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The effect of exercise on pulmonary artery pres-
sure, blood flow, and resistance has been studied
extensively in normal subjects (1-5), and in pa-
tients with rheumatic heart disease (6, 7). How-
ever, only brief reports have appeared concerning
the response of patients with intracardiac or great
vessel shunts (8, 9). The dearth of published in-
formation probably is due in part to uncertainty as
to the exact diagnosis in a sufficient number of
cases. This paper concerns the changes in pul-
monary and systemic blood flows, pressures, and
resistances, and the associated variations in intra-
cardiac or aortopulmonary shunts caused by leg
exercise in the supine position in 30 patients with
single congenital anomalies. In those patients
with pulmonary hypertension the pulmonary blood
flow was found to change only slightly during ex-
ercise irrespective of the magnitude of the left-to-
right shunt, while pulmonary artery pressure and
pulmonary resistance values were increased. In
patients without pulmonary hypertension there
was a more definite increase in pulmonary blood
flow; but as in the preceding group, a decrease was
observed in the magnitude of the left-to-right
shunt. Complete data for accurate anatomic ap-
praisal had been obtained in all instances, and
operative confirmation of the diagnosis was avail-
able in the great majority.

METHODSANDMATERIALS

Procedure. The following procedure was adhered to,
with minor variations. The patient received 0.5 grain
(30 mg.) of codeine and 1.5 grains of secobarbital
(Seconal®) immediately prior to the start of the pro-
cedure. He lay supine on a horizontally positioned
fluoroscopy table. A No. 5 or 6 Cournand cardiac
catheter (designated catheter 1) was introduced, usually
by percutaneous needle puncture of a vein in the right
antecubital fossa (10) and advanced to the heart. Oxy-

'The Mayo Foundation, Rochester, Minnesota, is a
part of the Graduate School of the University of Min-
nesota.

gen saturations of blood samples obtained from various
locations within the heart and great vessels were meas-
ured by a cuvette oximeter (11) to ascertain the oxygen
saturation of the mixed venous blood and to determine
the magnitude and location of the left-to-right shunt.
The catheter tip was located in the main pulmonary ar-
tery, and a needle was inserted into a radial artery.
Pressures in the systemic and pulmonary artery systems
were recorded by means of strain-gauge manometers.
It was desirable in a number of patients to obtain simul-
taneously samples of blood from the inferior vena cava
as well as from the pulmonary artery. To make this pos-
sible a second catheter (designated catheter 2) was in-
serted and advanced directly into the inferior vena cava.
The rate of oxygen consumption was then determined by
collection of the expired air for five minutes in a large-
volume, low-resistance plastic balloon. Analysis of the
expired air was carried out immediately by the Haldane
method. Midway during the period of collection of ex-
pired air, blood samples were obtained for analysis of the
oxygen content by the method of Van Slyke and Neill
(12) from the pulmonary artery and the radial artery,
and from the inferior vena cava if a second catheter was
being used. The oxygen capacity of hemoglobin was
measured by the method of Sendroy (13), using the modi-
fication of Roughton, Darling, and Root (14). Immedi-
ately following the collection of the blood samples, a
record of pulmonary and systemic artery pressures was
obtained, and this record was considered to represent
the resting state. The patient's legs then were elevated
and his feet attached to the pedals of a bicycle ergometer
(10) which was positioned at the end of the fluoroscopy
table. The revolutions of the ergometer caused the de-
flection of a galvanometer needle which was visible to
the patient and was recorded photographically. In keep-
ing the needle at a predetermined position a constant
speed of rotation of the exercycle was maintained. After
an average of four and one-half minutes from the start
of exercise, blood samples again were withdrawn simul-
taneously from the pulmonary artery and radial artery,
and from the inferior vena cava if a second catheter were
in position. During a one minute interval, starting at the
beginning of this sampling period (average rate of
respirations: 25 per minute), the expired air was col-
lected, the volume measured, and the gas analyzed by the
Haldane method.

In an attempt to determine systemic blood flow during
exercise, a blood sample was taken via catheter 2 from
the inferior vena cava. Then this catheter was withdrawn
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to the superior vena cava and a second sample was taken;
both samples were analyzed by the Van Slyke and Neill
method and the results were averaged to give a meas-
ure of the oxygen content of mixed venous blood.

In the patients with patent ductus arteriosus in whom
catheter 2 was not inserted, the tip of catheter 1 was

withdrawn to the outflow, or midportion, of the right
ventricle, and a further sample obtained. In patients
with ventricular septal defect, the catheter was with-
drawn from the pulmonary artery to the midportion of
the right atrium and a sample was obtained from there.

Four patients were studied while breathing oxygen
via a low-resistance, small dead-space system from a

spirometer which contained approximately 35 liters of a

mixture of 95 per cent oxygen and 5 per cent nitrogen
at equilibrium with the subject's respiratory gases, and

which incorporated a carbon dioxide absorber. The oxy-

gen consumption was determined from the decrease in
the volume of gas in the spirometer 1) at rest for a pe-

riod of three minutes, and 2) during exercise for a period
of one minute, centered on the time of collection of blood
samples for manometric analysis.

Recordings of pulmonary and systemic artery pres-

sures and sometimes of inferior and superior vena caval
pressures during exercise were obtained immediately af-
ter the sampling of blood for Van Slyke analyses. The
exercise then was discontinued.

Calculations. Among the data to be reported, the ma-

jor emphasis will be placed on the values of pulmonary
blood flow, pulmonary artery pressure, and total pul-
monary resistance. Calculated values of systemic blood
flow, systemic artery pressure and systemic vascular re-

TABLE I

Vital statistics and measured values from Group A: 16 patients with left-to-right shunts and severe pulmonary hypertension

Oxygen

Total content

Age Diagnosis,t Oxygen Hemo- Sys- Pul-
(yr.) Surface duration of Rest, consump- globin temic monary

Case and area exercise exer- tion Qpt Q4 P,,4 P.* RpT R4 capacity artery -artery
no.* sex (M.2) (min.) cise (ml./min.) (L./min./M.2) (mm. Hg) (dynes sec. cm. -') (ml./100 ml. of blood)

1 43 1.60 VSD R 279 3.6 3.7 121/53 119/65 1,050 1,120 24.7 22.4 19.7
M 8 E 878 5.3 6.5 169/79 173/93 1,030 910 25.7 21.3 15.3

2 30 1.68 VSD R 290 7.9 2.6 104/49 106/74 400 1,540 20.9 20.4 18.2
M 7 E 768 7.3 4.9 133/56 147/78 530 960 20.7 19.4 14.1

3 34 1.85 VSD R 216 1.9 2.7 130/73 135/83 2,180 1,590 27.0 23.7 19.9
M 7 E 650 2.4 3.6 175/104 175/108 2,270 1,550 27.4 18.3 12.4

4 28 1.69 ASD R 266 3.3 1.6 93/47 96/68 890 2,840 23.6 22.7 18.6
M 5 E 667 4.0 2.3 115/61 122/84 890 2,510 24.3 21.5 14.4

5 14 1.23 VSD R 205 6.9 4.2 126/76 137/70 880 1,420 18.2 18.1 15.7
F 7 E 493 6.7 5.8 152/84 165/82 1,040 1,240 18.7 17.9 12.8

6 20 1.74 VSD R 279 4.8 3.8 119/52 133/64 850 1,050 23.3 21.9 19.9
M 8 E 865 4.9 6.8 167/78 165/84 1,010 790 24.0 19.1 13.7

7 15 1.22 VSD R 179 7.3 3.7 121/68 139/65 760 1,600 18.2 18.0 16.0
F 4 E 680 8.4 151/86 176/79 840 18.7 17.4 11.9

8 14 1.08 A-V canal R 193 13.7 2.7 80/30 96/54 250 1,860 17.5 16.7 16.2
M 5 E 551 15.1 § 122/56 330 17.7 15.3 14.3

9 36 1.66 ASD R 225 2.2 2.4 75/40 93/57 1,130 1,380 20.5 18.3 14.4
M 7 E 424 1.9 2.1 118/55 1,930 21.9 Ii 8.5

10 21 1.54 ASD R 234 3.4 3.2 113/55 135/78 1,080 1,570 17.8 16.8 13.2
F 5 E 563 3.7 148/64 163/83 1,320 18.0 13.0 7.6

11 37 1.73 ASD R 273 3.7 2.8 74/3-7¶1 110/68 450 1,320 21.6 20.6 16.9
M 6 E 750 4.8 3.9 104/8-13¶ 134/80 1,150 22.4 20.1 13.3

12 28 1.74 PDA R 246 5.9 2.9 86/55 135/65 510 1,400 19.6 19.1 16.7
F 9 E 615 6.8 6.4 110/69 169/87 550 820 19.6 19.3 14.1

13 34 1.93 ASD R 208 7.2 3.4 76/34 120/68 280 1,040 21.9 21.5 20.0
M 7 E 885 7.6 101/37 138/78 310 22.5 19.3 16.2

14 21 1.63 PDA R 286 11.7 4.0 78/50 162/57 250 1,120 15.1 15.5 14.0
F 5 E 667 9.6 5.3 104/63 170/66 390 960 15.4 15.9 11.6

15 44 2.38 PDA R 290 3.0 2.1 76/35 160/81 550 1,740 21.1 20.6 16.5
F 7 E 924 4.2 3.5 88/56 200/106 540 1,320 22.5 21.9 12.7

16 33 1.73 ASD R 258 4.7 3.8 60/26 140/67 360 1,110 13.9 13.3 10.1
M 6 E 721 5.8 93/41 165/70 460 14.6 14.1 6.9

* Cases arranged in order of decreasing pulmonary/systemic systolic pressure ratio at rest.
t VSD = Ventricular septal defect. ASD = Atrial septal defect. A-V canal = Atrioventricular canal. PDA = Patent ductus arteriosus.
$ Qp and Q. = pulmonary and systemic blood flows. Pps and P,, = pulmonary and systemic arterial pressures, systole/diastole. Rp and

R., = pulmonary and systemic resistances.
§ Pulmonary artery mean pressure obtained.

Oxygen saturation of 80 per cent by ear oximeter used in calculations.
Right ventricular pressure. (Pulmonary artery pressure also obtained at rest.)
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TABLE II

Vital statistics and measured values from Group B: 14 patients with left-to-right shunts but not severe pulmonary hypertension

Oxygen

Total content

Age Diagnosis~t Oxygen Hemo- Sys- Pul-
(yr.) Surface duration of Rest, consump- globin temic monary

Case and area exercise exer- tion opt Q4 Pp4a Pd. Rpt Rt capacity artery artery
no.* sex (M.2) (min.) cise (ml./min.) (L./min./M.2) (mm. Hg) (dynessec. cm.-') (ml./100 ml. of blood)

17 43 1.50 ASD R 212 16.0 4.7 32/10 134/64 60 970 17.7 17.7 16.8
F 7 E 676 14.0 45/18 165/86 90 18.1 18.0 14.9

18 48 1.72 ASD R 226 11.9 2.9 40/19 184/101 100 2,060 17.3 17.1 16.0
F 8i E 702 15.1 74/29 259/113 130 18.3 17.9 15.2

19 23 1.98 ASD R 305§ 9.0 2.8 27/14 110/72 80 1,150 20.7 21.4 19.7
M 5 E 806§ 10.4 30/12 124/77 70 21.0 22.1 18.2

20 25 1.59 ASD R 244 8.5 3.3 25/10 117/68 90 1,260 16.8 17.0 15.2
F 8 E 690 11.7 7.2 54/19 147/80 140 710 17.2 17.3 13.6

21 18 1.68 ASD R 289 7.5 3.7 25/10 118/75 95 1,130 18.7 18.9 16.6
M 6j E 799 7.0 32/16 146/85 140 19.3 19.6 12.7

22 29 1.74 PDA R 2651 7.2 4.0 21/10 118/63 110 870 16.6 18.2 16.1
F 10 E 615 6.2 4.8 15/10 135/68 100 650 16.6 17.9 12.2

23 20 1.63 ASD R 231 6.8 3.4 26/11 118/69 120 1,320 19.1 19.2 17.1
F 10 E 582 10.0 6.1 35/18 152/84 110 850 19.5 20.0 16.5

24 62 1.66 PDA R 244 6.1 3.1 57/32 200/80 310 1,780 17.8 17.8 15.4
F 8 E 569 6.6 5.5 72/40 216/91 370 1,150 18.3 18.5 13.3

25 47 1.47 PDA R 2561 6.7 3.1 24/12 166/81 190 2.010 18.1 20.0 17.4
F 10 E 5251 7.9 4.0 23/14 185/88 160 1,650 18.4 20.4 15.9

26 23 1.40 VSD R 212 5.2 4.1 37/12 135/75 190 1,200 16.9 16.7 13.8
F 7 E 769 8.2 6.8 44/15 133/65 170 740 17.3 17.4 10.7

27 18 1.44 VSD R 247 5.2 3.4 26/11 132/64 220 1,630 20.1 20.1 16.8
M 9 E 832 8.9 6.1 34/16 165/69 130 920 20.7 20.7 14.2

28 17 1.66 ASD R 227 4.7 3.5 21/10 108/61 150 1,060 18.6 18.9 16.0
M 9 E 1,149 10.0 47/25 158/85 150 19.5 19.2 12.3

29 31 1.96 PDA R 3041 4.4 3.5 20/14 136/65 130 1,040 18.9 21.0 17.5
M 9 E 1,1231 8.3 6.0 32/19 147/73 110 650 19.6 20.9 14.0

30 14 1.42 PDA R 232 4.4 3.6 49/29 148/79 450 1,570 18.1 18.2 14.5
M 6 E 667 6.3 5.8 53/25 158/81 340 1,040 18.3 18.4 11.0

* Cases arranged in order of declining pulmonary blood flow values at rest (first reading recorded in Qp column).
t ASD = Atrial septal defect. PDA = Patent ductus arteriosus. VSD = Ventricular septal defect.
: Qp and Q, = pulmonary and systemic blood flows. Pp. and Pa. = pulmonary and systemic arterial pressures, systole/diastole.

R. = pulmonary and systemic resistances.
§ Estimate made while patient breathed 95 per cent oxygen.

Rp and

sistance, and the magnitude of the intracardiac or great
vessel shunts are reported also.

Pulmonary (Qu) and systemic (Q.) blood flows (liters
per minute) were calculated by means of the Fick equa-
tion:

QP = °V0 Q V2
Cpv - Cpa Co&8 - CMVI

where Vo2 is the oxygen consumption in cubic centimeters
(S.T.P.D.) per minute, and the several C's in the de-
nominators represent the oxygen contents in cubic centi-
meters per liter of blood from pulmonary vein, pulmonary
artery and systemic artery, and mixed venous blood, re-

spectively. In those subjects studied while breathing air,
if the oxygen saturation of systemic artery blood was less
than 95 per cent, the oxygen content of pulmonary vein
blood was taken to be 98 per cent of the oxygen capacity
plus 0.3 ml. per 100 ml. of blood to account for oxygen
in physical solution while the subject breathed air. When
the oxygen saturation of systemic artery blood exceeded

95 per cent, it was assumed that no right-to-left shunt
existed, and the content of pulmonary vein blood (C,,)
was assumed to be equal to that of systemic artery blood
(C..). The oxygen content of mixed venous blood (C.,)
was estimated in a different manner depending on the
location of the left-to-right shunt as outlined previously.
The assumptions pertaining to the use of such values will
be discussed in detail in a later section.

The magnitudes of right-to-left (Sr-i) and left-to-right
(Si-r) shunts expressed as percentages, and the pulmo-
nary (R5) and systemic (R.) resistances (pressure-flow
ratios) expressed as dynes second cm.' were calculated
in the manner of Cournand, Baldwin, and Himmelstein
(15).

Si1-, =
Cp mv X 100 Sr-1 = CPv- Cod& X 100.
CPV - Cmv Cp_ - Cm.

A left-to-right shunt is thus expressed as the fraction of
pulmonary artery blood originating from the pulmonary
veins, and the right-to-left shunt is expressed as the
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fraction of systemic artery blood originating from the
cavae.

Patients. For this investigation 30 patients with single
congenital intracardiac lesions characterized by left-to-
right shunt were studied. In a few with pulmonary hy-
pertension a small right-to-left shunt also was demon-
strable while the patient was at rest. Of the 30 patients,
8 had a patent ductus arteriosus, 8 had a ventricular
septal defect, 13 had an atrial septal defect, and 1 had a
persistent common atrioventricular canal.

RESULTS

These patients were divided into two groups ac-
cording to the presence, Group A (Table I), or
absence, Group B (Table II), of severe pulmo-
nary hypertension. It is difficult to select a spe-
cific value for pulmonary artery pressure above
which pulmonary hypertension exists and below
which it does not. In some patients the size of a
ventricular septal defect or a patent ductus arterio-
sus is the effective limit to the volume of a veno-
arterial shunt; in others the volume of pulmonary
flow in relation to systemic flow is regulated
chiefly by the response of the pulmonary vessels,

and the size of the abnormal communication is not
a major limiting factor. In this regard an ap-
parently appropriate division between the patients
in the present study was made by classifying those
patients in whom the systolic pressure in the pul-
monary artery at rest was 60 mm. Hg or more as
having severe pulmonary hypertension. Those
patients in whom the pulmonary artery systolic
pressure was less than this value were considered
not to have severe elevation of pulmonary artery
pressure. The use of an arbitrary division such
as this may result in the incorrect categorization of
certain patients; but in the present group at least
it appears that no patient without pulmonary hy-
pertension of a severe degree has been included
in Group A, while only two patients in Group B
had pulmonary artery systolic pressures at rest in
excess of 40 mm. Hg.

Data obtained by Barratt-Boyes and Wood (5)
from a group of 12 normal subjects studied under
similar conditions are included for purposes of
comparison.

16 Patients 14 Patients
With Pulmonary Hypertension Without Pulmonary Hypertension

16 16
3t ~~~~~~~~~~~~~~~~0

0o I l I lo -

12 128

A ~~~000
cc ~~~~~~~~~~~~a
LLJ 8

**A8 0AD.SA

4 ~~~~~~~~~~4
A.S.D. o ~~~~~~~~~~-A.S. D.

CL~~~~~~~~~~~~~~ .S.D.O-VSD
0 A-~~~~~~PD.A. A-P.OD.A.

0 I1I0I I I
0 4 8 12 16 0 4 8 .12 16

Pulmonary Blood Flow - L./minute /m.2
(REST)

FIG. 1. THE RELATION OF PULMONARYBLOODFLOWDURING EXERCISE AND AT REST

The 16 patients with severe pulmonary hypertension (Group A) are depicted by the solid symbols
(left), and the 14 without severe pulmonary hypertension (Group B) by the open symbols (right).
The diagonal indicates the line of identity. Note the high correlation (r=0.96) and close absolute
agreement of the values in Group A. These data can be expressed in the orm of a regression equa-
tion, Y = 0.97+ 0.91 X, in which X and Y are values at rest and during exercise, respectively. The
standard error of the coefficient of regression is 0.07. Although there is a correlation between the val-
ues at rest and during exercise (r = 0.74) in Group B, it is less close than that in Group A.
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Pulmonary Resistance Systemic Resistance

E
B.
6

vb
C

u u

(, 0n

a

(.) 0%
LulI

LU0

I.-
C,,

iu

0 400 600 1200 1600 2000 2400 -600 1000 1400 60 2200
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FIG. 2. THE RELATION OF PULMONARYAND SYSTEMIC PRESSUREFLOW RATIOS (VASCULAR RESIST-

ANCES) OBTAINED DURINGEXERCISE TO VALUES OBTAINED AT REST
The solid symbols indicate the patients with severe pulmonary hypertension. Pulmonary resistance

values for 29 patients are depicted in the left panel. Correlation between values during exercise to those
at rest is high (r = 0.96). The relationship can be expressed by the regression Y =-5 + 1.23 X,
where Y and X are values during exercise and at rest, respectively. The standard error of the regres-
sion coefficient is + 0.09.

Systemic resistance values for 19 patients are shown in the right panel. The correlation between
the values is 0.70, and the regression equation representing these data is Y = 83 + 0.83 X.

Oxygen consumption and pulmonary blood flow,
pressure, and resistance
Patients with severe pulmonary hypertension

(Group A). The data for these patients are
given in order of decreasing ratio of pulmonary
to radial artery systolic pressures in Table I and
in Figures 1, 2, and 3 (solid symbols). The
average values and changes are summarized in
Table III. The average increase in oxygen con-
sumption for this group was significantly less
than for the normal subjects (Table III), due at
least in part to the inability of certain patients
(Cases 5, 9, 10, and 14 in Table I) to maintain
leg exercise at the desired level. There is no
difference of hemodynamic significance related to
the nature of the anatomic lesion present. The
small increase in pulmonary blood flow of 0.47
liter per minute per M.2 which occurs during ex-
ercise does not appear to be a change of remark-
able hemodynamic consequence. The correlation
of 0.96 with a slope of regression of 0.91 between
the pulmonary blood flow at rest and during ex-
ercise demonstrates the pulmonary flow to be un-

changed for practical purposes in these patients
during exercise.

Pulmonary artery pressures were increased in
all cases measured. The highest absolute values
of pulmonary artery pressures and pulmonary re-
sistances both at rest (130/73 mm. Hg, 2,180
dynes second cm.-5) and during exercise (175/
104 mm. Hg, 2,270 dynes second cm.-5) were ob-
tained in Case 3; a slight decline in pulmonary re-
sistance was seen in Case 15, the patient being a
44 year old womanwith systemic hypertension and
obesity in addition to patent ductus arteriosus.

Patients without severe pulmonary hypertension
(Group B). The data for these patients are given
in order of decreasing pulmonary blood flow in
Table II and in Figures 1, 2, and 3 (open sym-
bols). The average values and changes are sum-
marized in Table III. The difference in oxygen
consumption between the normal subjects and
these patients was not significant.

The values for pulmonary blood flow during
exercise are less well correlated (r = 0.74) with
those obtained at rest than in Group A (Figure
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1), and the increase in flow of 1.83 liters per min-
ute per M.2 is highly significant (p = 0.001).
Those patients in whom the resting pulmonary
flow was less than 5.8 liters per minute per M.2
(that is, within the range of normal systemic flow
for this laboratory) exhibited the greatest absolute
and proportionate increase in blood flow. The
changes in pulmonary artery pressure and pulmo-
nary resistance are closely similar to the changes
observed in the normal subjects.

Systemic blood flow and systemic resistance

In Group A, data for estimation of mixed venous
blood were not obtained during exercise in three
of the six cases of atrial septal defect, in one case
of ventricular septal defect, nor in the patient with
common atrioventricular canal. In Group B, no
estimation of systemic blood flow was made dur-
ing exercise in five of the seven cases of atrial
septal defect. The average systemic blood flow

QP- QS
8 I

Pulmonary
Hypertension

A SD-°--
VS -* ° /
PDA -A-ti

S ~~~~~~0ALU E 4

Ai 2
LU

0~~~

x~~~~ Ai,
0 Iin-

c'(I) ~ -

-2 /, * I I I I

-2 0 2 4 6 8
Shunt Flow - L./minute /m.2

(REST)

(Table III) at rest was identical for the patients
in Group B and for normal subjects, and slightly
less for the patients in Group A. Three patients
(Case Nos. 4, 9, and 15) had values outside the
lower range of normal (2.5 liters per minute per
M.2). During exercise, the increase in systemic
blood flow was somewhat less in Group A than in
Group B or in the normal subjects. In both groups
the changes in systemic artery pressure during
exercise were similar to changes in the normal
subjects.

The systemic resistance showed a diminution
during exercise in both Group A and Group B,
although it was of lesser magnitude in the former
(Figure 2). In both groups the decline in sys-
temic resistance was highly significant statistically.

Intracardiac or great vessel shunts

Intracardiac or great vessel shunts were calcu-
lated for all patients at rest and for the 11 patients

Cp Cm
- Cmv X 100

80

_~C/
U c 60 -

co
Ck: A*

20 40 60 80
Proportionote Shunt - %

(REST)
FIG. 3. COMPARISONOF THE MAGNITUDEOF INTRACARDIAC OR GREAT VESSEL SHUNTSAT REST AND

DURING EXERCISE IN 20 PATIENTS
In the left panel the net shunt is expressed as the difference between pulmonary and systemic blood

flows. Values to the left of and below the broken lines in the lower left corner indicate that systemic
flow exceeds pulmonary flow and a net right-to-left shunt exists. Values to the right or above the
broken lines indicate a net left-to-right shunt. Except in three patients (Cases 26, 27 and 29) with
small communications, the volume of blood shunted in the left-to-right direction declined with exercise.

In the right panel the data are expressed as the proportion of pulmonary artery blood which is
shunted in the left-to-right direction, and do not account for blood shunted right to left. All patients
had a decline in the relative magnitude of the shunt on exercise except two. Of these, one patient (Case
29) had a small ventricular septal defect, and another (Case 3) had a large ventricular septal defect
with severe pulmonary hypertension, and a shunt predominantly right to left both at rest and during
exercise.
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TABLE III

Average values and standard deviations

Pp Ps
Oxygen Heart

consumption rate QP Qs S D S D Rp Re
(ml./min./M.2) (beats/min.) (L./min./M.2) (mm. Hg) (dynessec. cm.')

Group A: 16 patients with pulmonary hypertension
Rest Average 148 84 5.70 3.10 96 51 126 68 760 1,417

SD 23 17 3.30 0.64 23 14 21 8 500 229
Exercise Average 416 121 6.17 4.69 129 67 159 82 896 1,169

SD 280 21 3.16 1.47 29 18 22 13 578 367
Difference* Average +278 37 0.47 1.64 32 16 30 14 136 -255

SD 65 23 0.93 1.20 10 8 12 9 226 300

Group B: 14 patients without pulmonary hypertension
Rest Average 151 81 7.34 3.50 31 15 137 73 164 1,360

SD 22 16 3.25 0.50 11 7 28 10 106 383
Exercise Average 455 115 9.17 5.81 42 20 164 82 158 968

SD 112 16 2.95 0.93 17 8 36 12 88 327
Difference* Average +304 35 1.83 2.31 11 5 26 9 -6 -506

SD 35 13 2.17 0.95 11 5 19 8 50 161

12 normal subjects t
Rest Average 141 72 3.50 21 11 148 77 189 1,290

SD 14 10 0.80 3 2 13 7 59 265
Exercise Average 479 111 5.70 31 15 177 86 162 889

SD 58 15 1.10 6 5 19 10 36 59
Difference* Average +338 41 2.10 10 4 29 9 -23 -370

SD 63 10 0.90 5 3 18 5 35 23

~vAcLL1! V41U|v0 MIMILC VGUIAC St rmcfL- txercise values minlus vailut:5 ax rant.
t From another similar study by Barrett-Boyes and Won

in Group A and the 9 in Group B during exercise
in whom the systemic blood flow had been esti-
mated during exercise. In Figure 3 the shunt is
expressed as the net volume of blood passing in the
left-to-right direction (Qp - Q.) and also as the
proportion of blood traversing the pulmonary ar-
tery which has originated from the pulmonary vein.
These values are of different significance in that
the former is reduced by any volume of blood
which may be shunted in the right-to-left direction
and is expressed in absolute terms. In several
cases the right-to-left shunt actually predominated
and resulted in a negative value for the net shunt.
A rough correlation exists between shunt values
during rest and exercise as estimated by both
methods.

For the patients with estimates of shunt both
at rest and during exercise, the average net vol-
umes of blood shunted left to right (Q. - Q.)
were 2.3 liters per minute per M.2 at rest and 0.8
during exercise in Group A, as compared to 2.6
at rest and 2.4 liters per minute per M.2 during
exercise in Group B. The differences between
values at rest and during exercise were significant
in Group A but not in Group B. Expressed as the

proportions of pulmonary blood flow derived from
pulmonary vein blood, the left-to-right shunts at
rest averaged 44 and 46 per cent of pulmonary
blood flow for Groups A and B, respectively, and
showed a decline in each group during exercise
to average values of 27 and 29 per cent (Figure
3). Among these 20 patients the changes were
least in the five with atrial septal defects.

In 7 of the 16 cases in Group A, right-to-left
shunts averaging 21 per cent (ranging from 10 to
40 per cent) of systemic blood flow were observed
at rest. In the five with estimates both at rest and
during exercise, the right-to-left shunt increased
from an average value of 23 per cent to an average
value of 34 per cent during exercise. In three ad-
ditional patients in whom no right-to-left shunt
was detected while the patient was at rest, right-
to-left shunts averaging 12 per cent were demon-
strable when the patient exercised. No right-to-
left shunts were demonstrated for the patients in
Group B.

COMMENT

Donald, Bishop, Cumming, and Wade (4)
found in normal subjects that the major changes

208



PULMONARYHEMODYNAMICSIN LEFT-TO-RIGHT SHUNT

in both the oxygen consumption and the arterio-
venous oxygen difference were virtually complete
after two minutes of exercise, and they observed
no further change in these variables when exercise
was continued at the same level. Even in the ma-

jority of patients with rheumatic heart disease,
the alterations in these variables are essentially
complete after five minutes of exercise at a uni-
form rate, and the subject is in a steady state (6).
The majority of our patients exercised for 7 to 12
minutes, and observations were made in the fourth
to sixth minutes. For some of the more disabled
patients the period of exercise was shorter, and
observations were commenced at approximately
two and one-half minutes and completed by the
fourth or fifth minute. If a steady state had not
been attained when observations were begun,
significant changes would occur in the oxygen

saturation of blood samples drawn during the
period of observation of them. Measurement,
therefore, was made of the continuous photo-
graphic record of the oxygen saturation of the
blood during its withdrawal from the radial and
pulmonary arteries through cuvette oximeters into
syringes for manometric analysis, and the dif-
ference in oxygen saturation during the initial
and the final 10 second periods of sampling was

determined (Table IV). The interval between
these periods was 20 to 35 seconds. The changes
observed were usually very small and there was

no consistent difference between the beginning and
end of the sampling period. The greater varia-
tion observed occurred among patients in Group

B who had exercise for periods in excess of six
minutes.

Pulmonary blood flow measurement

One of the main purposes of this study is to
document the effect of exercise on pulmonary
blood flow. If the estimate of oxygen consumption
during the exercise period is assumed valid-and
there is no reason to doubt this assumption-then
the measurement of pulmonary flow depends on

accurate values for the oxygen content of pulmo-
nary vein and pulmonary artery blood.

The samples from the pulmonary artery and
from a systemic artery always were drawn simul-
taneously. In all cases the assumption was made
that there was no impairment of oxygenation of
pulmonary capillary blood. No patients in Group
B showed desaturation of systemic arterial blood
during exercise. Furthermore, in a great ma-

jority of patients with cyanosis and intracardiac
defects studied in this laboratory-including some

patients in Group A while at rest-the quantitative
estimates of right-to-left shunts by indicator tech-
niques have agreed well with the estimates based
on the oxygen saturation values, thus militating
against desaturation of pulmonary vein blood as

the basis for desaturation of systemic artery blood
in such patients.

As for the oxygen content of pulmonary artery
blood, it is usual to regard samples of blood with-
drawn from the first chamber distal to the site of
shunt as representing adequately the oxygen satu-
ration of the blood entering the lungs. In the

TABLE IV

Differences between initial and later oxygen saturation values at rest and during exercise

Change in per cent of oxygen saturation*

Rest Exercise

Radial Pulmonary Radial Pulmonary
artery artery artery artery

Group A
Average changef 0 -0.22 -0.15 -0.33
Range (+1.5 to -0.6) (+0.5 to -1.1) (+0.7 to -1.0) (+0.5 to -1.0)

Group B
Average changet -0.25 -0.19 +0.13 +0.22
Range (+0.2 to -1.3) (+0.7 to -1.8) (+1.0 to -0.8) (+4.6 to -3.5)

* Saturation values measured by cuvette oximeter and recorded over periods of 40 to 55 seconds as samples were
drawn at rest and in the fourth to sixth minutes of exercise.

t Mean value for final 10 seconds of blood flow minus mean value for initial 10 seconds of blood flow.
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cases of patent ductus arteriosus studied in this
laboratory, the oxygen saturation of blood samples
obtained from different locations in the right and
left pulmonary arteries has been strikingly uni-
form, which implies that mixing of blood occurs
to a sufficient degree in the pulmonary artery so
that a sample of pulmonary artery blood is repre-
sentative of all the blood entering the lungs.

Calculation of systemic blood flow and intracardiac
and great vessel shunts

A major difficulty was the determination of an
accurate value for mixed venous blood. In this
study potential errors in the estimation of oxygen
content of mixed venous blood during exercise
would appear to be smallest in the eight cases of
patent ductus arteriosus in which the blood sam-
ples were obtained from the outflow, or midpor-
tion, of the right ventricle, and greatest in the five
cases of atrial septal defect in which samples of
blood were obtained from the inferior and superior
venae cavae (Table V). Data obtained in Case
18 also are included in this table, but calculations
of systemic blood flow and intracardiac shunts
were not made because examination of a roent-
genogram taken at the time of sampling intended
to be from the inferior vena cava clearly showed
the catheter tip to be in an hepatic vein. Calcula-
tion of the systemic blood flow was not attempted
in the remaining seven cases of atrial septal defect.
In Cases 4, 9, and 11 the wide differences between
arterial and venous blood and the relatively small
differences between inferior and superior caval
blood serve to reduce potential errors. In Case
20 the possibility of preferential sampling of he-

TABLE V

Six patients with atrial septal defect

Oxygen saturation
(per cent)

Rest Exercise
Case
No. IVC* sVCt IVC* sVCt

4 60 53 18 21
9 65 59 37 42

11 74 66 37 47
18 80 74 74t 47
20 78 68 71 60
23 83 76 60 85

* IVC = Inferior vena cava.
t SVC = Superior vena cava.
t Catheter tip in hepatic vein during exercise.

patic vein blood is suggested by the higher satura-
tion of inferior caval blood compared to superior
caval blood, whereas in Case 23 the relatively small
arteriovenous difference associated with a con-
siderable superior-inferior caval difference makes
possible a large error. To test this further, for
these five cases the magnitude of the left-to-right
shunt during exercise was recalculated using the
lowest saturation value obtained to represent
mixed venous blood. On the average, a decline in
the shunt was still present even in this more ex-
treme circumstance.

As a further test of the validity of the calcula-
tions of systemic blood flow, the relation of the
increase in blood flow to the increase in oxygen
consumption during exercise was examined. In
Case 20 the calculated increase in blood flow was
1,300 ml. per minute for each 100 ml. per minute
of increase in oxygen consumption, and in Case 23
the corresponding increase was 1,200 ml. per min-
ute. These values greatly exceed the average of
626 ± 217 ml. per minute obtained in the normal
subjects. In the complete series of patients, four
cases (Nos. 12, 20, 23, and 24) produced calcu-
lated systemic blood flow values which were dis-
proportionate to the increase in oxygen consump-
tion. Exclusion of these four cases would alter the
reported increase in systemic blood flow during
exercise by only 0.10 liter per minute per M.2 in
Group A, and 0.21 liter per minute M.2 in Group
B, and would not alter the significance of the de-
cline in left-to-right shunt which occurred during
exercise. While the considerations just presented
weaken the quantitative evaluation of figures for
systemic blood flow and shunt obtained during
exercise, the directional changes already suggested
appear valid.

Changes in pulmonary vascular dynamics

Patients with pulmonary hypertension. The
close relation between pulmonary blood flow val-
ues obtained at rest and during exercise deserves
further comment. In the presence of pulmonary
hypertension, the pulmonary blood flow appears
to be relatively fixed (Figure 1), although a small
increase was demonstrated during exercise.
Bruce and John (8) reported that arterial desatu-
ration occurred in two of their patients, but they
did not report a fixed pulmonary blood flow. It
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is not possible to state that the increase in. calcu-
lated resistance represents a change in the pul-
monary blood vessels; however, the small change
in left atrial flow with exercise makes changes in
left atrial pressure unlikely. The analogy of
changes in pulmonary blood vessels to the be-
havior of a linear potentiometer in a simple D.C.
circuit may be quite misleading in instances such
as these; here the impedance of a frequency de-
pendent complex circuit may in fact be the more

appropriate model.
As would be expected, apart from Case 4, in

which evidence of cardiac failure was present, the
systemic vascular resistance declined during ex-

ercise in every patient in whom the comparative
measurements were made, and to about the same

degree as in normal subjects. Difficulties of esti-
mation of systemic blood flow notwithstanding,
these data clearly indicate the difference in the re-

sponses of the pulmonary and systemic circula-
tions produced by muscular activity.

The direction and magnitude of a shunt through
a large ventricular septal defect or a patent ductus
arteriosus are determined principally by the rela-
tive resistances offered by the pulmonary and
systemic circulations to the flow of blood from the
ventricles. A useful expression of these relative
resistances is a ratio of pulmonary to systemic re-

sistance, which minimizes the effect of nonspecific
factors such as body size and allows comparison
from subject to subject. In this group of patients,
the average resistance ratio of 0.50 at rest was in-
creased to 0.74 during exercise, owing mainly to
the fall in systemic resistance. In cases with se-

vere pulmonary hypertension and a level of pul-
monary blood flow not above the range of normal
while at rest (example: Case 6), the change in the
pulmonary/systemic resistance ratio during exer-

cise may result in a shunt predominantly in the
right-to-left direction. The data suggest that cases

of atrial septal defect with pulmonary hyperten-
sion may respond in a somewhat similar fashion;
presumably there may be impedance of right ven-

tricular filling due to a raised right ventricular
diastolic pressure consequent on the increased pul-
monary resistance. Alternatively, facilitation of
left ventricular filling may be a result of the low-
ered systemic vascular resistance.

Patients without severe pulmonary hyperten-
sion. In the patients of Group B there was a

definite increase in pulmonary blood flow during
exercise as compared to that during rest, but in
no patient did it rise to the level reported by Bruce
and John (8) for upright walking. As in Group
A, a lesser proportion of pulmonary blood flow is
composed of pulmonary vein blood during exer-
cise in cases with a large increase in resting pul-
monary flow. In those cases with a small patent
ductus arteriosus or ventricular septal defect, the
size of the abnormal communication and the left
ventricular or aortic pressure should logically be
the principal determinants of the small shunt that
occurs. The absolute and even the relative mag-
nitude of the shunt has been demonstrated to in-
crease during exercise in such cases.

General interpretations

Excluding those patients without pulmonary
hypertension and without a shunt of functional
significance in the left-to-right direction, the gen-
eral response of the pulmonary vascular bed to
exercise in the supine position appears to permit
but a small increase in pulmonary blood flow, with
an increase in pulmonary resistance in those pa-
tients who have pulmonary hypertension. There
is usually a concomitant decrease in the absolute
and relative magnitude of the left-to-right shunt,
apparently related to the large decrease in the
systemic vascular resistance which occurs uni-
formly during exercise. The consequences of
these responses are of some significance, since it is
clear that patients with large left-to-right shunts
may adapt to the circulatory needs of exercise
without major change in pulmonary vascular dy-
namics. During activity, the useful work of the
right ventricle appears to be increased in that a
greater absolute and relative amount of the output
of this chamber is composed of systemic venous
blood. This may explain the relatively poor cor-
relation of physical development and exercise tol-
erance of many patients with congenital heart
disease on the one hand, with the degree of al-
teration in circulatory dynamics when such pa-
tients are studied in the supine position on the
other. In certain of the more disabled patients
with severe pulmonary hypertension, this response
may circumvent a stress of potentially fatal mag-
nitude on the circulation such as does occur in the
postoperative period following closure of patent
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ductus arteriosus without relief of severe pulmo-
nary hypertension (16).

These responses produce in general a favorable
situation for patients with left-to-right shunts, since
the demands on the heart for an increase in sys-
temic blood flow to meet the requirements of exer-
cise are met without a concomitant increase in
stress on those portions of the central circulation
already overburdened by the presence of the ab-
normal shunt.

SUMMARY

1. The changes in pulmonary vascular dynamics
associated with exercise in the supine position
were studied in 30 patients with intracardiac or
aortopulmonary left-to-right shunt. The patients
were subdivided into Group A, whose pulmonary
artery systolic pressures exceeded 60 mm. Hg at
rest, and Group B, whose pulmonary artery sys-
tolic pressures at rest were less than 60 mm. Hg.
Group A was composed of seven patients with
atrial septal defect (including one with common
atrioventricular canal), six with ventricular sep-
tal defect, and three with patent ductus arteriosus;
Group B was composed of seven patients with
atrial septal defect, two with ventricular septal
defect, and five with patent ductus arteriosus.

2. The pulmonary blood flow averaged 5.70
liters per minute per M.2 for Group A at rest, and
increased to 6.17 liters per minute per M.2 during
exercise. There was a strong correlation (r =
0.96) between the flow values at rest and during
exercise. For Group B the average pulmonary
blood flow at rest of 7.34 liters per minute per M.2
was increased to 9.17 liters per minute per M.2
during exercise; but the correlation was less close
(r = 0.74) than for Group A.

3. Pulmonary artery pressure was increased
during exercise in both groups. The pulmonary
resistance was significantly elevated in Group A
from an average value of 760 dynes second cm.-5
at rest to 896 dynes second cm.-5 during exercise.
In contrast, there was no consistent increase in
pulmonary resistance during exercise in Group
B. Absence of data concerning pulmonary artery
wedge (left atrial) pressure precludes a precise
statement as to changes in pulmonary arteriolar
resistance.

4. Systemic blood flows were calculated in 20
of the patients during exercise. The increase in

systemic blood flow during muscular activity was
greater than the increase in pulmonary blood flow.
In contrast to the increase in pulmonary resistance
in Group A, the normal decline in systemic vascu-
lar resistance associated with exercise was ob-
served in both groups.

5. The average magnitude of left-to-right
shunts declined in Group A from 44 per cent of
the pulmonary blood flow at rest to 27 per cent
during exercise, and in Group B from 46 per cent
to 29 per cent. In seven patients, right-to-left
shunts were present at rest, and these shunts in-
creased in magnitude during exercise in the five
patients from whom quantitative data were ob-
tained during the latter state. In three other pa-
tients, right-to-left shunts developed during ex-
ercise, although no such shunt was detected at
rest.

6. The differing responses of the pulmonary
and the systemic circuits to exercise are considered
to be the underlying basis for the relatively small
change in pulmonary flow during exercise in pa-
tients with large defects. In consequence, the in-
creased demands placed on the heart during ex-
ercise are met with relatively little additional stress
on those parts of the circulation already overbur-
dened by the presence of the left-to-right shunt.
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