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ABSTRACT: The transfer factor of the lung for carbon monoxide (TL,CO) is de-
creased in patients with pulmonary hypertension. The pulmonary membrane diffu-
sion capacity (Dm) and pulmonary capillary blood volume (Vc), were studied to
establish: 1) the relative contribution of the components of the transfer factor to the
decrease in TL,CO; 2) whether differences exist between primary pulmonary hyper-
tension (PPH) and chronic thromboembolic pulmonary hypertension (CTEPH); and
3) the relationship between these parameters and haemodynamic parameters.

Dm and Vc were determined in 19 patients with PPH and in eight patients with
CTEPH. The patients had been referred for consideration for lung transplantation.
Haemodynamic parameters were assessed by heart catheterization.

In the PPH group, Vc was reduced in 12 of 19 patients (mean�SD Vc 72�14% of the
predicted value) and Dm in 17 of 19 patients (60�22% pred). In the CTEPH group, Vc

was reduced in six of eight patients and Dm in seven of eight patients. The mean TL,CO

Dm and Vc values were similar to those in the PPH group.
The reduction in pulmonary membrane diffusion capacity was significantly greater

than that in pulmonary capillary blood volume. No differences in pulmonary and
cardiovascular functional values were found between the groups. Right atrial pressure
showed a significant negative correlation with pulmonary capillary blood volume and
an increased pulmonary vascular resistance was associated with a decrease in pul-
monary membrane diffusion capacity. These results suggest pronounced functional
impairment of the alveolocapillary membrane in these patients.
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Primary pulmonary hypertension (PPH) is a severe life-
threatening disease with an estimated incidence of 1±2
cases per million people in the general population [1, 2]. It
is characterized by progressive elevation of pulmonary
arterial pressure and diagnosed by exclusion of known
causes of pulmonary hypertension. Morphologically this
disease can be classified into three histopathological pat-
terns: plexogenic pulmonary arteriopathy; thrombotic
pulmonary arteriopathy; and veno-occlusive disease [3].
Plexogenic arteriopathy is characterized by an increase in
both the size and number of smooth muscle cells of the
arterial vascular tree, resulting in medial hypertrophy and
expansion of the muscular layer to the originally media-
less arterioles, leading to so-called muscularization of
these arterioles, and, finally, intimal fibrosis, resulting in
obliteration of the vascular lumen [4]. The plexogenic
form occurs in 28±80% of cases of PPH [5, 6], and is also
found in patients with chronic thromboembolic pulmon-
ary hypertension (CT-EPH) [7]. Generally, PPH has a
poor prognosis with a median survival of 3±4 yrs from the
time of diagnosis [8, 9].

In PPH, a mild restrictive lung function pattern without
airway obstruction has been observed [3, 10]. However,
BURKE et al. [11] found evidence of airway obstruction
primarily affecting the peripheral airways in most pa-

tients. Generally, a gas exchange impairment exists in
PPH patients with hypoxaemia and hypocapnia. The
transfer factor of the lung for carbon monoxide (TL,CO) is
generally reduced to ~70% of the predicted value [8, 11].
No association between TL,CO and the severity of PPH
has been found [10].

In CTEPH, a reduction in TL,CO has been described [12,
13]. In patients with CTEPH, BERNSTEIN et al. [13] ob-
served a reduction in TL,CO, caused by a reduction in
pulmonary membrane diffusion capacity (Dm) and, to a
lesser extent, a reduction in pulmonary capillary blood
volume (Vc).

The reason for the reduction in TL,CO in patients with
PPH is unknown. There is a possibility that it is caused by
obliteration of the small pulmonary arteries [14]. Recent
studies have shown an important role of endothelial cells
in the development of plexiform lesions, leading to vas-
cular obliteration and pulmonary membrane thickening
[5, 15, 16].

Dm and Vc, both components of TL,CO were studied in
20 consecutive patients with PPH and eight consecutive
patients with CTEPH in order to establish the relative con-
tribution of the components of the transfer factor to the
decrease in TL,CO. It was investigated whether it was pos-
sible to differentiate between PPH and CTEPH by TL,CO,
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Dm or Vc. Furthermore, the possible relationship between
these parameters and haemodynamic variables assessed
during right heart catheterization was studied.

Material and methods

Patients

Between 1990 and March 1997, 700 patients were re-
ferred to Groningen University Hospital because of various
end-stage lung diseases to be considered for lung trans-
plantation. Patients were extensively examined, including
right heart catheterization and pulmonary function tests.
Because of the clinical conditions of some of the patients,
not all parameters could be determined in every patient.
PPH was defined as a mean pulmonary arterial pressure
(PAP) of >25 mmHg at rest, or >30 mmHg with exercise,
and by excluding secondary causes of pulmonary hyper-
tension, such as left-sided cardiac valvular disease, myo-
cardial disease, congenital heart disease including septal
defects, connective tissue disease, chronic thromboembolic
disease and severe chronic obstructive pulmonary disease.

CTEPH was defined as pulmonary hypertension caused
by pulmonary embolism as demonstrated angiographically
by an abrupt vessel cut-off or a convex vascular filling
defect.

Pulmonary function tests

Total lung capacity (TLC) was determined by the closed-
circuit helium-dilution method. Flow/volume curves were
constructed via pneumotachography, according to Eur-
opean Community for Coal and Steel (ECCS) guidelines.
ECCS reference values were used for pulmonary function
tests [17]. When necessary, the recommended correction
for non-Caucasians was used. TL,CO, Vc and Dm were
determined from triplicate measurements of TL,CO at high
(88%) and low (19.2%) oxygen concentrations, using the
single-breath technique of M. Krogh, as modified by
COTES [18]. For calculation of Dm and Vc, the equation of
ROUGHTON and FORSTER [19] was used. This method has
been shown to be successful in helping to understand the
influence of a number of diseases upon the lung [20±22].
TL,CO values were corrected for haemoglobin concentra-
tions according to COTES [18]. The transfer coefficient
was calculated by dividing the TL,CO by the alveolar
volume. Predicted values were taken from COTES [18]. A
value of <80% pred was considered abnormal. All pul-
monary function tests were performed with the patient in
a steady-state condition.

Cardiovascular function tests

Haemodynamic tests were performed within a few days
after the pulmonary function tests and consisted of cathe-
terization of the right heart using the Seldinger technique
via the femoral vein. Right atrial pressure (RAP) and sys-
tolic (SAP) and diastolic pulmonary pressures (DAP) were
directly measured by use of a pressure transducer in the tip
of the Swan-Ganz catheter. Cardiac output (CO) was meas-
ured by the thermodilution method. Calculated parameters
were mean PAP, pulmonary vascular resistance (PVR) and
cardiac index. Patients used supplemental oxygen when
necessary.

Statistics

Pulmonary function test results were compared to the
80% pred by use of the one-sample t-test. Differences be-
tween groups were evaluated using the independent sam-
ple t-test and differences between decreases in pulmonary
function parameters with a paired t-test. The relationship
between haemodynamic parameters (RAP and PVR) and
TL,CO and its components Dm or Vc was determined using
the Pearson correlation coefficient. In cases of nonlinear
correlation, a nonparametric test (Spearman rho) was used.
A p-value of <0.05 was considered significant.

Results

Patients

Sixty-three of 700 patients referred to the authors' hos-
pital for lung transplantation assessment matched the cri-
teria of PPH. Due to the various stages of the programme
for lung transplantation, only 22 patients were evaluated
using pulmonary function tests and right heart catheteriza-
tion. One patient with ventricular septum defect diagnosed
during lung transplantation and one child with PPH were
excluded. One patient refused the second determination of
Dm, leaving 20 patients in whom TL,CO was determined
and 19 patients in whom Dm and Vc were measured. Pa-
tient characteristics are shown in table 1. In the present
study population, the female predominance in PPH was
more pronounced compared to other studies [2, 10, 11].
Of the nine patients referred with CTEPH, seven were
fully evaluated. In one patient no reliable diffusion tests
could be performed, and, in one patient, no right heart
catheterization was performed; elevated pulmonary pres-
sure was estimated by Doppler echo cardiography.

Pulmonary function

In all 29 patients, spirometric values were obtained. The
mean TLC was within normal limits. No airway obstruc-
tion was found, except in one patient with PPH in whom a
significant obstruction was observed with a ratio of forced
expiratory volume in one second to vital capacity of 62%.
In 17 of 20 PPH patients TL,CO were reduced to <80%
pred, with mean�SD values of 64�17% pred. Vc was re-
duced in 12 of 19 patients, with a mean of 72�14% pred.
Dm showed a more pronounced reduction: 17 of 19 pa-
tients had reduced Dm, with a mean of 60�22% pred.

Table 1. ± Patient characteristics

PPH CTEPH

Patients n 20 9
Male/female 5/15 6/3
Age yrs 33 (20±54) 43 (23±60)
Weight kg 67 (50±90) 71 (50±95)
Height cm 168 (152±193) 178 (162±196)

Data are presented as median (range). PPH: primary pulmonary
hypertension; CTEPH: chronic thromboembolic pulmonary hy-
pertension.
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In the CTEPH group, TL,CO was reduced in seven of
eight patients, Vc in six of eight and Dm in seven of eight.
TL,CO, Vc and Dm were all reduced to similar values to
those in the PPH group (table 2). No significant difference
in TL,CO, Dm and Vc was obtained between the two
groups.

In view of these results, the values for both groups were
pooled and tested against a value of 80% pred using the
one-sample t-test. Mean�SD values were: TL,CO, 65�18%
pred (p<0.001); Vc, 71�14% pred (p=0.002); and Dm,
62�23% pred (p<0.001). The decrease in Dm was signi-
ficantly greater than that in Vc (paired t-test, p=0.024).

Cardiovascular function

RAP was measured in 16 patients with PPH and eight
with CTEPH. Mean SAP and mean DAP were elevated in
both groups, although, in the PPH group, they were slightly
higher. Mean CO was decreased in both groups. Mean
PAP (PPH, n=19; CTEPH, n=8) as well as mean PVR
(PPH, n=15, CTEPH, n=8) and RAP were greatly elevated
in both groups, although, in the PPH group, this was more
pronounced (table 2).

Relationship between pulmonary and cardiovascular
function

TL,CO and its components and RAP were determined in
16 patients with PPH and seven patients with CTEPH. A
negative correlation was found between Vc and RAP, both
when Vc was expressed as a percentage of the predicted
value (fig. 1) and when it was expressed in millilitres (fig.
2). No other significant correlations of Vc with cardiovas-
cular parameters were found. Dm was strongly associated
with PVR, both when Dm was expressed as percentage of

predicted value (fig. 3) and when it was expressed in
mmol.L-1.kPa-1 (fig. 4). For Dm, too, no other significant
correlations were observed.

Discussion

This study shows a reduced TL,CO and its two compon-
ents, both in the PPH and the CTEPH groups. The reduc-
tion in TL,CO seems to be primarily caused by the decrease
in Dm, and to a lesser extent by the decrease in Vc. Consid-
ering pulmonary and cardiovascular function values, no
difference between the two groups could be established. A
clear association between an increase in RAP and the

Table 2. ± Static and dynamic lung volumes and haemodynamic parameters in patients with primary pulmonary
hypertension (PPH) and chronic thromboembolic pulmonary hypertension (CTEPH)

PPH CTEPH

Mean�SD % pred�SD Mean�SD % pred�SD

Patients n 20 8
TLC L 5.1�1.2 93.0�17.9 6.6�1.9 94.5�11.0
FEV1 L 2.8�0.7 88.4�20.1 3.2�1.1 83.0�14.6
FEV1/VC % 76.2�9.4 96.3�12.4 70.2�9.5 87.9�9.8
TL,CO mmol.min-1.kPa-1 6.0�1.46 63.9�16.6 7.68�3.36 68.5�21.1
KCO mmol.min-1.kPa-1 1.24�0.30 69.0�18.1 1.15�0.21 64.7�10.1
Vc mL 48.9�9.03 72.2�14.5 62.24�22.5 67.2�13.9
Dm mmol.min-1.kPa-1 10.27�3.44 59.6�22.5 13.36�6.25 66.8�24.5
RAP mmHg 12.3�7.2 - 10.3�6.4 -
CO L.min-1 3.3�0.9 - 3.7�0.8 -
SAP mmHg 101.2�27.0 - 80.1�19.3 -
DAP mmHg 45.0�15.4 - 35.9�12.7 -
PAP mmHg 68.2�19.4 - 52.9�15.5 -
PVR dyne.s.cm-5 1244�558 - 1097�422 -
CI L.min-1.m-2 1.8�0.5 - 1.9�0.3 -

% pred: percentage of the predicted value; TLC: total lung capacity; FEV1: forced expiratory volume in one second; VC: vital capacity;
TL,CO: transfer factor of the lung for carbon monoxide; KCO: transfer coefficient; Vc: pulmonary capillary blood volume; Dm:
pulmonary membrane diffusion capacity; RAP: right atrial pressure; CO: cardiac output; SAP: systolic pulmonary artery pressure;
DAP: diastolic pulmonary artery pressure; PAP: mean pulmonary arterial pressure; PVR: pulmonary vascular resistance; CI: cardiac
index. No significant differences were found between patients in the PPH group and those in the CTEPH group. (1 mmHg=0.133 kPa.)
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Fig. 1. ± Correlation between mean right atrial pressure (RAP) and pul-
monary capillary blood volume (Vc). *: primary pulmonary hyperten-
sion patients (r=-0.42, p=0.10); s chronic thromboembolic pulmonary
hypertension patients (r=-0.49, p=0.26). (1 mmHg=0.133 kPa.)
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decrease in Vc was found. An even stronger correlation
between the decrease in Dm and the increase in PVR was
observed.

The reduction in TL,CO found in this study is comparable
to that observed in previous studies [11, 13]. BORLAND et
al. [23], in their study of 12 patients with PPH, observed a
significant reduction in Vc whereas the reduction in Dm

did not reach statistical significance. The main differenc-
es, in the present study, were the greater female-to-male
ratio and the larger number of patients in the PPH group.
All other parameters except Vc and Dm were comparable.
The reason for this may be the different method used to
determine Dm and Vc. These authors measured simul-
taneously the single-breath uptake of carbon monoxide
and nitric oxide. However, the values obtained in this way
are not compatible with the method of ROUGHTON and
FORSTER [19] employed in the present study.

The fact that no differences were found between the
PPH and the CETPH group must be interpreted with cau-
tion. In descriptive studies, as presented here, it is not
always possible to choose the optimum group sizes for
avoiding a type II error. However, from the observed
pulmonary function values and the number of patients, it is
estimated that a difference of 20% pred would be de-
tectable with a power of 0.8 and a significance level of
0.05. The figures presented also show that the two hyper-
tension groups cannot be discerned as separate entities.
Therefore, in the authors' opinion, no differences of clinical
importance exist between the two groups regarding physio-
logical values. This is in contrast with other investigators
who report that TL,CO, in CTEPH patients, is often in the
normal range [24]. This is postulated to be due to back-
perfusion of the capillary bed by the extensive bronchial
arterial collateral flow. In that case, the Vc as determined
by carbon monoxide uptake should be near normal. The
present results, however, provide no evidence for such a
theory.

The reduced Vc in PPH as well as in CTEPH may result
from the obstruction and obliteration of arterioles caused
by medial hypertrophy and intimal fibrosis [7, 15] or by
the resulting plexogenic lesions which can be considered
as nonfunctional parallel capillaries. An inverse relation
was found between mean RAP and Vc, indicating de-
creasing Vc with increasing pulmonary hypertension. The
inverse association of mean RAP and Vc may be partly
explained by alterations in haemodynamics: with in-
creasing right ventricular failure mean RAP is increased.
Consequently, a shift of the blood volume in the lung in
the direction of the right heart occurs and Vc decreases.
No association between mean RAP and Dm was found,
suggesting that the severity of pulmonary hypertension,
often indicated by the elevated mean RAP, does not
completely explain the reduction in TL,CO.

The reduction in Dm indicates that the capillary bed in
the lung is also involved. This decrease can be explain-
ed by the increase in alveolocapillary membrane thick-
ness, possibly caused by the proliferation of monoclonal
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Fig. 3. ± Association between mean right atrial pressure (RAP) and pul-
monary capillary blood volume (Vc). *: primary pulmonary hyperten-
sion patients (r=-0.64, p=0.06); s chronic thromboembolic pulmonary
hypertension patients (r=-0.20, p=0.67). (1 mmHg=0.133 kPa.)
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Fig. 4. ± Association between pulmonary vascular resistance (PVR) and
pulmonary membrane diffusion capacity (Dm). *: primary pulmonary
hypertension patients (r=-0.54, p=0.038); s chronic thromboembolic
pulmonary hypertension patients (r=-0.86, p=0.01).
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Fig. 2. ± Correlation between pulmonary vascular resistance (PVR) and
pulmonary membrane diffusion capacity (Dm). *: primary pulmonary
hypertension patients (r=-0.36, p=0.20); s chronic thromboembolic pul-
monary hypertension patients (r=-0.87, p=0.01).
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endothelial cells [5, 15]. The proliferation of monoclonal
endothelial cells at a capillary level leads to thickening of
the capillary wall and thus a decrease in Dm. With in-
creasing proliferation, ultimately resulting in obliteration
of arterioles [16], vascular resistance increases. This may
be an explanation for the observed correlation between
the increase in PVR and the decrease in Dm. Another
factor could be the presence of interstitial oedema. If this
were the only factor, it would be hard to explain the
association of Dm with PVR: PVR would then be deter-
mined almost completely by the capillary bed, which is
unlikely. ASSAYAG et al. [25] found a similar association
of Dm and PVR in patients with chronic left cardiac dis-
ease, independent of the degree of pulmonary congestion.
This may also be an indication that the influence of
oedema is limited. The observed correlation suggests that
Dm is a sensitive marker of increased PVR.

Frequently, the main vascular lesion in PPH is consid-
ered to be at the precapillary level, whereas CTEPH is a
large-vessel disease. Both views could explain the reduc-
tion in Dm as a result of loss in functional capillary ex-
change surface area. However, in that case, alveolar volume
would be decreased, which was not observed in this study.
Moreover, marked thickening of the alveolar wall has been
demonstrated in electron microscopic studies in patients
with PPH [26] and in a case of pulmonary veno-occlusive
disease [27]. This is another indication that disturbances
occur at the blood/gas barrier which are very compatible
with the decrease in Dm reported in the present study.

In summary, in patients with primary pulmonary hyper-
tension and chronic thromboembolic pulmonary hyper-
tension, a reduction in both pulmonary capillary blood
volume and the diffusing capacity of the alveolocapillary
membrane have been observed. The decrease in pulmonary
capillary blood volume was associated with an increase in
right atrial pressure, probably caused by altered haemo-
dynamic conditions. The large reduction in pulmonary
membrane diffusion capacity suggests pronounced func-
tional impairment of the alveolocapillary membrane in the
pathophysiology of primary pulmonary hypertension and
chronic thromboembolic pulmonary hypertension. Pul-
monary membrane diffusion capacity may be a sensitive
indicator for increased pulmonary vascular resistance in
these patients. This may be of clinical importance. The
severity of pulmonary hypertension is determined mainly
by haemodynamic parameters such as right atrial pressure
and pulmonary vascular resistance, both parameters which
can be determined by right heart catheterization. This is not
an easy means of monitoring the progression of the dis-
ease. Although the present study is cross-sectional in
design, it may be an indication that monitoring the pro-
gression of pulmonary hypertension could be performed
by measuring the transfer factor for carbon monoxide and
its components, a simple patient-friendly procedure that
can be performed repeatedly.
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