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It is widely held that increased blood viscosity
due to polycythemia is an important factor con-
tributing to pulmonary hypertension in patients
with chronic bronchitis (1-5). An increase in
the viscosity factor in Poiseuille’s equation will in-
crease the pressure drop across a vascular bed pro-
portionately, provided volume flow and the dimen-
sions of the vessels remain constant. Roos (6)
showed, in the isolated lung of a dog, that increas-
ing packed cell volume is associated with an in-
crease in the pressure drop across the pulmonary
vascular bed, blood flow being maintained con-
stant. However, the effects of alterations in blood
viscosity upon pulmonary intravascular pressures
in man have not been established.

Baldwin, Cournand, and Richards (7) noted
that the association of polycythemia with chronic
bronchitis is rare. It has been shown that red cell
volume is often slightly increased in patients with
chronic bronchitis who have arterial desaturation
(8, 9), but judging by the hematocrit or hemo-
globin values in other reports of large numbers of
patients (10-12), substantial polycythemia is an
uncommon complication. The present investiga-
tion is concerned with a highly selected group of
patients with chronic bronchitis complicated by
marked secondary polycythemia. They were
drawn from a large population of patients with
chronic bronchitis who were seen in an area where
the disease is especially common.

* Submitted for publication April 4, 1966; accepted
June 23, 1966.
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First we have assessed the severity of the
changes in the pulmonary circulation and in the
arterial blood gas tensions at rest and during ex-
ercise in such patients,

Secondly, we have examined the influence of
increased blood viscosity and increased blood vol-
ume, and the interrelationship of these two factors,
on the pulmonary and systemic circulations in pa-
tients with chronic bronchitis at rest and during
exercise. To this end, we compared measurements
made before and after repeated venesections in the
patients with marked polycythemia.

Thirdly, when it became evident that chronic
hypervolemia plays a part in the observed circu-
latory changes, we decided to investigate the effects
of acute expansion and reduction of the blood vol-
ume in another group of patients with chronic
bronchitis whose blood volume and hematocrit
were initially normal.

Methods

Patients. A total of 21 patients with chronic bron-
chitis were studied, this diagnosis being based upon a
history of long standing productive cough and moderate
or severe dyspnea. Fifteen of the patients had marked
polycythemia and pulmonary hypertension; their physi-
cal characteristics are given in Table I. Each of these
patients was in congestive failure when first seen, but
was studied only after an initial period of bed rest, when
signs of edema and congestive failure had disappeared
and when, despite being ambulant again, weight had re-
mained constant for at least 1 week. All the patients
were receiving digoxin and chlorothiazide at the time of
the study. In 13 patients (excluding B9 and B10) the
electrocardiogram showed changes typical of right ven-
tricular hypertrophy (13). During the 5 years of study,
11 of these patients are known to have died.
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Five patients did not have polycythemia and had never
been in congestive failure. These patients were studied
after recovery from exacerbations of respiratory infec-
tions. One patient was studied during congestive failure
and again after recovery.

Technical methods. Red cell volume was measured
with ®Cr-labeled erythrocytes, by the technique of
Sterling and Gray (14) as modified by Mollison and Veall
(15), and was calculated from the mean radioactivity of
blood samples taken at 10, 15, and 20 minutes. Blood
viscosity was estimated by Pirofsky’s method (16),
which entails measuring the pressure and flow across a
calibrated needle inserted into an antecubital vein with
the arm dependent. Hematocrit was measured on ar-
terial blood and corrected for trapped plasma.

An indwelling needle was placed in the brachial ar-
tery, and a double lumen catheter was advanced to the
lung so that its tip was wedged into a peripheral pul-
monary artery while the proximal orifice lay in the pul-
monary arterial trunk. In all but 3 patients, a catheter
was also placed in the right atrium. The intravascular
pressures were measured by capacitance manometers and
recorded by a multichannel direct writing instrument.
The zero reference level for pressure was 10 cm above
the plane of the table on which the patient was lying.
Mean pressures were determined by planimetry, and all
pressures were averaged over at least three respiratory
cycles.

Cardiac output was measured by the direct Fick
method. Expired gas was collected in a Tissot spirom-
eter over a period of 3 minutes and analyzed by the Scho-
lander method. During this time, two samples each of
arterial and mixed venous blood were taken for the spec-
trophotometric determination of percentage oxygen satu-
ration (17). Blood oxygen capacity was determined
photometrically as oxyhemoglobin, the method being
regularly calibrated against estimates with the Van Slyke
manometric apparatus.

- Central blood volume was measured with a continu-
ous fractional sampling device (18). Forty uc of human
serum albumen labeled with **I (HSA-*1) was rapidly
injected into the pulmonary artery, and brachial arterial
samples were collected at 0.5-second intervals for 30
seconds into a series of heparinized tubes fixed in a ro-
tating disc. The radioactivity in each sample of blood
was plotted against time on semilogarithmic paper, and
from the resulting curve the central blood volume and
mean transit time were calculated by the Stewart-Hamil-
ton method (19). The time required for the blood to
traverse the connecting tube from the arterial needle to
the rotating disc and the time for injection were sub-
tracted from the observed mean transit time. Plasma
volume was measured from the HSA-™I concentrations
after the central blood volume estimation, 5-ml samples
being taken at 10, 15, and 20 minutes after initial in-
jection. The radioactivity was plotted against time on
semilogarithmic paper, and the line best fitting the points
was extrapolated back to the time of injection.

Arterial oxygen tension (Pao,) was measured polaro-
graphically with the Clark electrode (20) and the car-
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bon dioxide tension (Paco.) by the interpolation method
of Astrup (21).

Pulmonary vascular resistance was calculated in the
usual way (22). Pulmonary vascular hindrance, which
characterizes the opposition to flow by the vascular sys-
tem due to its dimensions as distinct from the opposition
to flow derived from the fluid itself, was calculated as
the pulmonary vascular resistance divided by the vis-
cosity and expressed in arbitrary units (23).

Procedure. All measurements were made with the pa-
tient in the supine position, without sedation, and 6 hours
after he had eaten a light meal. In the studies of the
patients with polycythemia, the measurements were re-
peated 7 to 10 days later, during which time 500 ml of
blood was removed on alternate days until the hematocrit
was reduced to the normal range. The final venesec-
tion was done not later than 36 hours before the sec-
ond study.

On each occasion, the blood viscosity and hematocrit
were first measured in duplicate. Central blood volume
and plasma volume were then measured, and this was
followed by estimation of red cell volume. These pro-
cedures occupied about 60 minutes, and then the cardiac
output was measured at rest and again during the fourth
minute of exercise on a bicycle ergometer. Intravascu-
lar pressures were recorded immediately before and after
each estimate of cardiac output. The exercise performed
during the second study was adjusted to be equal in se-
verity to the first, and as judged by the oxygen uptake,
this was usually achieved.

The procedure in the second series of patients without
polycythemia will be apparent from Figure 5. After
measurements of blood viscosity, packed cell volume,
cardiac output, and intravascular pressures had been
made, a rapid infusion of 25 g HSA, dissolved in 500 ml
5% dextrose and warmed to body temperature, was given
into the right atrium over 10 minutes. The same cycle
of measurements was repeated immediately after the in-
fusion had been completed, again after a rapid venesec-
tion (500 ml) over 15 minutes, and finally after a second
infusion, similar to the first. Observations in our labora-
tory have shown that the expansion of blood volume af-
ter an infusion of HSA remains fairly constant for at
least 50 minutes.

Normal values. In selecting riormal values with which
to compare the results we have obtained, we have had to
take note of the advanced age of some of our patients and
to choose comparable normal data wherever possible.

For blood volume we have used the results from older
male subjects of Yiengst and Shock (24) and of Hart
and Metz (25), who used similar methods. The mean
values are as follows: red cell volume, 33.3 ml per kg
(SD 0.7) ; plasma volume, 44.5 ml per kg (SD 0.8) ; and
total blood volume, 82.3 ml per kg (SD 2.0). We have
taken the mean hematocrit (uncorrected for trapped
plasma) to be 45.2% (SD 2.63) according to Wennesland
and co-workers (26). We have found a mean normal
value for blood viscosity in 10 subjects of 2.23 centipoises
(SD 0.31). Values for cardiac output in older subjects
have been taken from the work of Brandfonbrener, Lan-
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downe, and Shock (27) and Granath, Jonsson, and
Strandell (28). Since the latter authors and Dexter,
Haynes, and Smith (29) have shown that advancing
age has no effect upon the pulmonary intravascular pres-
sures, we have used our own results for these param-
eters (30). The estimates of central blood volume were
compared with those of Doyle, Wilson, Lépine, and War-
ren (31) and Lilienfield and associates (32).

Normal values for cardiac output, intravascular pres-
sures, and pulmonary ventilation during exercise were
taken from the results of Donald, Bishop, Cumming,
and Wade (33) and Granath and associates (28), the
latter in older subjects.

Normal values for the partial pressure of oxygen and
carbon dioxide in arterial blood have been predicted from
the results of Raine and Bishop (34).

Results

At rest before vemesection. The results are
given in Table I. The hematocrit fell within the
normal range in 1 patient only, but the red cell
volume was greater than normal in all patients.
Plasma volume was within the normal range in all
patients, but total blood volume was normal in
only 6 and abnormally high in the remaining 8
patients. The ratio of body to venous hematocrit
was normal, ranging from 0.875 to 1.00 (mean
0.926). Blood viscosity was greater than normal
in all patients.

Arterial oxygen tension was less than predicted
in all but 1 of the patients, and the percentage
oxygen saturation was similarly reduced. Arterial
carbon dioxide tension was greater than normal
in all but 1 patient (B9) in whom the oxygen ten-
sion was also normal.

The cardiac output fell within the normal range,
but the mean heart rate was increased and the

stroke volume reduced.. There was no significant -

difference between cardiac output measured si-
multaneously in 11 of the patients by the Fick and
HSA-**1] methods. Central blood volume was on
the average greater than normal, but represented
a normal proportion of total blood volume
(21.3%). There was a significant positive cor-
relation between central blood volume and total
blood volume (r = 0.681, p < 0.05). The mean
transit time was greater than normal (mean
13.9 seconds, SD 4.0). The mean oxygen uptake,
pulmonary ventilation, and arteriovenous oxygen
difference were all slightly greater than normal.
Pulmonary wedge pressure exceeded the upper
limit of the normal range in 3 patients, and right

1557

atrial pressure was abnormally high in most of
those in whom it was measured. Pulmonary ar-
terial pressure was greater than normal in all pa-
tients, and most had severe pulmonary hyperten-
sion, Pulmonary vascular resistance and pulmo-
nary vascular hindrance were greatly increased,
but systemic vascular resistance was normal.

The relationships of pulmonary arterial mean
pressure to certain other measurements have been
examined, and the correlation coefficients are
shown in Table II. There was a positive corre-
lation with red cell volume and total blood volume
and with Pacgo,, and a negative correlation with
arterial oxygen saturation and Pag,. A multiple
regression analysis gave the following equation:
PAP =65.333 + 0.126 (TBV) — 0.582 (Pay,),
where PAP is pulmonary arterial mean pressure
(millimeters Hg), TBV is total blood volume
(milliliters per kilogram), and Pag, is in milli-
meters Hg. There was not significant improve-
ment in the prediction when Pago, was included,
either before or after venesection.

At rest after repeated venesection. The results
after repeated venesection, given in Table I, show
a significant reduction in hematocrit, red cell vol-
ume, and blood viscosity, and these values now fell
within the normal range in all but 1 patient (B6).
The plasma volume expanded by varying degrees,
and the average value after venesection was sig-
nificantly greater than before, In 6 patients (Bl
to B6), the total blood volume decreased by more
than 6.0 ml per kg, whereas in the others, the
compensatory increase in plasma volume was suffi-
cient to maintain an essentially unchanged total
blood volume. Pao, and Pago, showed no con-
sistent changes after venesection.

There was no significant change in cardiac out-
put, heart rate, or stroke volume after venesection.
There was a small but significant fall in central
blood volume, the reduction being greatest in
those patients in whom total blood volume also
decreased. There was a positive correlation be-
tween the change in central and total blood vol-
umes (r = 0.883, p < 0.001), and central blood
volume as a proportion of total blood volume
(21.8%) remained unchanged. Mean transit
time decreased significantly (mean 11.3 seconds,
SD 2.5). The average oxygen uptake, pulmonary
ventilation, and arteriovenous oxygen difference
were unaffected by venesection.
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TABLE 1

Individual values for cardiac output and retated measurements, intravascular pressures,

Pulmo- Central Arterial
Subject Oxygen nary ven-  Cardiac Heart blood oxygen
Age Sex Wt BSA Period uptake tilation output rate volume  saturation Paog* Pacoat
years kg m? ml/min/ L/min/ L/min/ L/m2 % mm Hg mm Hg
m? m? m?
BT F 7.7 178 Before 156 5.0 3.8 96 0.64 78.3 50.0 60.1
60 77.5 1.79 After 148 4.2 3.3 83 0.53 88.6 60.1 46.5
B2 M 61 1.65 Before 149 5.9 2.7 89 0.59 92.6 67.7 48.2
64 62 1.66 After 145 5.5 2.9 92 0.53 90.5 66.9 49.9
B3I M 53 1.54 Before 158 4.7 2.8 99 0.72 69.6 36.5 69.2
48 52 1.52 After 149 4.8 3.0 100 0.57 74.8 44.7 58.4
B4 M 53 1.63 Before 110 4.7 3.4 104 0.84 73.5 42.9 70.6
51 51 1.60 After 108 5.4 3.7 108 0.61 79.5 50.9 72.9
B5 M 83 2.01 Before 163 4.3 4.2 115 53.7 29.4 64.7
61 84 2.01 After 157 4.0 4.0 119 65.0 43.8 71.4
B6 M 50 1.57 Before 189 4.1 4.3 110 71.3 35.0 81.0
29 51.5 1.60 After 181 4.2 3.5 120 63.4 29.9 91.9
B7 M 57 1.71 Before 164 4.4 3.5 93 0.70 74.4 53.1 55.0
30 55.5 1.70 After 157 4.2 4.6 95 0.74 75.9 53.0 579
B8 M 83.5 2.06 Before 169 4.1 3.4 92 0.60 86.8 59.8 57.5
58 86.5 2.10 After 162 4.2 4.6 93 0.58 84.3 52.8 60.1
B9 M 58 1.65 Before 159 7.8 2.6 91 0.74 89.0 78.2 32.6
64 58 1.65 After 126 6.4 2.3 89 0.70 89.5 78.5 33.4
B10 M 745 1.76 Before 148 4.1 2.9 77 0.67 89.5 65.4 48.5
41 72.5 1.74 After 150 3.8 2.6 70 0.63 92.3 72.4 47,9
Bi1 M 57 1.70 Before 155 6.0 3.3 105 0.70 90.8 53.0 48.5
50 56.5 1.70 After 136 6.2 3.2 88 0.65 88.0 54.0 45.5
B12 M 515 1.60 Before 126 3.8 2.9 90 0.72 86.3 53.7 56.8
56 51 1.58 After 156 4.7 2.9 89 0.78 82.0 43.1 59.0
B13 M 575 1.64 Before 155 5.7 2.3 99 0.79 89.9 50.4 52.2
53 56.0 1.62 After 155 5.6 2.8 97 0.76 93.0 54.2 53.3
B14 M 67 1.69 Before 174 6.4 3.9 115 85.9 51.9 56.0
58 67 1.69 After 146 6.6 5.3 106 88.0 53.2 49.0
B1s M 61 1.75 Before 144 5.5 3.7 92 0.69 89.1 61.9 50.0
54
Mean Before 155 4.1 33 98 0.70 81.2 51.9 57.2
(B1-B14) (19.31)% (1.15) (0.58) (9.86) (0.08) (11.45) (13.32) (11.85)
After 148 5.0 3.5 96 0.64 83.0 53.1 56.9
(17.10) (0.96) (0.83) (13.57) (0.09) (11.57) (12.49) (14.43)
P <0.10 <0.10 <0.10 <0.10 <0.05 <0.10 <0.10 <0.10

* Arterial oxygen tension.
1 Arterial carbon dioxide tension.
1 Standard deviation.

The average pulmonary wedge pressure showed
no change, but in 4 of 6 patients in whom total
blood volume fell, there was a decrease in wedge
pressure. Right atrial pressure fell in all but one
of the 11 patients in whom it was measured.
There was a small but significant reduction in
pulmonary arterial mean pressure in the group of
patients. There was a positive correlation between
the fall in pulmonary arterial pressure and the fall

in blood volume (r = 0.804, p < 0.001) (Figure
1), and in the patients in whom the latter did not
fall, the pulmonary arterial pressure remained un-
altered. A similar correlation was found with
changes in central blood volume (r = 0.758, p <
0.01). Average pulmonary vascular resistance
decreased, but pulmonary vascular hindrance in-
creased to a value that was even more abnormal.
The individual changes were greatest in patients
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TABLE 1
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arterial gas tensiéns, and blood volume at rest before and after repeated venesection

Mean pressure

Vascular resistance  Vascular hindrance

Pul- Pul- Blood volume

Bra- mo- mo- Pul- Pul- Packed

chial nary nary  Right mo- Sys- mo- Sys- cell Red 5
artery artery wedge atrium nary temic nary temic volume cell Plasma  Total Viscosity

mm Hg dyne-sec-cm™—b % ml/kg centiposses

115 50 19 15 364 1,351 61 225 64 46.3 30.5 76.8 6.0

77 36 14 9 298 1,043 93 447 47 27.3 31.7 59.0 3.2
123 46 12 ] 604 2,184 96 347 60 44.0 38.3 82.3 6.3
122 40 8 5 533 2,032 197 753 43 31.8 4.5 76.3 2.7
108 60 10 910 1,962 159 344 64 63.0 46.6 110.0 5.7
101 50 9 783 1,755 340 763 45 39.5 49.6 89.2 2.3
116 52 12 8 581 . 1,686 94 272 64 69.0 41.5 110.5 6.2
119 39 9 5 400 1,585 153 610 45 34.2 51.0 85.2 2.6
146 60 18 18 400 1,389 68 232 64 52.0 36.5 88.5 0 6.0
118 55 18 15 352 1,123 110 351 47 34.0 44.5 80.0 3.2

94 58 8 9 600 1,121 85 158 72 68.2 40.5 108.7 7.1

94 49 11 7 532 1,473 140 388 54 50.7 48.6 99.4 3.8
105 50 8 6 547 1,399 96 245 55 51.2 46.3 97.5 5.7

83 48 7 5 415 840 153 311 44 40.8 55.4 96.2 2.7
108 48 9 12 439 1,216 98 270 51 39.5 42.6 82.1 4.5

96 46 14 8 266 799 140 421 38 32.1 54.3 86.4 1.9
121 28 4 9 446 2,249 86 433 54 4.0 37.4 81.5 5.2
115 29 6 8 418 2,089 190 950 41 315 47.5 79.0 2.2
107 29 13 12 246 1,645 48 323 58 39.6 37.3 75.0 5.1
108 31 13 6 313 1,877 143 853 44 28.2 42.9 711 2.2
110 42 11 600 1,598 120 320 60 54.1 39.7 93.8 5.0
118 40 15 363 1,714 191 902 42 34.8 54.1 88.9 1.9
123 36 8 486 2,137 84 368 58 47.2 44.6 91.8 5.8
104 42 9 599 1,889 261 821 41 32.8 56.5 89.3 2.3
114 55 17 7 800 2,398 148 444 60 51.5 43.5 95.0 5.4
110 55 14 6 713 1,911 254 683 45 40.0 53.6 93.6 2.8
120 38 11 9 322 1,431 57 251 62 47.0 374 84.4 5.7
116 35 12 8 207 1,041 71 359 42 29.3 50.0 79.3 2.9
102 41 12 6 376 1,255 64 213 63 474 42.4 89.8 5.9
11§ 47 11 10 514 1,698 93 302 60 51.2 40.2 91.3 5.7
(12.02) (10.66) (4.23) (3.92) (179.5)  (415.7) (32.0) (81.1) (5.26) (9.56) (4.40) (12.00) (0.63)
106 43 11 7 442 1,512 174 615 4 34.8 48.7 83.6 2.6
(14.02)  (8.28) (4.27) (2.88) (169.1)  (455.6) (72.4) (2294) (3.76) (6.20)  (6.44) (10.60) (0.52)
<0.02  <0.02 <0.001 <0.01 <0.02 <0.001  <0.001 <0.001 <0.001 <0.001 <0.01 <0.001

whose total blood volume decreased. There was
a small but significant fall in mean systemic vas-
cular resistance, whereas mean systemic vascular
hindrance increased from 302 to 615 U, the latter
being approximately normal.

The correlation coefficients between pulmonary
arterial pressure and other parameters as deter-
mined after venesection are given in Table II.
Multiple regression analysis gave the following

relationship: PAP = 34.144 + 0297 (TBV) —
0.311 (Pao,).

During exercise before venesection. Individual
results are given in Table III, and the relation-
ship between cardiac output and oxygen uptake
during exercise is illustrated in Figure 2. The
cardiac output achieved during exercise was nor-
mal in 7 patients, but was less than normal in 8,
being grossly impaired in 3 of these. As with
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TABLE II

Correlation coefficients among pulmonary arterial pressure
and vasgular resistance, blood volume, arterial oxygen
saturation, and arterial gas tensions at rest and during

exercise before and after repeated vemesection®
Saos Paos Pacop RCV  TBV

. mm Hg mm Hg ml/kg ml/kg
At rest, before venesection

PAP, mm Hg —0.676f —0.820f 0.753t 0.631f 0.615%

RCV, mi/kg —0.543§ —0.7221 0.745%

PVR, dyne-sec-cm=5 —0.105 —-0.329 0.273 0.427 0.714f
At rest, after venesection

PAP, mm Hg —0.6801 —0.652f 0.578§ 0.658% 0.611§

RCV, ml/kg —0.629f —0.596§ 0.685%

PVR, dyne-sec-cm™5 —0.043 —0.185 0.183  0.875t 0.503
Exercise, before venesection

PAP, mm Hg —0.518§ —0.7921 0.913}
Exercise, after venesection

PAP, mm Hg —0.663+ —0.595§ 0.733%

*Sao, = arterial oxygen saturation; Pao, = arterial oxygen tension;
Pacos = arterial carbon dioxide tension; RCV =red cell volume;
TBV = total blood volume; PAP = pulmonary arterial mean pressure;
PVR = pulmonary vascular resistance.

1+ p 0.01.

1 p 0.02.

§ p 0.05.

normal subjects exercising in the supine posture,
the increase in cardiac output was the result of an
increased heart rate, stroke volume remaining
unchanged.

Arterial oxygen saturation decreased in all pa-
tients, usually to a marked degree, whereas carbon
dioxide tension usually increased. Pulmonary
ventilation increased to a normal extent in most
patients, but was slightly greater than normal in 2.

There was a large increase in pulmonary ar-
terial mean pressure, and the average during ex-
ercise was 77 mm Hg (range 66 to 86). Pulmo-
nary wedge pressure also increased in most patients,
the rise being greater than normal in several.
Relationships between pulmonary arterial pres-

CHANGE IN PULMONARY ARTERIAL MEAN PRESSURE mmHg
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PEATED VENESECTION.
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sure and arterial blood gas tensions during exer-
cise were similar to those found at rest (Table II).

During exercise after venesection. The results
are given in Table III. Cardiac output and its
relationship to oxygen uptake are illustrated in
Figure 2. The work done as judged by the oxy-
gen uptake was on the average the same as before.
The level of cardiac output achieved during ex-
ercise was more nearly normal in several patients
than before venesection. Cardiac output during
exercise was greater than before in 10 patients and
less than before in only 2. The heart rate in-
creased to a similar extent with exercise, but the
increase in stroke volume was a little greater, the
change from a mean of 36 ml per m? at rest to 41
ml per m? during exercise being significant (p <
0.05).

The fall in arterial oxygen saturation and the
rise in carbon dioxide tension were similar to those
before venesection, and pulmonary ventilation was
not changed.

The average level of pulmonary arterial mean
pressure during exercise was significantly less
than before venesection although the increase with
exercise was similar, The response of pulmonary
wedge pressure was unaltered. The relationships
between pulmonary arterial pressure and arterial
blood gas tensions were similar to those before
venesection (Table II). Pulmonary vascular re-
sistance rose to a significantly lower level than
before venesection.

0

L/min/m?

® BEFORE VENESECTION
oAFTER VENESECTION

CARDIAC OUTPUT
»

200 400 600 800 1000
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Fic. 2. INDIVIDUAL VALUES FOR CARDIAC OUTPUT AND

OXYGEN UPTAKE DURING EXERCISE BEFORE AND AFTER
VENESECTION.
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F16. 3. SERIAL OBSERVATIONS IN PATIENT Bl OF THE
MEAN PRESSURE (MILLIMETERS HG) IN THE PULMONARY
ARTERY (PA) AND puLMoNARY WEDGE (PW), puLMoO-
NARY VASCULAR RESISTANCE (PVR, DYNES PER SECOND PER
CENTIMETER®), CARDIAC 0UTPUT (CO, LITERS PER MINUTE),
ARTERIAL OXYGEN SATURATION (Sao., PER CENT), CARBON
DIOXIDE TENSION (Paco,, MILLIMETERS HG), AND BLOOD
VOLUME (BL.VOL. LITERS ; HATCHED AREA IS RED CELL VOL-
UME, CLEAR AREA IS PLASMA VOLUME). The patient died
72 months after the first observation.

Serial observations in patients BI and B12. Pa-
tient B1, the only female in the group with poly-
cythemia, was studied on several occasions over a
period of 5 years; the results at rest are shown in
Figure 3. On each occasion the study was per-
formed when the patient had fully recovered from
an acute respiratory infection that was often as-
sociated with signs of congestive failure. She re-
ceived digoxin and diuretics throughout the period
of observation.

During the first 2 years, she had more than 40
venesections and experienced considerable relief
from headache, tinnitus, and fatigue. The effect
of venesection was short lived, and blood volume
was always increased. The progressive rise in
pulmonary arterial pressure and in pulmonary vas-
cular resistance was associated with a progressive
fall in cardiac output. Arterial oxygen saturation
decreased progressively during the years of study,
but gross hypercapnia was not present. There was
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a significant inverse correlation between pulmo-
nary arterial pressure and arterial oxygen satu-
ration when the results of all studies were pooled.
Autopsy showed diffuse panacinar emphysema
with narrowing of pulmonary arterioles less than
100 # in diameter. These arterioles had prominent
circular muscle fibers, but the larger muscular
pulmonary arteries were normal. The right ven-
tricle was grossly hypertrophied and weighed 210
g (normal not more than 65 g). Similar obser-
vations were made in Patient B12, and the results
are shown in Figure 4. '

Effects of acutely induced changes i blood vol-
ume. In 5 patients, blood volume was rapidly ex-
panded by the infusion of 500 ml of a solution of
HSA, and this was followed by a venesection of
500 ml and a further infusion. The mean results
are shown in Figure 5. Before the infusion, 3 of
the patients had pulmonary hypertension, and 2
showed mild arterial unsaturation. Cardiac out-
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F1G6. 4. SERIAL OBSERVATIONS IN PATIENT B12 OF THE
MEAN PRESSURE IN THE PULMONARY ARTERY AND PULMO-
NARY WEDGE, PULMONARY VASCULAR RESISTANCE, CARDIAC
OUTPUT, ARTERIAL OXYGEN SATURATION, CARBON DIOXIDE
TENSION, AND BLOOD VOLUME. The patient died 48 months
after the first observation. See legend to Figure 3 for

‘abbreviations.
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.

put, hematocrit, and blood viscosity were normal
in all.

After the first infusion these was an increase in
cardiac output and pulmonary arterial, pulmonary
wedge, and right atrial pressures, whereas pul-
monary vascular resistance remained unaltered.
These changes were all reversed after venesection,
when the values observed did not differ from the
control values, the net gain in total blood volume
having been corrected. The changes after the sec-
ond infusion were similar to those after the first.
Blood viscosity decreased progressively through-
out the study, and the final values were signifi-
cantly less than the initial one. Arterial oxygen
saturation was unchanged throughout.

Effects of spontancous reduction of blood vol-
ume. The findings are presented in Figure 6 of
measurements made in 1 patient when congestive
failure was present; these measurements were
repeated 12 days later, when signs of congestive
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Fi6. 5. EFFECT OF AN INFUSION OF HUMAN SERUM AL-
BUMEN AND VENESECTION ON THE PRESSURES (MILLI-
METERS HG) IN THE BRACHIAL ARTERY (BA), PULMONARY
ARTERY (PA), PUuLMONARY WEDGE (PW), AND RIGHT
ATRIUM (RA), HEART RATE (HR), VISCOSITY, AND CAR-
DIAC OUTPUT. Mean values for 5 patients.
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F16. 6. EFFECT IN 1 PATIENT OF SPONTANEOUS FALL IN
PLASMA VOLUME ON THE PRESSURES (MILLIMETERS Hg)
IN THE PULMONARY ARTERY, PULMONARY WEDGE, AND
RIGHT ATRIUM, AND ON ARTERIAL BLOOD GAS TENSIONS,
BLOOD VISCOSITY, PLASMA VOLUME, AND CARDIAC 'OUTPUT.

failure had disappeared and the weight had re-

‘mained constant for 4 days.

Recovery was associated with a reduction in
plasma volume and a fall in pulmonary arterial
pressure and in pulmonary vascular resistance,
but not to normal levels. On the occasion of the
second study, an infusion of 1,000 ml of a solu-
tion of HSA was given, this being approximately
equal to the amount by which the plasma volume
had diminished between the first and second study.
This infusion led to a rise in pulmonary arterial,
pulmonary wedge, and right atrial pressures and
an increase in cardiac output, but pulmonary vas-
cular resistance did not change significantly.

Discussion

It must be emphasized in considering these re-
sults that the patients in the principal study were
highly selected and severely disabled. In our ex-
perience of large numbers of patients with chronic
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bronchitis and emphysema, those with such se-
vere polycythemia are quite uncommon, so that
the findings cannot be regarded as typical for the
general population of patients with this disease.
On the other hand, the group studied was homo-
geneous in most respects, and the data are there-
fore of value when considering the effects of dis-
turbances of specific physiological parameters and
of the interactions between them in such patients.

It is normally assumed that polycythemia in pa-
tients with chronic bronchitis is due to hypoxe-
mia (1, 8), and a significant correlation has been
shown between red cell volume and arterial oxy-
gen saturation, both previously (8, 9) and in the
present study. Administration of oxygen for 6
weeks has been shown capable of restoring he-
matocrit and red cell volume to normal levels in
initially polycythemic patients (35). The pres-
ence of a plasma erythropoietic factor has been
demonstrated in patients with chronic bronchitis
with persistent hypoxemia (36, 37) and also in
dwellers at high altitude (38). Although a cor-
relation between arterial carbon dioxide tension
and red cell volume has been demonstrated by
Blumenthal and Cander (11) and in the present
study, it appears unlikely that hypercapnia stimu-
lates erythropoiesis, since the level of Pago, is low
in high altitude dwellers (39) and in patients with
cyanotic heart disease (40). High levels of car-
bon dioxide may even inhibit bone marrow activity
(41).

The blood viscosity in the main group of pa-
tients studied was greatly increased, but fell to
normal levels after venesection. We recognize
that there are limitations to in wvitro methods of
measuring the viscosity of blood and that values
so determined may not be applicable to the situa-
tion where blood is flowing rapidly through small
vessels. We believe that the results do, neverthe-
less, provide an index of the change in viscosity
of blood that helps in the understanding of pres-
sure-flow relationships in the pulmonary circula-
tion.

In resting patients after venesection there was a
significant fall in pulmonary arterial mean pres-
sure and in pulmonary vascular resistance, but no
significant fall in cardiac output. When the factor
of blood viscosity was removed from the calculated
pulmonary vascular resistance, the quantity termed
“pulmonary vascular hindrance” was . obtained,
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which describes the resistance to blood flow due
to the dimensions of the pulmonary vascular bed
(23). This quantity was significantly larger after
venesection than before, suggesting that in the
polycythemic state, the pulmonary vascular bed
may have been distended, so lowering the resist-
ance to blood flow. We have no experimental
evidence to explain this increase in hindrance
after venesection. It is possible that nervous re-
flex mechanisms led to vasodilatation when raised
blood volume activated stretch receptors. Al-
ternatively, the effect of the expanded blood vol-
ume may have been to dilate, passively, the pul-
monary blood vessels. It should be noted that
similar changes in hindrance also occurred in the
systemic circulation.

It is clear that pulmonary arterial pressure fell
more in some patients than in others after vene-
section. The extent of the fall was related to the
size of the reduction in total blood volume, and in
those patients in whom it was measured, to the ex-
tent of the reduction in central blood volume as
well, Substantial falls in pulmonary arterial pres-
sure occurred in those patients with large reduc-
tions in total blood volume, but in the patients
with little or no change in blood volume, the pres-
sure remained unaltered. Since blood viscosity
was approximately halved in all of these patients,
it appears that this factor played an unimportant
part in determining the level of pulmonary ar-
terial pressure.

We concluded that the resistance to blood flow
in the pulmonary vascular bed was increased in
these patients, as indicated by the increased pul-
monary vascular hindrance. When polycythemia
developed, the pulmonary arterial pressure, al-
ready raised, increased further due to the in-
creased total blood volume and the increased cen-
tral blood volume. Any trivial effect that the in-
creased blood viscosity may have had in raising
the pressure still further was mitigated by the
greater influence of the reduced resistance to
blood flow due to the dimensions of the vascular
bed. For these reasons, venesection did not have
a large effect upon pulmonary arterial pressure,
and then only where it led to a fall in blood volume.

The increased blood volume was presumably
associated with a rise in central blood volume, and
this led to an elevation of the static pressure in
the pulmonary circulation. This is supported by
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the observation that although pulmonary wedge
pressure did not change significantly in the group
as a whole, there were appreciable falls in the
patients whose blood volume fell after venesection.
Right atrial pressure decreased more consistently
irrespective of the extent of change in blood
volume,

In an attempt to study further the influence of
variations in blood volume, we observed the effects
of rapid expansion and reduction produced by in-
fusion and rapid venesection, respectively. Al-
though these procedures had the predicted effects
upon pulmonary arterial pressure, there were also
changes in cardiac output and large changes in
pulmonary wedge pressure that were not seen
when blood volume was altered more slowly by
repeated venesections. In 1 patient, it was pos-
sible to compare the effects of a spontaneous re-
duction in blood volume over several days with a
subsequent acute alteration in blood volume of a
similar size. Comparable changes in pulmonary
arterial and pulmonary venous pressures after
infusions have been observed in normal subjects
and in patients with heart disease, and they have
been attributed to an increased volume of blood
between the pulmonary artery and left atrium (42,
43). De Freitas and his colleagues (44) were
unable to show such an increase in pulmonary
blood volume and postulated that the acute ex-
pansion of blood volume causes pulmonary vaso-
constriction. In the present experiments we did
not measure pulmonary blood volume. Further-
more, there was an increase in cardiac output after
rapid infusion, which makes it even more difficult
to state with certainty the mechanism of the rise
in pulmonary arterial pressure.

The different behavior of pulmonary wedge
pressure, when the blood volume changed gradu-
ally instead of rapidly, is not fully explained but
may reflect the distribution of pulmonary blood
volume, as between the pulmonary arterial and
pulmonary venous segments, in the two different
circumstances. The different effects of acute and
chronic changes in blood volume upon the cardiac
output might be similarly explained, a preferential
increase in pulmonary venous volume raising the
ventricular filling pressure and hence the cardiac
output.

The cardiac output at rest in these patients fell
within the normal range and was not altered after
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repeated venesection. This is consistent with the
findings of Wade and Bishop (45), who reviewed
published data for a large group of patients with
chronic bronchitis and emphysema. There is no
evidence of a high output state in these patients
even though most had recently recovered from an
episode of congestive failure, and in some the right
atrial pressure was still raised.

The main group of patients in the present study
had unusually severe pulmonary hypertension
when compared to values found in a large group
of patients with chronic bronchitis and emphysema
(10, 12, 45, 46). The cause of the pulmonary
hypertension in this disease remains uncertain, but
the present observations suggest that expansion of
the total blood volume is one important factor,
whereas increased viscosity is relatively unim-
portant. Structural changes in pulmonary ar-
terioles, with increase in circular smooth muscle
fibers and narrowing of the lumen, have been
demonstrated in some patients, and these changes
have been correlated with the presence of right
ventricular hypertrophy (47). In a small pro-
portion of patients, the pulmonary wedge pressure
is raised (48), and this may make a small contri-
bution to the pulmonary hypertension.

Several workers have demonstrated a negative
correlation between the percentage oxyhemoglobin
saturation of arterial blood and the pulmonary ar-
terial pressure and have speculated as to whether
the two are causally related (1, 45, 46, 49). The
relatively small effect of oxygen breathing on pul-
monary arterial pressure argues against vaso-
constriction due to low oxygen tension being a
major factor in the pulmonary hypertension of pa-
tients studied when free of congestive failure,
Similar considerations apply to the positive cor-
relations between arterial carbon dioxide tension
and pulmonary arterial pressure. Although it is
known that alterations in the blood gases do in-
fluence pulmonary arterial pressure in acute ex-
periments, it seems most likely that the observed
correlations signify that in certain forms of emphy-
sema, there is severe interference with gas ex-
change and damage to the pulmonary vascular bed.
Both effects are manifestations of one particular
form of the disease, and both may be exaggerated
during episodes of congestive failure.

The response of cardiac output to exercise was
normal in several of these patients, but it was im-
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paired in a larger proportion than in other re-
ported groups of patients with chronic bronchitis
and emphysema (10, 12, 45). Large increases in
pulmonary arterial pressure occurred, probably
due to the restricted size of the pulmonary vascu-
lar bed. Other factors that may have contributed
are the increased arterial hypoxemia and hyper-
capnia and an increase in central blood volume,
which has been shown to accompany exercise in
the supine position (50). Pulmonary wedge pres-
sure increased abnormally in some patients, pos-
sibly due to an increase in intrapleural pressure
associated with increased ventilation. Wedge
pressure increased also after repeated venesection
and so cannot be attributed to an increased blood
volume. = After venesection, pulmonary arterial
pressure did not reach such high levels during ex-
ercise, and the response of cardiac output was often
improved. The latter might be due to improved
function of the right ventricle consequent upon
a reduction of the resistance to blood flow, which
presumably resulted from the reduction in blood
viscosity, or it may indicate that, with a fall in fill-
ing pressure, the right ventricle may have been
operating on a different part of its function curve,

All of the patients showed a fall in arterial oxy-
gen tension and a rise in carbon dioxide tension
with exercise. Total pulmonary ventilation in-
creased to an approximately normal extent, with
an increase in respiratory rate. Since the distri-
bution of both ventilation and perfusion must have
been grossly disturbed in these patients, it is evi-
dent that total alveolar ventilation cannot have
increased to a normal extent during exercise and
that the average alveolar oxygen tension fell and
carbon dioxide tension rose., This may well ac
count for most of the blood gas changes during
exercise, although it is possible that an increased
abnormality of distribution or a decreased transit
time of blood through a reduced capillary bed
(51, 52) may have played a part.

The serial observations in 2 of the patients are
of interest in demonstrating the persistence of the
polycythemia, the progressive rise in pulmonary
arterial pressure and pulmonary vascular resist-
ance, and the associated fall in cardiac output. Ar-
terial oxygen saturation also fell and, for these
individual patients, showed the same negative
correlation with pulmonary arterial pressure that
was observed in the group as a whole.
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The severity of the disease process in these pa-
tients is further indicated by the fact that 11 of the
14 patients died during the subsequent 5 years.
Repeated venesection did not lead to any improve-

‘ment in the majority, but a few gained sympto-

matic benefit. These patients were relieved of
headache and dizziness and felt less fatigued, but it
is uncertain whether this relief had any organic
basis. . We did not observe any harmful effect
from this line of treatment, but since any bene-
ficial effects are small, it cannot play an important
part in the management of such patients.

Summary

In a highly selected and severely disabled group
of patients with chronic bronchitis complicated by
marked polycythemia and increased blood vis-
cosity, persistent pulmonary hypertension and
severe disturbance in arterial gas tensions were
present at rest, whereas cardiac output was nor-
mal. During exercise the cardiac output response
was impaired in many patients, and pulmonary
arterial pressure increased considerably.

After repeated venesection had restored the he-
matocrit and blood viscosity to normal, there was
on the average only a small fall in pulmonary ar-
terial pressure at rest. Individual changes in pul-
monary arterial mean pressure correlated positively
with changes in total blood volume. The response
of cardiac output to exercise improved in several
of the patients,

Significant correlations between pulmonary ar-
terial mean pressure, arterial blood gas tensions,
and total blood volume were observed at rest and
during exercise, both before and after repeated
venesection.

Serial observations extending over several years
indicate that in such patients the severity of the
pulmonary hypertension and the disturbances in
the blood gases increase progressively and the
prognosis is poor.

In another group of patients without polycythe-
mia, the blood volume was acutely increased by
an infusion of human serum albumen. There was
a rise in pulmonary arterial and wedge pressures
and an increase in cardiac output but no change
in pulmonary vascular resistance.

We conclude that the level of total and central
blood volume contributes importantly to the pul-
monary hypertension in patients with chronic
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bronchitis, whereas increased blood viscosity has
little effect.
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