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Exercise intolerance is a leading symptom in patients with chronic 
respiratory and cardiac diseases. This exercise intolerance is almost always 
manifest as recognizable breathlessness at levels of physical exertion that 
had been tolerated, previously. In the context of this presentation the 
term, exercise, will be used synonomously with physical exertion. Exercise 
is the activity that allows us the freedom to move within our en vi ron men t 
and to physically manipulate the environment. 

The physiology of exercise in normal man and elite athletes, as well 
as in patients with respiratory and cardiac diseases, has been studied 
extensively by many investigators at this institution for the past 30 years 
under the leadership of the eminent Jere H. Mitchell. Many aspects of the 
physiology of exercise have been presented on numerous occasions at Internal 
Medicine Grand Rounds. 

The focus of this Grand Rounds will be centered on the capacity for gas 
exchange in the lung . The areas that will be considered are: 

1. The capacity of the lung to transport oxygen at rest 
and during exercise; 

2. The functional derangements during rest and exercise 
that are associated with different types of lung diseases; 

3. A method to predict exercise performance based on the 
capacity to transport oxygen and the functional 
derangements caused by disease; 

4. An outline of therapeutic and diagnostic strategies from 
the perspectives of exercise and the patient with chronic 
lung disease. · 
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II. Muscular work (ref. Johnson, 1980; and Astrand and Rrodal, 1970.) 

Exercise is muscular work. In mechanical terms, thi s work is defined 
as the force times the distanc-e through which the force acts. Mechanical 
power is the rate at which the work is performed and can be meas ured on a 
treadmill or on a bicycle ergometer . It is usually expressed in units of 
electrical power (Watts) or mechanical power (kilogram meter per min); 100 
Watts is equivalent to 600 kg m/min . 

Muscular work requires an energy source. During exercise, chemical energy 
generated through metabolism is converted into heat and mechanical work, the 
sum being the metabolic rate. Metabolic rate usually is measured as the ra t e 
of oxygen consumption, but the total chemical energy production is depend ent 
upon the substrate being used as the energy source. Chemical ene rgy i s 
expressed in terms of thermal ' power: kilocalories per mi,n. 1.4 kcal/min 
is equivalent to 100 Watts. When fat is the substrate, 4.69 kcal of energy 
is produced per liter of 02. When carbohydrate is used, 5.05 kcal/liter of 
02 is produced. 

Mechanical eff iciency is the mechanical power developed per increa se 
in metabolic rate, and generally falls between 20 and 25%. 

The immediate source of energy for muscle contraction is tha t stored 
in high ener9y phosphate bonds of adenosine triphosphate (ATP) and creatine 
phosphate (CP). These small labile energy stores in muscle must be continually 
replenished by metabolism of carbohydrates, fats, and amino acids. Most of 
the energy derived from these substrates requires oxidation with molecular 
oxygen (aerobic metabolism). 

A portion of the energy available from carbohydrate metabolism can be 
released in the absence of 02. When 02 delivery to the mitochondria is 
inadequate, reduced NAD builds up in the cytoplasm . Reduced NAD react s with 
pyr uvate to produce lactic acid, and lactate production is used as an inde x 
of inadequate 02 delivery during exercise. 

Total energy stores are 1 i sted for an average 70 kg y/ o man with 50% 
muscle and 10% fat. 

TABLE 1 

Store Ma s s Concentration Total 
Tk<il (mM/k muscle)~) 

Muscle 37.5 ATP 6 .225 1.6 
CP 17 . 637 4.7 

Muscle glycogen 70 1,840 
Liver glycogen 1.5 315 

Fat(palmitic)* 7. 5 29.3 2340 68,000 

*Molecular wt. of Palmitic Acid is 256 
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These energy stores are important in determining the time inte rv al over 
which a muscular effort can be sustained. At 7 5% of ma ximum work 1 oad (o r 
2.63 L/min V82) enough ATP and CP are available to supply metabolic requi reme nt s 
for about 3 sec. Enough musc~e and 1 iver glycogen are pre sen t to sus t ain 
this level of exercise for about three hours, assuming compl e t e oxidation 
to C02 and H20 . 

However, to sustain exercise or muscular work for a long duration, the 
energy must be provided by oxidative metabolism, which necessitates an adequate 
oxygen delivery and carbon dioxide removal system. 

Oxygen delivery 

It is the capacity of this oxygen delivery system that will determine 
ability to sustain exercise . This oxygen transport system consists of several 
functional steps that are linked in series (that is, the steps have to proceed 
in a given order as follows :) 

TABLE 2 

1. Ventilation 
2. Diffusion 
3. Chemical reaction with hemoglobin 
4. Cardiac output x 02 capacity 
5. Distribution to muscles, 

Chemical release, and 
Diffusion into cells and mitochondria. 

Oxygen consumption continues to rise in proportion to increasing work load 
until the limits of the oxygen delivery system are exceeded . Healthy, youn g 
persons can increase their Yo ~-10 x resting values. This limit is termed · 
the maximal oxygen consumptio~ (Vma x02) (Mitchell et al., 1958 and Sne ll and 
Mitchell, 1984) and varies with age among healthy subjects a s sho~m in Table 
3 (fromAstrand, 1970). 

TABLE 3 

~ 0-29 30-39 40-49 50-59 60- 69 

Vma x02 (ml 02/ min/kg) 
.., 

Female 39.9 37 . 3 32.5 28.4 

Male 52 . 2 39 . 9 39.2 33.1 31.4 

Ma ximum heart rate (beats/min) 

Female 187 185 178 170 

Male 186 181 173 161 159 

The bottleneck in the oxygen transport system that sets the 1 imit on 
Vma x02 theoretically could occur at any of the steps (Table 2) in the oxygen 
delivery chain. 
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III. Functional Capacities of the heart and lungs during exercise. 

A. The nonnal individual 

1. Ventilation : 

Ventilation is the bulk movement of gas moved into the lungs per mi n. 
It is the tidal volume times the frequency of breathing (VE VT x f ). 
Ventilation is coupled to metabolic rate and increases nearly linearl y wi t h 
respect to oxygen consumption as the exercise work load increases to moderat e 
levels; thus, alveolar gas tensions (PAo and PAco) are maintained in accord ance 
with the well-known relationships: 2 2 

Vco2 ml STPD/min 

VA ml BTPS/min 
(863) 

where 863 = mmHg /a tm x STPD to BTPS conve r sion facto r 
Vco2 = C02 production 

VA =alveolar ventilation 

(Eq. 2) PA 02 (Ps - 47) Fr 02 PAco
2 

(FI 02 + ~) 

where Ps 
47 
Fr 

R 

R 
Barometric pressure in mmHg 
water vapor tension at 37 °C 
fractional inspired concentration 
respiratory quotient 

The relationship between VE and Vo (6V[ /6 VQ ) is reportedly 22-2 5. This is 
within the range that would be pfedicted f~om the alveolar ventilat i on equation 
(Eq.l) if dead space ventilation were nonnal (20% of total volume; Vo / VT = 0.2) 
and the respiratory quotient were 0.8. 

were rearranged, _and Vo2 x R was substituted for Vco~· .and VE (1-Vo/VT) wa s 
substituted for VA, the equation could be written as. 

= .8 vo2 
PAco2 -- (863); or as: VE/Vo2 . 8 VE 

21 to 25 

for a PAco
2 

of 36-40 mm Hg. 

. Nonnally individuals increase tidal volume linearly as work )oad and 
Vo2 increase with exercise until approx. 70% of the FEV1 is reached. As Vma xE 
is neared there is a tendency for the increase in tidal volume to level off 
(Pierce et al., 1968 and Sal tin et al., 196~). Frequency of breathing frequency 
also increases linearly until approx. 2/3 of VmaxE, then f in creases 
disproportionately when tidal val ume begins to level off. Although the reason 
for shifting ventilation more toward increasing frequency is not known, it i s 
imagined that the force development needed to expand the 1 ungs to 1 arger val umes 
becomes excessive and preference is given to developing a lesser force more 
frequently. 
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When exercise is extended beyond a moderate l evel in progressive steps, 
anaerobic metabolism with attendant lactic aci d production increases 
disproportionately as the source of energy. At nearly the same time, ventil ation 
increases out of proportion to the . increase in oxygen consumpt ion and work load . 
It has been proposed that the disp roportionate in crease in ven ti lati on is caused 
by the rise in [H+] from lactic acid in arterial blood, which stimulates ao rt ic 
and carotid bodies chemoreceptors, whi ch in turn, drives the respiratory cen ter 
in the brain . This phenomenon has been tenned the "anaerobic threshold" . The 
physiological interrelatedness of these two phenomena--the disproportiona te 
increases in ventilation and lactic acid production--is by no means proven and 
is often the subject of heated controversy. 

The important relationships to consider are: what is the ma ximum possibl e 
minute ventilation, and what is the maximum oxygen that can be transported ilt 
that level of ventilation. The normal functional capacities of the heart and 
lungs in a 70 kg healthy male at peak exercise are listed in Table 4. 

TABLE 4 

Normal Functional Capacities of the Hearl and Lunws iH Pe ak Exe rc ise 

Step Functional counterpart Cap"city 
-------------------------------------

2 

Ventilato ry capacity (Vm 0 ,E) in lite rs/min (BTPS) 

Membrane diffu sing capacity ( DM o,) in (m l/min )/mm Hg 

Spec ific rate of 0 2 up take by red ce lls (00 2 ) in (m l/ min)/ 

mmHg per ml pulmonary capillary blood• 

Pulm o nary capil la ry b lood volum e (VC) in ml 

197 

102 

2.8 

205 

2 + 3 Transfer coeffic ient for oxygen (DLo 2 ) in (ml/min) /mmHg 87 

where 

4 

+ 
DLo 1 DMo , llo 1 Vt " 

Ma x nna l ran l ia~.: ou tp ul <0111 a,) in lill:rsfnlin 

0 2 Cap:ll' ily of hlond (0 2l· ap) in ml 0 1 / ml hlond 

M<.~xima l fra ...: tiomd 0 2 cx t ra~: t ion in t issu~..·s(0 1 cxt) 

Sourcl'. • Staub L' l al. J6J . 

O.M<; 

Copyright 1980 by Ma rce l Dekker, Inc. (Wehr and Johnson) 

Maximum breathing capacity can be estimated by 
voluntary ventilation (MVV) that can be sustained for 
has been estimated from resting spirometric measurements. 
the MVV equivalent to FEV1 .0 x 35 to 40. 

measuring the maximum 
15 seconds. MVV also 
Various studies report 

The oxygen transport capacity that can be achieved at ma xi mum ventilation 
has been approximated (Wehr and Johnson, 1979} and is listed in Table 5. 
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TABLE 5 

Table 6 Approximat e Capacit )' of Each Link in the 0 , Transpo rt Chain at Sea Level 

St ep Appro ximat e 0 2 transport capacit y (lit ers/ min) 
---

Y o I 
Ym a,E (lite rs/ min STPD) X (I - VT l X Flo 2 X 4 6. 4 Ventilation3 

Diffusion b 

(
lit ers/min) 

DLo - - - X 70 mmHg 2 mmHg 
6. I 

Chemical reacti o n 

4 Cardiac output X 0 1 cap } 
Om a' (liters/min) X o ,cap X o,sal X o,exl = 3.9 

Distribution . chemical re lease tissue diffu sion 

'1Vn/ V'I = Rat Ill n f d~ad ~; p ;u:l' vent ihnion 10 w tal ventilat ion. Fie).,= Frar llnn o f mspirc d o ' )' J.! C' O (0 .2093 ) . 1/4 "' Fract ion nf nx) )-! l'n wtw.:h 
,·an lw u11lll.l'd wttiHlltl th l' alwnl:u 0 2 tt·n o.; itm fallln ~ot hl'iuw llllmin iiJ.! . 
h7o ntull lj.! l>•ff t' ll..' lll' l.' hl'IWI.' l' ll al vcol;n and mea n .. :a pilla r) hh1m\ 0 2 l!.!n ~ i t lll ¥.hidt n ut hl' a ~o: htt' Yt'd :~1 h..::1v)" I.'X l'Tt'\S l' w llh l lll l odlv...,·Jn!o! 
tlw t'IHI ·l·apllla ry tl\ )' j.!.l'll s.t t ur:llh l ll It• fall hcln\\ CJ6'}L 

Copyright 1980 by Marcel Dekker, Inc. (Wehr and Johnson) 

The steps required to detenni ne the approximate oxygen delivered by a 
given level of vent i lation are: 

1. Estimate VE max by multiplying the FEV1.o x 40. (Eg. if FEV1.0 
is 5.0 L, VmaxE is 200 L/min) 

2. Convert VE from BTPS to STPD. (Eg. at 37 ° and 750 mmHg atmospheric 
pressure, conversion factor is 0.8146) 

3. Determine alveolar ventilation (VA) from VE by subtracting out 
the dead space ventilation, VDIVT. (Eg. nl VDIVT is 0.25 and 

4. 

1-VDIVT is 0.75) 

Multiply by the fraction of gas that is 02 (Fr
02

). 
air is 21% 02) 

(Eg . ambient 

5. Multiply by the fraction of the inspired 02 that can be removed 
without lowering the oxygen concentration to a level that would 
desaturate hemoglobin (Eg. Removing ~ of the oxygen would reduce 
alveolar oxygen from 147 to 110 mmHg). 

If Vma xE is 200 L/mi n BTPS in our 70 kg healthy man, then the predicted 
maximum 02 transport capacity of the ventilation step is: 

200 X 0.8146 X 0.75 X 0.21 X 0.25 = 6.4 L02/min. 

This value of 6.4 L/min is far in excess of t~e presumed VmaxO of 3.65 
L02/min for this 70 kg man, age 25 yr.(see Table 1; Vmax02 = 52.2 ml/~g). 

Thus, it is apparent that maximal alveolar ventilation, VmaxA, must be 
reduced 40-45% before this step alone could limit Vmax02 and consequently, maximal 
exercise. 
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2. Diffusion of gases and chemical reactions 

The second step in the linked oxygen transport sys tem is diffusion . The 
oxygen that was swept into the ·alveolae with the ventilatory apparatus now · 
dissolves in the alveolar lining layer and moves across the alveolar-capillary 
membranes by passive diffusion according to the concentration gradient between 
alveolar air and capillary blood. The 02 enters the red cell where it chemica ll y 
reacts with hemoglobin to, in effect, remove the 02 from sol uti on, thereby 
maintaining a favorable gradient for further diffusion, as well as enhancing 
the 02 capacity of the blood . 

The time interval required for the hemoglobin saturation of the blood 
in the capillaries to rise to the equilibrium point with alveolar 02 is a function 
of the barrier to diffusion and the concentration of 02 driving the movement 
of gas across the barrier. 

Because of extreme difficulties in knowing capillary 02 tensions to enabl e 
us to determine the concentration gradient across the alveolar capillary membrane , 
diffusing capacity of 02 is not frequently measured; rather, we measure the 
diffusing capacity for carbon monoxide (CO) , which behaves similarly to 02 , 
and we can assume the capi .ll ary concentration of CO is zero. Taking into account 
the difference in solubilities and molecular weights of these two gases, the 
relative diffusibility of 02 is 1.23 times that of 02 (i.e., DM

02 
= 1.23 DMcol· 

There are two components to the measured diffusing capacity of the 1 ung 
for CO (DL ) : the membrane component (DM) and the red cell component. The 
red cell c&~ponent includes the volume of hemoglobin in the capillaries, i.e., 
the capillary volume (Vc) of a stated Hgb concentration and the reaction rate 
of CO with hemoglobin, termed e . The relationship is stated in terms of the 
resistance to diffusion of each component (Roughton and Forster, 1957): 

1/DLco = 1/DMco + 1/eVc. 

During exercise, DL increases (Johnson, 1967; Cassidy and Stray-Gundersen , 
1983) . This is caused by a nearly proportional increase in the capillary volume , 
presumably caused either by recruitment of additional capillaries associated 
with the increased blood flow and/or by distension of the existing capillary 
bed. The membrane component of diffusion does not change, or increases only 
slightly with exercise. The net result is that Oleo does not increase as much 
as V02 increases with exercise. 

Once again, it is the capacity of these links to trilnsport oxygen that 
is important in determining their potential to set a limit on Vmax02 (Wehr and 
Johnson, 1976, and Johnson, 1980). The maximal ol

02 
is approximated by: 

1/DL
02 

= 1/1.23 x DMco + 1/e02vc = 87(ml/min)/mmHg 

Considering that: maximum Vc for our typical 70 kg man is 205 ml; the 
affinity of the red cells for 02 is 2.8[(ml 02/min)/mmHg]/ml blood; and measured 
maximal DMco is 83(ml/min)/mmHg; then: 

1/DLo
2 

= 1/(1.23 X 83) + 1/(2.8 X 205) = 0.0115 

ol
02 

= 87(ml/min)/mmHg . 
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By this approximation , the estimated ma ximal d ri ving pressure for oxyge n, 
i . e., the difference between alveolar oxygen tension and mean oxygen tension 
inside alveolar capillary red cells, which can be sustained without a f all in 
the 02 saturation of blood leaving· the lung during exercises, is 70 mmHg . Thus, 
the predicted maximum 02 transport capacity of the diffusion and chemical reaction 
step is: 

87 x 70 = 6,090 ml 02/min = 6.1 L/min. 

This potential to transport .02 through the diffusion and chemical 
reaction steps is still in excess of the Vmax02 that could be achieved in this 
individual. Thus, normal individuals are not limited at sea leve l by the 
constraints imposed on the transfer of 02 from the alveolae to hemoglobin in 
the red cells. 

3. Cardiac output: 

Cardiac output, like ventilation, is coupled to metabolic rate through 
neural regulato ry mechanisms that remain ill-defined . Cardiac output in c reases 
by 4-5 x resting values. The remainder of the in crease in 02 transport is brough t 
about by an alinear widening of the A-Vo

2 
difference from 6.5 to 14 .3 ml / 100 

ml. 

The capac.i ty of this 1 ink to transport oxygen is a function of ma ximum 
cardiac output (Q), oxygen-carrying capacity of the blood (Hgb cone. x 1.34) 
x %Sat (96%), and the fraction of 02 that can be extracted by the tissues. At 
exercise this fraction approximates 85%; thus, 

Vmax02 = Q x .85 x 02 Cap x Sao2 

If the max Q of our 70 kg, 25y/o man is 22.8 L/min rMitchell e t al. (1 957)1; 
then, the predicted maximum 02 transport capacity of the 
cardiac-output-times-02-capacity step is: 

22.8 x .85 x .21 3.9 L/min 

This value approximates the actual ma ximal Vo of ~.6 L/mil'). . The 
relationship between the increase in Q and the incre&se in Vo ?. (i.e., Q/ Vo7 ) 
with exercise was 6. 1 (Mite he 11 et a 1. , 1957), and thl s agrees wi tn our 
predictions (23 i 3.9 = 5.9). 

4. Pulmonary vasc'ular resistance: 

One of the ways that . lung disease might impose a limit on exercise 
performance is by virtue of the possibility of accompanying pulmonary hypertension 
that could be made worse by exercise. Normal man does not elevate ~is pulmona ry 
artery pressure (PpA) to any substantial degree with e xercise [ PpA I Q = 0 . 6 
mmHg/(L/min)]; however, pulmonary hypertension may occur with various degree s 
of severity in all forms of lung disease and needs to be considered separatel y 
as an additional, functional impairment that may limit exercise capaci ty in 
patients with lung disease. 
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5. VA/0 equality: 

When the regional distribution of ventilation is proportional to the 
regional blood flow, ventilation and perfus ion are said to be matched. In this 
ideal situation, alveolar (A) Po2 would be equivalent to end-capillary or arterial 
(a) Po , and there would be no A-a gradient for 02, and gas exchange woul d be 
maximaMy efficient. In norma) persqns at rest, there is slight inequali ty 
in the relative distribution of VA and Q, which is thought to be caused by 
gravity. This is responsible for the nc;>rm~l resting A-a 02 gradient of 5-15 
mmHg. This small degree of inequality of VA/0 becomes even less during exercise ; 
thus, efficiency of gas exchange approaches 1 with exercise in norma 1 persons 
and does not noticeably lower our expectations for 02 transport capacity in 
the preceding steps . 

In SUIIII1ary 

Normal individuals have the following responses to exercise: 

1. Oxygen consumption increases in proportion to mechanical work load. 
An average, young man has 

Vmax02 = 3.64 L/min. 

2. Ventilation is increased t.hrough neural control mechani sms in 

3. 

4. 

proportion to the increase in Vo2 up to moderate work loads; 

llVE;v02 = 22-25. 

At heavy work loads, VE increases at a steeper slope . Ma x 02 
transported by ventilation in this average, young man is 6.4 L/ min. 

Diffusing capacity increases passively with exercise because capillary 
volume expands in proportion to the blood flowing through the lung s. 
Max 02 transported through the diffusion steps in a young man is 
6.1 L/min . 

Cardiac output increases linearly with oxygen consumption; llO / tJVo? 
= 6.0, and the arterial to mixed-venous oxygen difference Widen s 
alinearly. The Max 02 transported by the cardiac output with normal 
02 capacity of blood in one average, young man is 3.6 L/min. 

5. Pulmonary artery pressures increase minimally, but linearly, with 
exercise because pulmonary vascular resistance falls . 

llPpA/llQ = 0.6 .mmHg/(L/min). 

6. VA/0 matching improves with exercise, further enhancing the efficiency 
of the steps above . 

Thus, the apparent bottleneck to ma xi mum oxygen transport during exercise 
in normal individuals is cardiac output x oxygen-carrying capacity. 
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h . Dbstructive lung disease 

Diseases classified as chronic obstructive lung d i sea se s (C OPD ) fa ll 
into one of three categories : asthma, chroni c bron chit i s , and emphysema. They 
all have in common expiratory flow limitati on, an d thi s i s commonly quantified 
according to the degree of reduction in the fractional volume exha l ed in 1 sec: 

FEV 1. o/FVC 

Values < 75% represent abnormal reduction in expiratory airflow. 

Patients with asthma, which is defined as reversible airways obstruction, 
can experience unpredictable worsening of their obstruction with exercise, and 
this inconsistency of airways obstruction poses unique management consid era tion s 
related to mediators of airways obstruction which will not be considered in 
this presentation, which relates pulmonary func t ional -impairment to exercise 
limitation. 

1. Work 1 oad 

Patients with advanc_ed COPD have a r ed uced capacity to perform muscular 
work (to exercise) . Since normal individua l s do not appea r to be li mi t ed by 
the various respiratory functional capacities, our aim is t o determine what 
derangements are responsible for the reduced capacity to exercise i n these 
patients. The importance of this in the clinical setting is to be more 
knowledgeable with regard to individual patients' abilities and limitat ions, 
and to identify specifi c causes to which therapy could be directed. Capac ity 
to exercise will be j udged in comparison to that predicted f r om ma ximum oxyge n 
consumption (Table 2) or maximum work loads. Several studies have exam ined 
the maximum exercise capacity in patients wi th COPD (Wehr and John son, 1976; 
Jones, et al., 1971; Hickam and Cargill, 1947; Nery et al., 1983; Blount , 1959; 
Raffestin et al., 1982). 

On the average, the patients that have been reported hav e had a 
moderate -to-severe obstruction, meaning that FEV1.o was reduced to le ss tha n 
50% of predicted values based on age, height, and sex, and that fra cti onal 
reduction of FEVl.O• compared to FVC, demonstra tes an obs truction . In such 
patients, ma x work load was reduced, and the reduction was proportional t o t he 
reduction in FEV1.0 (r = 0.621). In these patients of Jones (1971), predi c ted 
Vmax02 was 910 ml / min. However, there is tremendous variability, whic h suggests 
that factors other than obstruction to airflow limited the work capacity of 
these patients. 

The lactic acid production is high for the work load imposed on these 
patients with COPD. This could mean that the patients· were very unconditioned, 
which is a reasonable possibility in chronically ill patients. However , the 
high lactates also could reflect that some muscle groups, perhaps the respirato ry 
muscles, were operating beyond their aerobic capacity. 

Early in the studies of exercise limitation in COPD, it became apparent 
that patients with emphysema behaved differentl y from those with chronic 
bronchitis. Emphysema (also called Type A COPD) can be defined on a functional 
basis, demonstrating a loss of elastic recoil; whereas, chronic bronchitis (al so 
called type B) demonstrates high airways resistance. Both derangement s are 
associated with e xpiratory flow limitation. These two types of obstruct ive 
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lung disease can also be different i ated ba sed on r adio l og ical criteria. I n 
Jones ' (1971) study , pat i ents were divided i nto two groups, us ing bo t h t ypes 
of criteria . Patients with emphys~ma had wo r se limita tion (ma x . workload, 442 
kgm/min) compared to the chronic bronchiti cs (ma x . work l oad , 475 kgm/mi n) in 
spite of a less severe reduction of FEV1.0 (FEV1.0 = 1.01 L in emphysema , vs 
0.77 L in chronic bronchitics). 

2. Ventilation 

If limaxE can be estimated from the FEV1.0 (FEV1 x 35), we would expe c t 
that the maximal ventilation would be higher in emphysematous patients comp a red 
to chronic bronchiti cs . Indeed , Ma reus {1970) showed that lima xE wa s 1 ower in 
chronic bronchitics as was ventilation for any work load. Us i ng a uniform l evel 
of increased lactic acid production, Marcus et al . {1970) normalized the work 
load associated with a uniform level of anaerobic muscle metabolism. They found 
that ventilation at this level of work correlated closel y · (r = 0.78) with lio2 in chronic bronchitics, but ventilation did not correlate (r = 0.059) with Vo 
in emphysematous patients . Thi s was interpreted to mean that ventilation pro~ably 
was a limiting f actor in determining the exercise capacity in chronic bronchi t i cs, 
but that other fun ct ional derangements ·were responsible for limiting exerc i se 
capacity in patients with emphysema . 

These . pati~nts. with emphysema have a highe r ventilatory respon se to 
incremental Vo ( V[ / Vo = 36.6) compared to normals (25 . 9) and to chronic 
bronchitics (Cz2.6). This difference in ventilatory responses to oxygen 
consumption is not because of a systematic difference in work loads, because 
Jones (1971) showed tha t ventilatory response to incremental work .loads also 
was higher in emphysematous patients compared to chronic bronchitics ( VE l 100 
kgm = 6.7 vs 4.6 L/ kgm). The reason for this deviant control of ventilation 
is not clear, and will be addressed again later. When attempting to determine 
the cause of arterial desaturation with exercise, Minh et al. {1979) found the 
FEV1 to be lower in the group that desaturated, but exercise Paco7 was not 
different, 42 vs 41 mmHg. They did not measure DL , but did find that mi xed 
venous saturation was t he same in both groups (33.ctfl vs 33.8%), and con cluded 
that hypoventilation and a lowered mi xed venous Oz were excluded as cau se s, 
and presumed that worsening of this matching of ventilation with respect to 
perfusion accounted for the desaturation. Cardiac output was the same (8 . 3 
vs 8.4 L/min). 

Presumably, if patients are limited in their ability to perform e xercise 
as a consequence of their lung disease, e xercise would be terminated be cause 
of arterial desaturation , carbon dioxide r etention, or limiting elevations i n 
PA pressure . In many of studies, none of these hallmarks were present . Thi s 
could have been because the subjects were unconditioned to perform eithe r 
treadmill or cycie ergometer e xercise . 

In at least one study (Wehr and Johnson, 1979), the individuals underwent 
a three-week training program until maximum lio2 was reproducible. In all si x 
pat]ents with COPD (not categorized as to Type A or B), COz retention occurred 
at Vmax02 (avg. Paco.? 42±4 mmHg at rest and 62 ±9 during max exercise). Arteri al 
desaturation was variable, sometimes increasing, sometime s decreasing . 



12 

3. Diffusing Capacity 

DL measured a t rest also was diffe r ent between t he group of pa t i ents 
whose lu~8 disease was classified as emphysema vs those wh ose di sea se was 
classified as chronic bronchitis. 

Using physiological criteria (excluding DL) to classify patients, Ma r cus 
(1970) found complete separation of the pure forms of the two types of patien ts 
based on their DL· A group meeting criteria for both chronic bronchitis and 
emphysema overlapped with the two groups somewhat, but largely were representative 
of the emphysematous patients . In Jones' patients, also, DL was lower in the 
patients classified as having emphysema in comparison to the chronic bronchiti c s 
[10.81 vs 15.59 (ml/min)/mmHg]. This reduction of DL in the pa t ients wi t h 
emphysema was very nearly 35% of predicted values. This severe of a reduction 
in DL would be expected to cause desaturation with exercise be cause, with 
exercise, the time spent in the pulmonary capillaries .by the red cell is not 
long enough to reach equilibration with the alveolar oxygen tension at the reduced 
rate of oxygen transfer. Owens et al. (1984) found the diffusi.ng capaci ty to 
be a good predi ctor of the patients that would desaturate on exe r cise . In 48 
patients who were not classified as to type of COPD, not one of the 20 pa t i ents 
(0 %) with a DL_r:n_ greater than 55% of that predicted, desaturated on exercise , 
while 19 out ot-""t8 patients (68%) with a DLr.o lower than 55% of that predi cted, 
desaturated (i.e., lowered Sao11 > 3%) . ThiS contrasts with the FEV1.o in which 
two out of eleven patients whose FEV1.0 was above 55% of that predicted, 
desaturated with exercise; and two out of si xteen (13%) of those with FEV, between 
35 and 55% of that predicted, desaturated on exercise. Over 80% of the patients 
with either a OLen. or FEV1 < 35% of that predicted, would desaturate on e xe rc ise. 
Thus,. a OLeo > =>5% was 100% specific in excluding arterial desaturation on 
exerc1se. 

4. Cardiac output 

Similar to many previqus investigators, Jezek et al. (1973) found cardi ac 
output to be proportional to Vo in 50 patients with COPD, and that there we rP 
no differences in cardiac outJfut resp<;>nses to exercise among three group s (n o , 
mild, or severe cor pulmonale). The A- Vo

2 
difference widens in the ran ge of 

normal . 

This contrasts with the primary limitation in patients. with heart di sea se 
who fail to increas!i! cardiac output in the normal relation to Vo2 . Rather, 
they widen their A-Vo difference (Hickam and Cargill, 1947). This evidence 
may seem weighted a§ainst cardiac output being a limiting factor to exercise 
through either an LV or an RV mechanism . Howeve r , of Jezek's patients, the 
group with severe cor pulmonale secondary to COPD did not increase stroke volume 
with exercise. Khaja and Parker also found that those patients with COPD wh o 
were in cor pulmonale at the time of the study did not increase their stroke 
volumes with exercise. This is in contrast to equally severe COPD patient s 
who were not in cor pulmonale and who did increase stroke volume appropriate l y . 

a) Pulmonary vascular resistance 

Pulmonary arterial pressures are elevated in virtually all patient s 
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with COPD who were studied with exercise (Blount, 1959 ; Hi ckam and Ca rgi ll, 
1947; Burrows et al., 1972; and Mahler et al., 1984 ) , but few investi gators 
have studied patients with mild lung disease . At re s t , the elevations of 
pulmonary arterial pressures may seem minimal in patients not i n cor pulmona le. 

The rise in pulmonary arterial pressure in responsE to exercise is 
much greater in most patients with COPD compared to normals. The higher the 
vascular resistance, the greater will be the increase in pulmonary arterial 
pressure with exercise. Pulmonary vascular resistance did not change with 
exercise in Burrows' (1972) patients, but did increase slightly by about 25% 
in Mahler's (1984) patients. In the patients with COPD, who had severe cor 
pulmonale that were studied by Rubin and Peter ( 1981), PA pressures increa sed 
from 52-68 mmHg in response to exercise, and the pulmonary vascular resistance 
did not change (10.8 vs 10.1 units). They found that when Voz was increased 
from 336 to 717 ml/min, stroke volume rose by only 6 ml lfrom 42 ml at rest 
to 48 ml at exercise). In those patients, the AQc/aVo was 4.7 which is lowe r 
than expected (6.1) . Thus, the increase in pulmonary ~rterial pressure with exerc i se 
is predictable from resting measurements of pulmonary vascular resistance. 

The important question is to w~at extent the rise in pulmonary arterial 
pressure will limit exercise performance. Matthay et al . (1980) evaluated simila r 
patients with regard to RV function as assessed by first pass radionucl i de 
studies. RVEF was abnormal at rest in 8/30 patients. RVEF failed to rise or 
actually decreased in 23/30 patients. Vo? and heart rate were equivalen t among 
those patients classified as having norma:l vs abnormal RV responses to exerc i se; 
however, the work 1 oad achieved was much higher in the group with the normal 
RV function, 418 vs 274 kp m/min. All patients with severe airways obstruction 
had abnormal RV responses to exercise. In the patients with mild-to-moderate 
obstruction (FEV1/FVC between 40 and 70%), there was no discernible difference 
in FEV 1 between the norma 1 and abnorma 1 responders. Resting Pao2 tended to 
be lower in the abnormal responders, and one might suppose that this would 
correlate with higher vascular resistance. However, Sao did not fall in e i ther 
group with exercise, 93% vs 96%; nor did Paco2 rise in either group with exvrcise , 
34 vs 32 mmHg. Thus, while it is, clear tllat the elevated pulmona ry vas cul ar 
resistances and pulmonary artery pressures adversely influence right ventricular 
function in patients with COPD, it is not apparent tha t their exercise potential 
is primarily limited by the altered right ventricular function. · 

Even though control mechanisms linking cardiac output to oxygen tonsumption 
remain normally operative, the increase in cardiac output is accomplished vtith 
a small stroke volume and relatively higher heart rate. Thus, at maximal heart 
rate, it can be predicted that maximal cardiac output will be reduced . 

b) LV function 

The issue as to whether the left ventricle functions normally in 
patients with COPD has been raised repeatedly over many years. Khaja and Parker 
(1971) examined left ventricular function in patients with COPD; and, regardles s 
of whether cor pulmonale was present, LVEDP was normal at rest, 6.9-7.0 mmHg, 
and increased normally with suppine exercise to 11.0-12.2 mmHg. On the other 
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hand, RVEDP increased to ab nonnal levels with exercise, changi ng from 3.3 mmHg 
to 9.5 mmHg in the absence of cor pulmon al e and from 4.8 mmHg , rising to 11.1 
mmHg in the presence of cor pulmonale. In the latter grol:p, st roke volume did 
not change with exercise, implicating a cardia c limitation in this group. 

This reduced LV stroke volume could be the consequence of red uced left 
ventricular fi 11 i ng caused by a limited RV output or by the encroachment of 
the overly-filled RV at end-diastole on the LV chamber (the phenomenon of 
ventricular interdependence). However, it has been suggested that LV function 
might be adversely altered in patients with COPD . 

To address that issue, Matthay (1980) employed radionuclide assessment 
of RV and LV function to detennine the cardia c response to e xerci se in 30 patient s 
with COPD, four of which had cor pulmonale, and in 16 nonna l subje cts . Nonna 1 
LVEF was 67 %; range 55-80%; response to exerci sc was +7 % to +17% . No nna l RV EF 
was 54%; range 48-63%; response to exercise was +6 % to +26%. LVEF showed an 
abnonnal response to e xercise in si x out of 30 patients , four of whi ch were 
nonnal at rest. In the remaining 24 patients, 22 demonstrated a normal response 
to exercise, increasing by +5 to +18%. The other two had ejection fra ctions 
of 75% at rest, and the failure to rise with exercise was considered probably 
nonnal . Thus, nonnal LV function and reserve were presen t in the maj ority, 
80%, of patients with COPD . The patients with abnorma l LV functi on and reserve 
were equally distributed among the mild, moderate, and severe cla ss ifi cations 
of COPD, and between those with and withou t abnonnal RV function. Al so, there 
were no significant differences with respect to blood gas value s. Thu s, i t 
was not felt that the occasionally impaired LV function was rela t ed in any way 
to the lung disease or the associated RV disea se . 

5. VA/0 inequality 

We have learned that certain types of VA/0 . in.equality, those in which 
a large proportion of blood perfuses regions with VA / 0 ratios < 0.1, i s 
responsible for the hypoxemia associated with chron ic bronchiti s. Pa tients 
with emphysema are not often hypoxemic at . re ~ t. This is because they have very 
little blood flow perfusing regions of low.VA(O; ra the r , th ey ~av~ an i nordinately 
la r ge number of regions with.high (> 3.0) VA/0 ra tios. These VA/0 inequalities 
explain the re1atjvely high V[/Vo in patients wi th emphysema and thr 
low-to-normal V[/Vo ratios in ~ <3; ti~nts with chronic bronchitis . Wag ne ; et 
al. (1977) showed t~at patterns of VA/0 inequality did not change in e ither 
direction during exercise in a group of patients with COPD . They found thdt 
with exercise as with resting .me~surements, all of the abnonnal iti es in arterial 
Po? could be explained by the VA/0 inequalities. They did not feel that diffusion 
was a limiting factor to e xercise in these patients . This may have been because 
only a small fraction, 3/10, of their patients that were exercised, ha d 
substantially lowered DL ( < 50% predicted) . Based on more re cent studie s 
on nonnal subjects at hi~ altitude, where exercise-induced desaturation occurs, 
Wagner recently has softened his position on this que st ion and now believes 
that a diffusion impainnent can cause exercise-induced desaturation. 

In sunrnary 

1. Patients with emphysema (Type A) differ from chronic bron chit i cs 



2. 

3. 

4. 

5. 

6. 

7 0 

c. 
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(Type B) not on ly in their physiol ogicul dimensions, but also 
in their responses to exercise. 

Both types of COPD (A and B) display a reduced capacity to perfonn 
muscular work. 

The ventilatory response, VE/Vo~· tends to be elevated in Type A 
and normal to reduced, Tn Type B: Both types exhibit 
ventilation-limited exercise performance and retain C02 at Vma x02. 

Diffusing capacity is reduced in patients with a component of 
emphysema. With exercise, 85% of these patients will develop arterial 
desaturation if the DL is < 55% of predicted . Above 55%, 
desaturation is not likel}cto occur 

Cardiac output responses to exercise were normal in relation to Vo2 when cor pulmonale was absent. This suggests that the hea rt , and 
particularly, the RV were able to generate appropriate cardiac output 
responses to increased work loads in spite of increasing PA pressures 
and lowering the RV ejection fractions. 

Pulmonary vascula r resistance changes very little with exercise in 
patients with COPD. At rest the PVR is variably elevated, in part 
influenced by the level of desaturation and the level of Pco

2
. Thus, 

elevated PVR is more prevelant in Type B COPD, and Type B patie nts 
are more likley to develop cor pulmonale. 

VA/Q inequality is different between the two types of COPD, al so. 
~at}ents with emphysema have a large proportion of regions with high 
VAIQ ratios (also called physiological dead space ratios), which 
are re.sp~nsible for the high ventilation with respect to the work 
1oag (VAlVo?). Patients with emphysema do not have regions of low 
VAIQ ratios- or shunts; therefore, they are not hypoxem i c a.t rest. 
Patients with chron}c ~ronch itis have large proportions of low VA IQ 
ratios and no high VAIQ .ratios; and, therefore, chronic bron chitics 
are hypoxemic at rest. VA/Q ratios do not change with exercise. 

Interstitial Lung Disease 

Patients with interstitial lung diseases are characterized 
physiologically as having reduced l ung volumes with increased elastic re coi l. 
This is reflected in a reduced FVC measured by spirometry. The FEV1 is reduced 
proportionally unless airways disease is a complicating feature of the illness . 
Although not essential to making a diagnosis of interstitial lung disease, a 
reduced diffusing capacity is found in many of these patients . Pulmonary 
hypertension, which may be caused indirectly by the fibrosing process or may 
be the result of primary involvement of the pulmonary vascular bed, is a variable, 
complicating feature of interstitial lung disease. Thus, the same potential 
limitations to exercise that were observed in patients with COPD are present: 

1) A limited ventilatory response; 
2) Desaturation caused by failure of end-capillary oxygen tension 

to reach equilibrium with alveolar gas (i .e. , a diffusion 
impairment); and 
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3) Inability to augment right ventricula r stroke volume because 
of pulmonary hypertension. 

In addition, patients with interstitial lung diseases, especially those associated 
with connective tissue disorders, may have cardiac involvement of the primary 
disease process . The responses to exercise of this group of patients has not 
been as extensively studied as has exercise in patients with COPD. 

1. Work performed (Power output) 

Often these patients are studied at designated rather than maximal 
work loads. Maximal work load was reduced to approximately 64% in 16 patients 
with ILD, studied by Bye et al. (1982). In these patients, FVC was reduced 
comparably (60%); but the correlation (r = .546), while significant (p < .05), 
is not tight !!nd suggests that factors other than vital capacity influence the 
work output. Vmax02 was reduced 56% in their study. In similar patients who 
had a more severe restriction in lung volume (reflected in an FEV1 = 501 
predicted), studied by Wehr and Johnson, Vmax02 was reduced even further (45% 
P,redicted), consistent with the direct relationship between lung volume s and 
Vmax02. 

2. Ventilation 

This reduction in Vmax02 . pa~alleled the reduction in 
ventilation, VE (Wehr and Johnson). VEl Vo'l was increased (34.8 L/L; 
= 25 L/L) just as it was fo_r t.he emphysematous patients, which indicates 
number of regions with high VA/0 ratios. Maximal ventilation was very 
related to the FEV1 (Wehr and Johnson): 

VE(L/min) = 35.5 FEV1(L)- 2. 7; (r = 0.871) 

ma ximal 
normal 

a large 
closely 

Thus, these patients at maximal exercise, are ventilating at their ma xi mal 
breathing capacity. This is in contrast to normal individuals who only utilize 
only about 60% of their maximal breathing capactiy. 

As opposed to studies in patients with COPD, patients with ILD retained 
C02 only slightly at maximum exercise (35 mmHg at rest vs 37 mmHg at ma xi mum 
exercise; Wehr and Johnson). This is indicative of a normal neural response , 
and further underscores the abnormal control exemplified in patients with COPD, 
who on the average, retained 20 mmHg C02 . 

. This has prompted a more intense exploration of the factors regulating 
VE including the pattern and timing of breathing. Tidal volume at any designated 
work load or level of ventilation is reduced in patients with ILD, compared 
to normals (Burdon et al., 1983). 

Frequency of breathing was elevated at rest and at designated work loads 
in patients with ILD compared · to normals. Frequency (f) of breathing is also 
expressed as the reciprocal of f; i.e., the time of one respiratory cycle, which 
is termed TroT for the tota 1 time of the res pi ra tory cycle. The fraction of 
time spent in inspiration, termed Tr, is a function of the force developed by 
the inspiratory muscles. Tr is reduced, as well as tidal volume, even before 
maximal ventilation and tidal volume are attained, and the fractional time spent 
in inspiration, which is often expressed as the ratio , Tr/TroT , is shortened . 
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These findings have been interpreted as adaptive by Burdon et al. ( 1983 ) . The 
increased elastance associated with pulmonary fibrosis impo ses an impedan ce 
to the action of the inspiratory · muscles. The peak force is the product of 
the tidal volume and the elastance of the respiratory system. The maintenance 
of a given tidal volume in the face of high elastance requires a large peak 
intensity of inspiratory muscles, which could result in diaphragmatic fatigu e 
in spite of normal respiratory muscle power. Thus, this pattern of red uced 
tidal volume that was adapted by patients with ILD would be expected to dela y 
the onset of respiratory muscle fatigue. 

Reduction in peak force was accompanied by an increase in the frequenc y 
of force development (i.e., f of breathing) which increases the total for ce 
developed. However, a shortening of the duration of force development in ea c h 
breath (i.e., a reduction in TriTToT) serves to minimize the total force generated 
by the inspiratory muscles over a period of time. This . maximizes their ability 
to maintain force development without fatigue . 

Keogh et al. (1984) also found that patients with idiopathic pulmon ary 
fibrosis (107 patients), and sarcoidosis (42 patients), who might be supposed 
to have increased elastic loads imposed on the respiratory muscles, also minimiz ed 
the force development of the inspiratory muscles needed to increase ventil at i on 
by increasing tidal volume by 100% and by increasing f of breathing by over 
200%. 

3. Diffusing capacity 

The extent to which DL 
0 

may be reduced is a variable function of the 
specific disease and the exten~ of involvement. Diffusing capacity varies with 
lung volume. In normal subjects without lung disease, this is such a constant 
relationship that the ratio of diffusing capacity per unit lung volume, OL I VA, 
is reasonably constant among individuals of varying sizes. However, diffu sin g 
capacity tends to decrease less than proportionately as 1 ung volume is redu ced 
from total lung capacity (TLC) within each individual (Rose et al., 1979) . Th us, 
if 1 ung volume is reduced without a concomitant 1 oss of capi 11 a ry bed or c hange in 
the structure of the membrane, then the constant, OLIVA, rises. A reduc tion 
of 1 ung volume from TLC to approx. half way between TLC and functional residu a l 
capacity (FRC) raised OLIVA about 10-15% and by about 20-25% when lung volume 
was reduced to near FRC. There is substantial variability in this relationshi p , 
and some investigators had reported that diffusing capacity does not vary a t 
all as lung volume varies above tidal volume. However, several years ago thi s 
variance was found to result from hysteresis of the alveolar surface area (Cassid y 
et al., 1980). If lung volumes are reached by expanding from FRC, the DL will 
be lower than if the lung is expanded to TLC and then deflated to a comparabl e 
lung volume . DL actually decreases very little as lung volume decreases from 
TLC. This hysteresis effect is desirable when exercising because keeping the 
alveolar-capillary membrane expanded will increase DL and enhance diffusion 



18 

related oxygen transport. 

This is relevant when intrepreting the significance of a reduced DL 
in the setting of restricted lung volumes in orde r to establish ~1hethe r t);g 
disease process has altered the alveolar capillary membrane independently of 
fibrosing and restricting the expansion of the lung . 

From a functional point of view it is the total diffusing capa city of 
the lung, not OLIVA, that will determine the rate at which oxygen can be 
transfered from alveolar air to the blood in the capillaries. 

In 31 patients with sarcoidosis reported by Matthews and Hooper (1983), 
DL was 75.8% predicted (not a value we usually consider abnormal). When the il" 
pa~9ents were grouped according to radiological criteria, eight out of 18 pati ents 
with parenchyma disease, as well as hila r adenopathy, had a DL < 70% of 
predicted. Whereas, two out of nine patients had reduced DL · rR the group 
with adenopathy alone, and the DLcn in both these patients was 61A of pred i cted . 
He found only an occasional pa~ient who desaturated on exerc ise . Thus , 
radiological criteria do not necessarily correlate with functional derangement s 
that would limit exercise performance. 

Wehr and Johnson (1979), nine patients, and Baughman et al. (1984 ), 14 
patients, reported sarcoid patients that had more severe reductions in diffu s ing 
capacity (< 50%), and their VOz was reduced by 48% correspondingly. 

In addition to the restrictive and elastic loads that these interstitial 
lung diseases impart on their hosts, diffusing capacity may be suffi c ientl y 
reduced to cause end-capillary blood to leave the lung during exercise be f ore 
equilibration with alveolar · air is complete. This causes exercise-induced 
desaturation which is usually severe. In the patients with ILD (includin g the 
eight sarcoid patients reported by Wehr and Johnson), Pao7 fell from 76 mmHg 
at rest to 56 mmHg with maximal exercise . Saturation feTl from 93% at re s t 
to 82% with exercise. Thus, in patients with ILD in contrast to COPO, 
hypoventilation can account for practically none of the exercise-induced 
hypoxemia, which occurs primarily as the result of a decreased diffusing capa city . 
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4. Cardiac Output 

The relationship between cardiac output and Vo was found to be 
normal in patients with ILD reported by Wehr and Johnson an~ many others . 

Pulmonary hypertension is variably present, but studies of the respon ses 
of PA pressures to exercise in patients with ILD are rare. An exception i s 
in ~atients with ILD who are in cor pulmonale . Three such patients were reported 
in Rubin and Peter's series (1981). In. these patients, whose PA pressures 1vere 
56 mmHg rising to 79 mmHg with exercise, Vo increased from 410 to 705 ml. 
Cardiac output rose minimally from 4.5 t6 5.1 L/min. This small increase in 
Vo caused the A-V 02 difference to widen from 9 . 1 to 14.0 ml/100 ml blood. 
Thfs contrasts with an A-V 02 difference of 6.5 ml that would be expected i n 
a normal suppine-exercising subject (Ekelund and Holmgren; 1967). Thus, the 
response to exercise in patients with ILD and cor pulmonale is characteristi c 
of patients with cardiac disease. 

Baughman et al. (1984) studied right and left ventricular function in 
14 patients with sarcoidosis. LV function was normal (LVEF rose by > 5% wit h 
exercise) in all but two patients. RV function was abnormal at rest in three 
patients and responded to exercise abnormally by falling in all but two patients. 
The RVEF at exercise correlated positively with TLC, r = .83; with DL , r = 
. 58; and with exercise Sao

2
• r = .74. Although sarcoidosis may invoS~e the 

heart in as many as 10% of the cases, RV lesions are rare with respect to LV 
lesions. Thus, the isolated abnormalities in RV function probabl y reflects 
pulmonary hypertension. · 

Cardiac function is also abnormal in progressive systemic sc leros i s. 
Follansbee et al. (1984) found that 20 out of 26 patients had abnormal 
redi.stribution of thallium scans . Coronary artery disease was exc luded by 
coronary angiography, thus indicating abnormalities in microcircul at ion. Thi s 
was associated with impaired RV and LV function . These finding s occur le s s 
often in patients with CREST syndrome (Follansbee, 1984) . Thu s, in patient s 
with ILD, cardiac output responses to exercise are normal in the absence of 
severe cor pulmonale unless there is primary involvement of the myocardium, 
as seen in certain patients with scleroderma. 

A large proportion. of the lung is relatively over-ventilated (i.e ., 
contains regions.with high VA/0 ratios > 3.0), which accounts for the high VE 
relative to the Vo2 . There is mild hypoxemia at rest, which is e~tirely accounted 
for (West, 1977) by the profusion of regions with mildly reduced VA/0 rati os. 
These are not as prominent a feature as in patients with chronic bronchiti s. 
During exercise, the hypoxemia cannot be accounted for by the perfu sion of low 
VA/0 regions, indicating the failure of end-capillary blood to equilibrate with 
alveolar air. 

In st.mnary 

Patients with interstitial lung disease have the following responses 
to exercise: 
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1. Work load or power output are reduced . 

2. Exercise is limited by the ma ximal breathing capa city. 
a) Tidal volume is reduced rela t ive to the Vo2 and the l eve l 

of ventilation. 
b) frequency of breathing is elevated relat i ve to the Vo2 and 

VE . 
c) TIITTOT is reduced to minimize force development. 
d) Severe C02 retention does not occur , indicating intact neu ral 

control. 

3. Diffusing capacity is usually severely reduced, but this is no t 
invariable, and is responsible for arterial desaturation with 
exercise when presen~ . 

4. VA/0 disturba~ce? are characterized by both moderate high VA / 0 
and mild low VAfQ . This gives rise to mild hY.poxe.mia at rest 
and increased physiological dead space with high VE l Vo2 re spon ses 
t o exe rc ise. 

5. Pulmonary hype r tension is quite vari able . If cor pulmonale i s 
present, exercise will be limited out of proportion t o t he 
reduction in vital capacity and diffusing capacity. 

IV. Prediction of Vmax02 in patients with lung diseases 

We have learned that each component of lung function when sufficientl y 
impaired can reduce exercise or work perfonnance . In other word s, we can in 
a general sense predict that exercise perfonnance or oxygen consumption would 
be reduced in the presence of an impairment in pulmonary function. There a re 
many re.asons why it might be practical to be able to quantify ou r predic t ion 
of the Vmax02 that would be achieved in a patient with impai nnent of pulmona ry 
function caused by lung disease. 

To this end, Wehr and Johnson ( 1979) developed a nomogram to predi ct 
maximum oxygen consumption that could be attained in patients with no1~al cardi ac 
reserve and various types of lung impainnent. 

This nomogram was based on the theoretical capacities to transport oxygen 
through the steps in the oxygen transport chain that are related to the lun g . 
as were detailed earlie r . 

The nomogram appears complicated at first glance, but it is simple to 
use. The information needed is: 

1. The patient's measured FEV1.0· 

2. The patient's measured Dlco· 

3. The patient's measured Vo/VT. 

4. The nonnal predicted maximal oxygen consumption (Table 2) . 
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If Vo/Vr measurements are not available, the err0 r made 8Y est imating Vo/Vr 
to be 50% will not be large. 

Steps involved to obtain predicted ~02 and alveolar ga s tensions are : 

22 

1. Cal culate and select the app1·opriate curvilinear i sopleth alon g 
the top horiz ontal axis. 

~ x Predicted Normal Vmax02 (mmHg ) 
20 Measured OLeo 

2. Calculate and select the ap propriate linear isopleth origina t in g 
at the Pr

02 
on the left vertical axis. 

3. 

4. 

5. 

~L ( 1 - Vo/Vr) 
oLeo 

Th is set of isopleth s is displaced downward when inspired oxygen 
tension (Pr ) is l owered (i.e., at higher altitudes; Denv e1· 
Pr

02 
= 125 ~~Hg and Leadvil l e, Colorado Pr 02 = 100 mmHg). 

Read the predicted alveol ar Po2 off the left verti cal scale. 

Read the predicted arteria 1 Pco2 off the right vertical scale . 

Read the VmaxOz i DLBo off the bottom hgri zontal scale, and mu l tiply 
this ratio by the Leo to obtain the Vma xOz. 

Patient I .M. (age 51 yr .; wt . 47.2 kg) exemplifies the use of the nomogram. 
His measured values are (Wehr and Johnson; 1979): 

FEV1 = 650 ml. 

Vo/Vr = o.s2 

DLco = 19.2 (ml/min)/mmHg 

Oz capac i ty= 19.9 ml/100 ml 

Predicted Vo2 max without lung disease 1,562 ml /min 

Calculate isopleths as follows: 

1. Select appropriate curvilinear isopleth . 

19 . 9 1' 562 - 81 2Q X 19.'2 -

2. Select appropriate linear isopleth 

650 ~X (1 - 0. 52) = 16 
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3. These two isopleths intersect at 58, al or.g the bottom horiz on t al 
axis. 

4. Calculate Vmax02 based on the limita t ion in pulmonary fun c tion. 

58 X 19.2 1,114 ml/min 

I.M. 's measured Vmax02 was 910 ml. 

The correlation between predicted and measured Vmax02 in these patients 
was very good (r = 0.946). 

There is, however, a systematic error between the measured and the 
predicted Vmax02. Predicted Vmax02 overestimates actual Vmax02. The cause 
for thi.s !"ight be speculated as being due to our not incorporating measure s 
of low VAIQ inequalities, or due to a degree of pulmonary hypertension, or due 
to incorrect estimates of peripheral oxygen extraction (est. 75%). Whatever 
the cause, it is not random and is an improvement over the wide variability 
of using s.ingle measures (such as the FEV1) to predict maximal performance . 
The actual Vmax02 will be 70-80% lower than predicted. 

Having predicted the maximal oxygen consumption; and therefore , work 
capacity, the next step in using this information is to associate the individual's 
capacity to perform work with the oxygen or ca 1 ori c requirements of 
individual tasks. 

Attached is a pictorial table illustrating the oxygen costs of variou s 
recreational and occupational activities . It is taken from an article by E. E. 
Gordon, M.D.: "The Use of Energy Costs in Regulating Physical Activity in Chronic 
Diseases," A.M.A. Archives of Industrial Health, November, 1957. 

In normal individuals who are limited by their cardiovascular system, 
we know that Vmax02 can be s~stained for only a few minutes, but that individuals 
can perform at 75% of.their Vmax02 for hours. We do not know, however, the 
relationship between Vma x02 and endurance capacity in patients who have pulmonary 
limitations to oxygen transport. Thus, our patient I.M. with a measured Vma x02 
of about 900 ml/min, 75% of which is 675 ml, would be limited to sedentary 
activities (those activities to the left of the arrow), and these may have to 
be interrupted for periods of rest. The patient could perform light housework 
but nothing as strenuous as scrubbing floors, washing windows, or making bed s . 
We expect our patient could hold down a sedentary position that requires onl y 
fine motor skills, such as computer operator or an assembler in the construction 
of semi-conductors, but would be prevented from doing farm labo~ or heavy 
construction work. Even walking at 2.5 mph requires a higher level of V02 than 
he can achieve. So, we expect he can walk only a few paces, then rest . I t 
is of interest that showering would be prohibitive, and faintness when attemptin g 
to shower, is a frequent complaint of patients who are severely limited . 

Up to this point these patients with lung diseases have been des c ribed 
and characterized in terms of their functional capacities and limitation s. 
Disability is the term used to relate an impairment to its effect on a person's 
1 ife. It is dependent on the energy requirements of the occupation or othe r 
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activity in question and is influenced by such div erse factors as t he pe rson' s 
age, gender, educational level, social and economic fact ors. Va r ious soc i al 
and political organizations have developed schemes to affix disabi .! ity rati ng s 
to patients with lung diseases .in the population with which the pa rt icula r 
organization is concerned . Additional reading regarding d i sab ility rati ngs 
could begin with the American Thoracic Soc iety statement on the evaluation of 
impainnent and disability secondaray to respiraatory disease (1982). 

V. Therapeutic strategies for improving exercise capabilities in patients limited 
by their pulmonary function. 

Therapeutic strategies have been aimed at exerc ise training, e xerc i se 
training of the respiratory muscles, treating hypoxemia with supplemental 02 
during exercise, and treating pulmonary hypertension, altering the cou rse of 
the primary disease process, and cessation of smoking . 

A. Exercise training 

A general conditioning type of exercise train i ng studi e s has been perfonned 
using t readmill and bicycle ergometer devices (Pierce et al., 1964; Mohsensifar 
et al., 1983) . · 

TABLE 6 

Resting Eulm. function At eguivalent work 1 oad s At ma x work 
FVC FEV1 FEF MVV Heart Resp. VE VT vo2 Speed Vo2 

Before 
Training 2.99 0.93 0 . 32 37.0 137 325 37 1.14 1,064 3.5 1,090 

After 
Training 2.95 0.95 0.30 38.5 104 18.7 22 1.18 761 5 .5 1, 336 

Typical findings are shown in the table adapted from Dr . Pierce's study. They 
exercised nine patients before and following a training program tha t con s isted 
of 2.5 min walks on a treadmill 5- 10 times a day at speeds slower than the ma ximum 
attainable. Duration of training varied from 2-20 wks (avg 8 wks). As hi:t s 
been noted by several investigators subsequently (Brundin, 1974), standa rd 
spirometric variables of FVC and FEV1, which are influenced by muscular effo rt, 
did not improve with training. The FEF.25-.75• which is a measure of airflow 
at the middle of the vital capacity, a measure that is thought to be independe nt 
of muscular effort, also did not improve with training. The maximum voluntary 
ventilation (MVV) that was accomplished in 10 sec and extrapolated to 1 min, 
a 1 so showed no improvement. A 11 these tests require maximum muscular effort 
in a few seconds; therefore, they are not dependent on an oxygen delivery system. 

There was improvement in exercise perfonnance. At the end of the training 
period, the same level of work could be perfonned at a slower heart rate and 
res pi ra tory rate. The ventilation required to perform the same work was 
substantially less as was the oxygen requirement. Subsequent studie s hav e 
confinned that serum lactates were lower for the same work perfonned, also 
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(Mohsenifar, 1983). Before training, ventilation approBches t he max imum 
ventilation estimated from the MVV test (37 L/min vs 37 L/min); whereas, after 
training, they were not limited by ventilation at that wo:ok l oad. In adrlit i on 
to being able to perform work at a lower ventilatory cost and energy expe nditu re s, 
they also found that maximum work performance , as measured by vo2, wa s increased 
by about 25%. Subsequently, Alpert et al. (1974) sho~1ed that cardiac output, 
left and right ventricular pressures, and stroke work were not influenced by 
physical training in these patients with lung disease. 

Data such as these are interpreted as showing that, as a consequence of 
physical training, performance of physical work becomes more efficient . Thi s 
improved efficiency may be the result of improved performance of the peripheral 
muscles and an increased e xtraction of the oxygen delivered. Work of breat hin g 
probably decreased since frequency of breathing decreased without a change in 
tidal volume, and the total inspiratory muscle force development was like l y 
reduced . Thus, the improved efficiency also may be the result of in creilsed 
efficiency of the respiratory muscles in which less oxygen is need ed by the 
respiratory muscles for a given level of ventilation . Thus, patients with COPD 
benefit from an exercise training program . In the few studies that have addressed 
the question of the safety of patients with COPD undergoing an exercise trainin g 
program, the presence of respiratory failure and/or cor pulmonale have no t 
precluded a beneficial response to exercise. Thus, the potential hazards of 
respiratory failure and cor pulmonale have to be weighed against these potent ial 
benefit of improved exercise capacity. In all circumstances, the usual 
precautions to scrutinize for coronary artery disease and arrhythmias, as outlined 
by the A.H . A., should be judiciously adhered to. 

B. Inspiratory muscle training 

Inspiratory muscle training has been proposed for years to aid 
ventilatory performance in patients with lung diseases, especially COPD . This 
area has received renewed interest s ·ince Leith and Bradley (1976) demonstrated 
that respiratory muscle strength and endurance could be improved in normal 
subjects. 

A group of subjects that underwent static respiratory muscle training by 
inspiring or expiring maximally against obstructed airways for 45 min/day we r·e 
found to increase the maximum pressures generated by about 55%. Endurance 
estimated as the maximum voluntary ventilation that could be sustained for 15 
min did not improve with this static training. Subjects that undertook an 
endurance training program of isocarbic hyperventilation to e xhaustion daily 
did not alter the maximal static inspiratory and expiratory pressures they could 
generate, but were able to increase maximal ventilation that could be sustained 
for 15 min from 81% of the 15 sec MVV to 96%. Similar studies have been repo rted 
in patients with COPD. Belman and Mittman found that an isocapnei c 
hyperventilation training program (15 min BID for 6 wks) in patients with severe 
COPD (FEV1 = 0.85) improved their subsequent endurance time of submaxi mal 
treadmill exercise tests. 

Static inspiratory muscle training programs do not seem to improve overall 
endurance, but recently there has been an interest in flow resistive trainin g. 
Because a training program using flow resistive loading could be · mad e to be 
simple and inexpensive and could be self-administered away from a laboratory 
setting, such devices would have great practical benefit . These devices ilre 
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simple mouthpieces with variable orifices . The bene· i t of respiratory muscle 
training using flow resistive devices is not clear, howe ver. Sonne et al. (1982 ) 
demonstrated improved exercise performance followin g a f lo1" resistive trai nin g 
program. Flow resistive training is associated with co2 retention, and J ederli ni c 
has raised the possibility that the effect of training may not be to imp rove 
ventilatory muscle function, but to train the patient to accommodate to C02 
retention. Asher et al. (1982) found that exercise endurance only slig htly 
improved in a group of patients with cystic fibrosis following flow resi st ive 
training. 

At best, ventilatory muscle training appears to achieve the same benef i t 
on endurance exercise that general endurance training does. Thus, it appea r·s 
that a general endurance exercise program, such as walking on a level grade 
at tolerable speeds to near exhaustion, which can be carried out in the patient's 
home environment, cannot be improved upon by ventilatory muscle traini ng . The 
field of respiratory muscle performance is currently · receiving a great de.:: l 
of attention in many areas (acute and chronic respiratory failure, paraplegi c 
victims, nutrition) as well as in e xerc ise performance. Studies to better 
understand resp iratory muscle fatigue, its causes , and how to mea sure it, and 
how to prevent or treat it are being investigated extensively in many centers 
including here. 

C. Oxygen supplementation 

The potential for improvement of exercise endurance in pat ients with 
exercise-induced hypoxemia is obvious . Even in normal subjects, oxygen 
supplementation increases endurance time and delays accumulation of la ctate 
in the blood. Patients with interstitial lung diseases who have exercise ind uced 
hypoxemia have universally improved their endurance time when brea t hing 
supplemental oxygen (Bye et al., 1982; Todisco et al., 1977). Bye fou nd that 
the degree of improvement in endurance time was proportional to the fall i n 
oxygen saturation during exercise wh i le breathing room air . The me chan ism 
responsible for this improvement is not clear. It may improve sys temic and 
respiratory muscle 02 delivery and delay respiratory mus cle fatigue . Pulmona ry 
vascular resistance may be lowered also (Todisco et al., 1977). 

It is of interest that Vmax02 did not improve with oxygen brea th in g. Thi s 
suggests that the limitation to incremental ma ximal work performan ce mi ght be 
tied to a different component of the oxygen transport system than is sub-maximal 
endurance time. 

In patients with COPD , oxygen breathing improved endurance time, also 
(Bradley et al., 1978), but a correlation with either C02 retent ion, or the 
degree that oxygen saturation fell when breathing room air cannot always be 
found. 

It would appear that oxygen supplementation would be an adjunct to genera l 
exercise conditioning in the attempt to improve exercise endurance in pati ents 
with lung disease, but when to use supplemental oxygen is not clear. Whethe r 
supplemental oxygen should be used to prolong endurance time beyond that which 
can be achieved with exercise training, or whether supplemental oxygen used 
concommitantly with an exercise training program would further lengthen endu rance 
time is not yet known. 
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D. Pulmonary Vasodilators 

Treatment of patients with cor pulmonale, whether caused by idiopathic 
pulmonary hypertension or by chronic interstitial or airway lung disease s, with 
vasodilators has been the subject of a recent Grand Rounds by Lewi s Rubin . 
Improvement of exercise performance (Vmax02 or endurance time) has no t been 
clear to date because resting values of cardiac output and Vo . are usuall y 
altered, and because often these patients are not exercised t6 Vmax02 or to 
exhaustion at a submaximal work load. The reasons for the cautiousness in 
exercise testing of patients with severe pulmonary hypertension is their 
propensity to arrhythmias and sudden death. Keller et al. (1984) recently 
reported improvement in Vmax02, following hydralazine in four out of eleven 
patients with pulmonary hypertension secondary to COPD. The majority could 
not tolerate the combination of exercise and hydralazine because of arrhythmi as, 
which illustrates the extreme caution that must be undertaken with the patients 
with severe pulmonary hypertension and vasodilator ther:-apy and exercise. Dr . 
Rubin will soon be reporting their experiences with the effects of vasodilator 
therapy on exercise endurance time in patients with cor pulmonale. 

E. Specific Therapy 

Specific therapy for the individual diseases is beyond the scope of 
this discussion. Bronchodilators are employed in patients with bronchitis and 
emphysema. Anti-inflammatory and immunosuppressive drugs are used in patients 
with selected interstitial lung diseases. 

The objectives in the treatment of interstitial lung disease are usually 
to prevent or to delay a premature ·death. Using a quantitative assessment of 
impairment, such as presented earlier, it is reasonable to propose that therapy 
could be directed also toward prevention or reversal of a designated degree 
of pulmonary disability in patients whose diseases might be disabling but not 
imminently fatal. 

F. Smoking Cessation 

Individuals with impairment in lung function can delay the progression 
of disability by ceasing to smoke. 

Summary of Therapeutic Strategies 

1. General exercise conditioning improves exercise performance and 
efficiency in patients with lung disease as well as in normal persons. 

2. Specific training to improve inspiratory muscle strength and endurance 
can be accomplished by high ventilation and low load or a low-ventilation 
high load (flow resistive devices) as well as by general body 
conditioning exercises . The latter two can be accomplished in the 
patient's home environment. 

3. Exercise endurance time can be prolonged with supplemental oxygen . 

4. Vasodilators may improve exercise ability in selected patients with 
severe pulmonary hypertension, but exercise testing and exercise training 
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programs in these patients still sho uld be ap pr oached with extreme 
caution. 

5. Specific therapy is directed toward the individual di seases. 

6. Recommend that the patient stop smoking. 

When is exercise testing appropriate in patients with lung disease ? 

Reasons to subject patients with lung diseases to exercise testing come 
under two categories: 

1. Exercise testing may be warranted in patients in whom symptoms indi cate 
that they are limited in performing tasks out of proporti on t o t hat 
which would be predicted based on the abnormalities in pulmonary fun ct i on 
tests (FVC, FEV1, DL , and .:!:Vo/VT) . The Wehr/Johnson nomogram and 
E. E. Gordon's or o~~er tables relating the ene r gy (or 02) requi rements 
to various activities may be beneficial i n assessing the approp r i ateness 
of the symptoms and the associ~ted pulmonary functional impairme nt. 
If the work 1 oad performed or the Vmax02 are substantia 11 y 1 e ss t han 
predicted based on ~he respiratory impairment, other cause s of reduced 
work performance or Vmax02, such as muscular weakness or cardiac disease, 
should be explored. 

2. Exercise testing can be employed in patients with lung disease to an swer 
specific questions related to their exercise performance . Effe ctiveness 
of the therapeutic strategies can be monitored. In th i s rega rd, t he 
exercise test could be a simple test such as monitoring the di sta nce 
that the patient can walk in 12 min (O'Reilly et al., 1982). 

The question is often asked as to the appropriateness of exercise test in g 
in determining the cause of dyspnea or limited enduran ce because of the 
differences in the pattern of responses of the various cardiac and respi ratory 
diseases. The cause of the dyspnea usually is suspected or revealed upon taking 
a thorough history and performing a careful physical examination. If lung disease 
is suspec ted on the basis of the history and physical examination, confi rmc1tion 
shotlld be sought with r adiographs of the chest, pulmonnry fun c tion l t'·;ts 
(inc luding spirometry, diffus i ng capacity and fra c tional physiologica l dead 
space), arterial blood gases, and electrocardiogram. Some or all of these tests 
should suffice to establish a diagnosis of chronic lung disease . If respi ratory, 
cardiac, or muscle disease can not be substantiated, it may be desi r able to 
document symptom limited reduction in exercise capacity with exercise testing. 
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