrier to X, the end of the point of contact with
the diffusion barrier. Fresh gas is delivered to the alveolus by the process of alveolar
ventilation (V A). The alveolus is perfused by a pulmonary capillary, with a partial pressure
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of mixed venous gas (Py) at Xq which rises to a maximum end-capillary partial pressure
(P.’) at X. Consider a tiny increment of distance along the pulmonary capillary (aX). The
flux of gas across the alveolar wall into the blood (dM) is described by Fick’s law of
diffusion and is given by the product of the diffusing capacity (D) of the element of the
barrier corresponding to aX and difference between the partial pressure in alveolar air (Pa)
and the partial pressure of the gas in capillary blood (~.), Pa—Fe. The uptake of gas into the
blood at point dX results in a change in the content of gas in capillary blood (d#;). Under
steady-state conditions, this is also equal to M and is described by the Fick equation and is
calculated as the product of the steady-state perfusion (Q) and dP.. The content of gas in
blood is related to the partial pressure in blood by p the effective solubility of the gas (the
slope of the dissociation curve, i.e., acontent/dF;).
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Figure2.
The effect of a nonlinear dissociation curve on the effective solubility (B) and diffusion

equilibrium. Here dPis considered to be the change in partial pressure in the blood of a gas
required for diffusion equilibrium. When § is relatively large (the steep slope seen in f1)
there must be a large change in content (dcontl) for dP whereas when  is relatively small
(B2) the same partial pressure change is accomplished with a much smaller change in
content (dcont2). Thus, a large B (i.e., p1) means that there is a large sink for a gas, more
molecules must be transferred before the partial pressure rises, compared to the situation
where B is relatively small (i.e., p2).
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Figure 3.
The relationship between oxygen and carbon dioxide as a function of differing ¥ 4/0 ratios

[adapted, with permission, from Fahri (67)]. When the v o/Q ratio is low, the composition of
alveolar gas approaches that of mixed venous blood. When the ¥ 5/Q ratio is high the PO,
and PCO, of alveolar gas approaches that of the inspired gas.
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P20,
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Oxygen consumption (mL/kg/min)

Temperature corrected arterial blood gas data and calculated A-aDO5 obtained from 32
healthy normal subjects (15 male, 17 female) during progressive cycle exercise to ¥0omax-

Avrterial PO, falls and the A-aDO» increases with increasing exercise intensity. In this data
set, the samples at “rest” are obtained with the subject sitting upright on the cycle ergometer,
breathing through a mouthpiece and anticipating maximal exercise. Thus, the P,0, is
somewhat elevated and ~,CO5 reduced over true resting values.
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Figure5.
Individual subject P,0,, P,CO5, and A-aDO, for the same 32 subjects whose data appears in

Figure 2, plotted as a percentage of V0.« Here, the wide variation in the blood gas

responses to exercise can be appreciated.
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Figure 6.

VO, mL/kg/min

Temperature corrected arterial blood gases obtained at near maximal and maximal exercise
(cycle ergometer or treadmill running) in normal subjects [(A) 7= 198; (B) and (C) n=
175)]. Data are, with permission, from references (15, 45, 76, 93, 94, 118, 121, 124, 219,
231, 251, 328, 357). The horizontal line in A and B defines the normal value and in C the
limits of the expected increase in A-aDO, with exercise as defined by Dempsey and Wagner
(47). The arterial PO, is lower and the 2,CO, and A-aDO, higher with increasing aerobic
capacity. Above a V0. Of 65 to 70 mL/kg/min the majority of individuals have
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significant gas exchange impairment although it is uncommon in individuals with a
VOsmax < 50 mL/kg/min.
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The Relationship between P,0, and 2,CO, during maximal exercise for the subjects from
Figure 6. £,CO5 is an index of alveolar ventilation and it can be seen that limited
hyperventilation explains only approximately 20% of the variance in P,05.
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Figure 8.
The effect of exercise on the ¥ 4/0 distribution and ~,0,. Data are shown for a healthy

normal subject at rest and during heavy near-maximal exercise (VOy~4.1 liter/min). The

closed circles represent perfusion (plotted on the right-hand y-axis in liter/min) and the open
squares represent the arterial PO, (plotted on the left-hand y~axis in mmHg) from a lung unit
with the ¥ o/Q ratio given on the x-axis. Data in red are resting data; blue are exercising

data. Exercise results in an alteration in the PO, versus V 4/ relationship because of the

lower mixed venous PO, entering the lung and also because of changes in the oxygen-
hemoglobin dissociation curve in the blood. There is an increase in cardiac output in this
subject from 6.2 liter/min at rest to 25.0 liter/min during heavy exercise, and alveolar
ventilation is increased from 6.2 liter/min to 170 liter/min, thus the plot of O versus V' A/0

ratio moves to the right with exercise. v 5/0 inequality is also increased during exercise and

the blood flow distribution is broader (LogSDQ = 0.45 rest, 0.53 exercise). Despite these
changes the increased V 5/Q inequality with exercise does little to lower P,0,. This is

because the lowest perfused ¥ o/Q units occur at a higher ¥ 4/Q ratio with exercise (arrows).
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Estimation of pulmonary diffusion limitation during exercise using the multiple inert gas
elimination technique. The measured ventilation-perfusion inequality and shunt are used to
calculate the expected A-aDO, under the measurement conditions. The results are compared
to the measured A-aDO-. At rest, the two sets of data overlie one another but as exercise
intensity increases, the measured A-aDO, exceeds that expected from the amount of V 4/0

inequality and shunting. This indirect index is a measure of pulmonary diffusion limitation
although a contribution from the bronchial circulation and thebesian veins cannot be
excluded. Data, with permission, from references (121, 124, 251)
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Figure 10.
The alveolar-arterial difference at rest and during exercise to near maximal at different

barometric pressures. There is no systematic relationship between A-aDO, and barometric
pressure. This is likely due to a combination of factors including individual subject
variability and the relative contributions of diffusion limitation, ¥ »/Q inequality and shunt

to the A-aDO, within a subject at different elevations. See text for details. Data are, with
permission, from references (15, 46, 300, 302, 327, 334).
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Figure11.

Response to progressive exercise in age- and height-matched men and women. Based on
prediction equations, women have a smaller forced vital capacity (FVC), and peak
expiratory flow (PEF). With incremental exercise there is expiratory flow-limitation (EFL)
observed in the woman, and hyperinflation as demonstrated by an increase in end-expiratory
lung volume (EELV). Figure, with permission, from Sheel and Guenette (276).
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pH

Relationships showing the dependence of plasma pH, [H*], and [HCO3™] on plasma [SID]
when PCOs is held constant at 40 mmHg and [Aiq] is held constant at 16 mEg/L. Note the
decreasing slope in the [SID]: [H*] relationship with increasing [SID], indicating increased
ability to remove (buffer) H* from solution. For comparison, the dashed—dotted line
extrapolates a linear decrease in [H*] with increasing [SID]; increasing [SID] from 39 to 45
mEq/L has the effect of buffering approximately 3 mEg/L of H*.
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Figure 13.

The dependence of plasma [H*] on [A:] and [SID] when ACO, is constant at 40 mmHg.
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Figure 15.
Diagram showing interrelationships between ventilation, acid-base variables, and cellular

processes. The dashed arrows indicate pathways through peripheral and central
chemoreceptors that drive ventilation according to the acid-base status of the individual.
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(A) Relationships between the dependent acid-base variables and [A] in resting muscle.

bar indicates a normal range for very high intensity exercise.
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(A) Relationships between the dependent acid-base variables and ACO, in resting muscle.
The hatched bar indicates a normal range for resting muscle. (B) Relationships between the
dependent acid-base variables and ACO, in muscle with high intensity exercise. The hatched
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bar indicates a normal range for very high intensity exercise.
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(A) Relationships between the dependent acid-base variables and [Aq] in resting muscle.

bar indicates a normal range for very high intensity exercise.
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The hatched bar indicates a normal range for resting muscle. (B) Relationships between the
dependent acid-base variables and [A:qt] in muscle with high intensity exercise. The hatched
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Figure 19.
Schematic of whole body acid-base interactions during high intensity exercise.
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Figure 20.
The relationships between muscle [H*] and each of the independent variables PCO», [Atotl,

and [SID] in response to 30 s of very high intensity exercise and subsequent 0.5 min of
recovery. The time course of change is indicated by the arrows. R = resting; 0.5 = 0.5 min of
recovery; 3.5 = 3.5 min of recovery; 9.5 = 9.5 min of recovery. The solid lines indicate [H*]
isopleths at resting [SID] of 100 mEq/L (with K of 1.64 x 10~/ Eg/L) and [SID] of 60
mEg/L which occurred at 3.5 min of recovery (with K of 1.98 x 107 Eq/L. The dashed line
indicates the resting [H*] isopleth but using the exercise Ka of 1.98 x 10~7 Eqg/L.
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Figure 21.

Avrterial—antecubital venous (H) and arterial—femoral venous () ACO» (top panel) and [H
*] (bottom) differences during four repeated, 30 s bouts of very high-intensity exercise
interspersed with 4 min rest periods, followed by 90 min of recovery. Data, with permission,
from Lindinger et al. (179, 180).
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Plasma [ Aiot] as functions of ACO, and [SID] (top) and [ A and [SID] bottom. The arrows
show the time course of change going from rest (/) to 0.5 min after 30 s of very high
intensity exercise, then to 3.5 and 9.5 min of recovery. Experimental data from Kowalchuk et
al. (163).
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Figure 23.
The time course of plasma [lactate™] and negative change in plasma [HCO3™] from

preexercise (time = —1 min) at the end of 30 s of very high intensity exercise (time 0) and
during 9.5 min of resting recovery. Using data, with permission, from Kowalchuk et al. (162,

163).
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Figure 24.
Time course of erythrocyte [lactate™] in blood sampled from two sets of subjects performing

four 30 s bouts of high intensity exercise interspersed with 4 min rest periods (shaded area),
and subsequent recovery. Data are a composite from the arterial and femoral venous data of
Lindinger et al. (180) and the arterial and antecubital venous data of McKelvie et al. (204).
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Time course of muscle and plasma [lactate™] in humans that performed 30 s of very high
intensity leg bicycling exercise. Data, with permission, from Kowalchuk et al. (162, 163).
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Figure 26.
Time course of plasma [H*] in humans that performed 30 s of very high intensity leg

bicycling exercise. Data, with permission, from Kowalchuk et al. (162, 163).
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Figure 27.
Time course of plasma ACO, and [HCO3™] in humans that performed 30 s of very high

intensity leg bicycling exercise. Data, with permission, from Kowalchuk et al. (162, 163).
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Figure 28.
Time course of ¥V and ¥CO, in humans that performed 30 s of very high intensity leg

bicycling exercise. Data, with permission, from Kowalchuk et al. (162, 163).
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Table 2

Values of the Constants Used Within the Acid-Base Equations

Parameter

Constant

Reference

Kp—plasma
Kx—resting muscle

Kx—exercised muscle

3.0 x 107 Eg/L

1.64 x 1077 Eg/L

1.98 x 1077 Eq/L

6.0 x 10711 Eg/L

2.46 x 10711 (Eq/L)¥mmHg
4.4 x 10714 (Eq/L)?

(295, 296)
(174,176, 177, 182)
(174,176, 177, 182)
(295, 296)
(295, 296)
(295, 296)
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Table 3

Page 106

Avrterial and Femoral Venous Plasma Independent and Dependent Acid-Base Variables at Rest and After 30 s

of Very High Intensity Leg Bicycling Exercise [From Kowalchuk et al. (162, 163)]

Rest 30 srecovery

3.5 minrecovery 9.5 min recovery

PCO, (MmHg)

[SID] (MEg/L)

[At (MEg/L)

[H*] (nEg/L)

[HCO37] (mEq/L)

Arterial
Fv
Acrterial
FVv
Arterial
FV
Arterial
FV
Arterial

FV

41
46
37
42
17
17
38
41
26

27

37
106
34
39
18.8
18.6
49
95
19

28

30
48
29
29
18.4
18.5
54
76
14

15

32
40
31
30
184
17.4
54
64
14

15
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