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Quantifying pulmonary perfusion in primary pulmonary hypertension
using electron-beam computed tomography
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ABSTRACT: Traditionally, a gravitational distribution of pulmonary perfusion has
been described in normal subjects. How this may vary in patients with primary
pulmonary hypertension (PPH), which is characterised by vascular obstruction due to
intimal thickening, smooth muscle cell proliferation and episodes of thrombosis in small
and medium sized pulmonary arteries, is unclear. In this study the potential of electron-
beam computed tomography in quantifying the distribution of pulmonary perfusion in
patients with PPH was investigated.

Contrast-enhanced sections were obtained during inspiration in the supine position at
baseline and during administration of the vasodilator adenosine in five healthy subjects
and five patients with PPH. Under each experimental condition, regions of interest were
placed along the nondependent-to-dependent axis and values for relative perfusion
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derived.

In healthy individuals, a marked nondependent-to-dependent gradient in perfusion
was observed. By contrast, in PPH, perfusion values were significantly lower and were
uniform across the lung section, although the administration of adenosine resulted in

increased perfusion in all regions of interest.

Electron-beam computed tomography provides physiological and structural informa-
tion about the pulmonary circulation in subjects with pulmonary vascular disease.

Eur Respir J 2004, 23: 202-207.

Traditionally, a gravitational distribution of pulmonary
perfusion has been described in normal subjects, determined
by the interrelationship between hydrostatic, alveolar and
interstitial pressures [1, 2]. More recently, animal studies,
employing techniques with high spatial resolution, have
suggested that the influence of gravity is less important than
the structure of the pulmonary vascular tree in determining
regional blood flow in the lungs [3]. Similar findings in
humans have been confirmed by a study employing electron-
beam computed tomography (EBCT) to quantify regional
pulmonary perfusion [4]. EBCT allows the fast (millisecond)
acquisition of the data necessary for cardiac imaging.
Pulmonary regional blood flow can be calculated by applying
an appropriate model to changes in lung density detected,
following the passage of contrast. EBCT has been used
previously in both animal and clinical studies of perfusion
[5-7], the results obtained showed a good correlation with
those found from microsphere-based investigations.

Primary pulmonary hypertension (PPH) is characterised by
the restriction of the pulmonary vascular bed, secondary to a
combination of intimal thickening, vascular smooth muscle
cell proliferation and episodes of thrombosis, in small- and
medium-sized arteries. Studies of pulmonary perfusion pat-
terns in PPH, excluding those aimed at differentiating
between PPH and chronic thromboembolic disease, are
scarce. However, investigations using computed tomography
(CT) have shown that patients with systemic sclerosis and
secondary pulmonary hypertension have a reduced density
gradient between the dependent and nondependent parts of
the lung, compared with similar patients without elevated

pulmonary perfusion
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pulmonary vascular resistance [8]. Secondly, using techne-
tium-99m-labelled, macroaggregated albumin, the gravita-
tional gradient in perfusion has been shown to be more
uniform in patients with PPH compared with normal subjects,
in both erect and supine positions [9]. Similar findings have
been reported using positron emission tomography (PET) [10].

In this study EBCT was used to study regional pulmonary
perfusion in patients with PPH and to assess changes in
response to the intravenous infusion of adenosine, a short-
acting vasodilator routinely used in trials of pulmonary
vascular reversibility [11]. For comparison, perfusion was also
studied in five male, nonsmoking, healthy subjects.

Methods

The experimental protocol, to which all subjects provided
written and informed consent, was approved by the Ethics
Committee of the Royal Brompton Hospital and was designed
to minimise radiation exposure. The effective dose for each
subject was 2.2 mSv for subjects with PPH and 1.1 mSv for
normal subjects (~25 and 12.5% of the effective radiation
dose given as conventional, contiguous CT of the thorax).

Acute vasodilator trial
As part of their clinical investigations, all patients with

PPH [12] in the institution underwent an acute (therapeutic)
vasodilator trial, using adenosine in the cardiac catheter
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laboratory or intensive care unit to assess their suitability for
long-term oral vasodilator therapy [13]. Following the place-
ment of radial arterial (Abbocath, Abbott, Ireland) and
pulmonary artery (Arrow International, Reading, PA, USA)
catheters, a period of 20 min was allowed to reach a haemo-
dynamic steady state. An intravenous infusion of adenosme
commenced (5, 10, 30, 50, 100, 150, 200 pg-kg-min™' [13] via
the infusion port of the pulmonary artery catheter, each dose
being administered for a period of 3-5 min. Pulmonary and
systemic haemodynamic data were recorded at baseline and
during steady state conditions at the end of each dosing
interval. Pulmonary artery occlusion pressure was estimated
following inflation of the catheter balloon, values being taken
at end-expiration and averaged over three respiratory cycles.
Cardiac output measurements were taken in triplicate, each
following an injection of 10 mL of 5% dextrose at room
temperature, and averaged. Vascular resistances were calcu-
lated using standard equations. A positive vasodilator response
was defined as a 20% decrease in pulmonary vascular resist-
ance (PVR). The dose of adenosine was increased until a
positive response was obtained, the patient suffered side-
effects (chest discomfort, flushing) or there was a clinically
relevant fall in systemic arterial pressure.

Computed tomography protocol

In all cases, the subjects were placed in the supine position
within the CT scanner (Imatron C150L, Imatron Inc., San
Francisco, CA, USA). For the purpose of constructing time-
density curves, a rapid multi-section scan acquisition was
performed at a single level, immediately prior to, and follow-
ing the rapid, automated injection (60 mL at 20 mL-s"
Angiomat 6000, Liebal-Flarsheim Company, Clncmnatl
OH, USA) of radlo -opaque contrast material (Ommpaque
300 mgl-mL"', Nycomed, Amersham, UK). In each study
15-20, 6-mm sections were obtained. The acquisition time for
each section was 100 ms. The interval, between the acquisi-
tion of each image was designed to allow construction of
complete time-density curves for the lung parenchyma and
left-sided circulation (descending aorta). The scans were
electrocardiogram-gated and each series was performed
during an inspiratory breath-holding manoeuvre. Following
completion of the experimental protocol, a calibration study
was performed using a bandoleer of extruded acrylic tubes
each containing an incremental concentration (0-18 mg-mL" )
of iodinated contrast. The bandoleer was placed upon foam
sections so that it was in the centre of the scanner’s
reconstruction circle.

Experimental protocol

Following completion of the acute vasodilator study,
patients with PPH were moved to the CT scanning suite.
The patient was left for 15 min to achieve a steady state. At
the end of this period, a multi-sequence scan was obtained,
2-3 cm above the right hemi-diaphragm, during an inspira-
tory breath-hold manoeuvre. Radiographic contrast was
delivered through the side arm of the pulmonary artery
catheter. An adenosine infusion was then commenced, at the
minimum dose shown to produce a significant fall in PVR in
the prior vasodilator study. After a 5-min period, to allow a
steady state to develop, a second multi-sequence scan was
performed at the original level, during a repeat inspiratory
breath-hold manoeuvre. Immediately prior to each multi-
sequence scan, a full set of haemodynamic data, including
cardiac output studies, was obtained.

In normal subjects, a single multi-sequence scan was performed
in an identical fashion. Radiographic contrast was delivered
via an intravenous cannula in a large antecubital fossa vein.

Calculation of perfusion using electron-beam computed
tomography

Using EBCT and following the Sapirstein principle, perfu-
sion can be calculated using equations derived from conven-
tional microsphere approaches to blood flow analysis [5, 14]
as follows:

APul
| Cpaat )

Where PBF represents blood flow, V'is the unit volume of the
lung, APul indicates the peak Hounsfield Unit (HU) change
due to contrast material and jCDA,dt represents the area
under the time-density curve for the descending aorta by a
gamma-variate fit.

To express blood flow per unit volume of lung parenchyma,
it is assumed that the region of interest (ROI) is composed of
air and "water" (i.e. blood and parenchyma). The disparate
density of these components allows the fraction of each to be
calculated using the CT gray scale or Hounsfield number for
any ROI. For example, the water fraction can be calculated
by subtracting the CT value of pure air from the mean CT
value of an ROI to give a value reflecting the amount
(density) of parenchyma and blood present in the selected
region. Comparing this value to the continuum ranging from
water (0 HU) to air (1000 HU) allows the percentage of the
ROI that is water (blood and parenchyma) to be calculated as
follows [7]:

PBF/V =

CTro1— CTair 2
CTblood — CTair

The air fraction of an ROI, is simply one water fraction.
Furthermore, the amount of blood present within an ROI can
be computed by comparing the time-density curve of the ROI
to that of the feeding/draining vessel:

| Crorat
| CpAt ®)

Where CROILdt represents the area under the time-density
curve of the ROI and CDA.dt the descending aorta.

Subtracting the result from the water fraction produces the
percentage of the ROI that is lung parenchyma. Blood flow
per unit volume of lung parenchyma can then be calculated by
dividing the absolute blood flow per mL of lung tissue (blood,
parenchyma and air) by the fraction of parenchyma in the ROI.

Measurement of cardiac output using EBCT is based on the
Stewart-Hamilton equation with iodinated contrast medium
used as an indicator [5, 15], as follows:

. _1 Kx300xVx60
Flow L-min AUC < 1000 4)

Where K represent the constant relating HU value to iodine
concentration (HU- mg 1, 300 is the amount of iodine per mL
of contrast (mg-mL™), V is the volume of contrast injected
(mL), 60 is the correction factor from seconds to minutes,
AUC indicates the area under descending aorta time-density
curve and 1,000 is the correction from mL to L.

blood and parenchyma =

Blood =

Image Analysis

The images obtained were viewed on an off-line work-
station and analysed using the scanner’s proprietary software.
ROI were placed into five regions, at 10, 30, 50, 70 and
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90% of the dependent-nondependent lung distance, and
time-density curves were constructed for each ROI using
a gamma-variate fit to exclude recirculation. Initially the
authors had proposed to employ two approaches to calculate
perfusion in each sample region, as per previous studies using
this technique. First, a single ROI (ROIS) with an approxi-
mate sample area of 7-10 cm? (volume 4-6 cm?®; fig. 1a) was
employed. In subjects with PPH, when the signal-to-noise
ratio was low, multiple estimates of perfusion were obtained
(n=3) and the average recorded for that ROI. In a second
analysis, a multiple smaller ROI (ROIM) with an approxi-
mate sample area of 1 cm? (volume 0.6 cm®) was employed,
aiming to avoid all pulmonary vessels (fig. 1b). This second
technique could not be applied reproducibly in subjects with
PPH, as signal-to-noise ratios were too low. Perfusion was
calculated using the technique previously outlined. Relative
perfusion, expressed as a fraction of the mean perfusion of the
given section, derived using a freechand device to define ROI
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that included the whole of the lung section, except for the
hilar and large central vessels, was also calculated.

Statistical analysis

Comparisons between ventilatory and haemodynamic para-
meters during each intervention, and differences in regional
perfusion (ROIS) under the same study conditions were
compared using analyses of variance (ANOVA). For com-
parisons of perfusion distributions (ROIS) under different
study conditions, a two-way ANOVA was applied. A p-value
<0.05 was considered significant.

Results

Baseline demographic and physiological data for the
patients with PPH are summarised in table 1. All showed a
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Fig. 1.—Image analysis. a) Single regions of interest (ROI) in the lung section (indicated by white circles) were placed at a) A: 10; B: 30; C: 50;
D: 70 E: 90% of the vertical lung height (normal subjects and subjects with primary pulmonary hypertension). b) Multiple ROI, examining
perfusions at ~10% of the vertical lung height (normal subjects only). ¢, d) Time/density curves were constructed for each ROI, with a gamma-
variate fit to exclude re-circulation of contrast. CT: Hounsfield units.
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Table 1.—Baseline demographic and physiological data in
subjects with primary pulmonary hypertension

Subject

1 2 3 4 5
M/F M F F F F
Age yrs 54 53 61 40 57
Weight kg 84 49 62 89 65
Cl 1.57 1.95 1.59 1.3 1.49
Ppa mmHg 51 59 63 80 64
PVR dynes-s-cm™ 2085 2640 3262  NA* 1746
Pa,0, kPa 8.4 10.1 11.6 7.83 11.1
Sv,0, kPa 54 65.9 65.4 54.1 59

M: male; F: female; CI: confidence interval, Ppa: mean pulmonary
artery pressure; PVR: pulmonary vascular resistance; Pa,0,: partial
pressure of oxygen in arterial blood; Sv,0,: saturation of mixed venous
blood. ™: unable to accurately record pulmonary artery occlusion
pressure and therefore calculate PVR.

positive vasodilator response to intravenous adenosine,
during the trial performed in the intensive care unit. A total
of five male, nonsmoking, healthy subjects aged 27-32 yrs
were studied. The CT protocol was tolerated well by all
subjects and no adverse events were recorded.

Haemodynamics

The results for the administration of adenosine during the
CT protocol, in individual patients with PPH and for the

Table 2. —Physiological data before and during the adminis-
tration of intravenous adenosine during the computed
tomography protocol in individual subjects with primary
pulmonary hypertension

Subject Mean SEM
1 2 3 4 5

CO L-min™

Before 32 27 27 26 25 274 -0.12

During 41 32 33 29 32 334 -02
Ppa mmHg

Before 59 64 67 65 72 654 -2.11

During 44 63 55 61 55 556 -3.31
PVR dynes-s-cm™

Before 1481 1275 1630 NA 1952 1584 -143

During 1225 683 1042 NA 1100 1013 -116
MAP mmHg

Before 116 101 116 79 110 998 -6.5

During 96 93 120 85 109 1052 -6.5
SVR dynes-s-cm™

Before 2050 2696 3081 1867 3008 2540 -247

During 1659 2675 2521 1903 2300 2212 -189
Pa,0, kPa

Before 86 87 104 1047 96 954 -0.39

During 84 100 92 10.6% 92 948 -0.38
Pa,CO, kPa

Before 43 41 39 44 45 424 -0.11

During 43 36 38 45 44 412 -0.12

CO: cardiac output; Ppa: mean pulmonary artery pressure; PVR:
pulmonary vascular resistance; MAP: mean arterial pressure; NA: not
available; SVR: systemic vascular resistance; Pa,0,: partial pressure of
oxygen in arterial blood; Pa,CO,: partial pressure of carbon dioxide in
arterial blood. #: received supplemental oxygen (inspiratory oxygen
fraction 0.28) during scan protocol as increasing hypoxia in dependent
posture.

group as a whole, are displayed in table 2. Group data
revealed an increase in cardiac output (CO; 2.74%0.12 versus
3.3440.2 L-min'; p=0.06), with a decrease in pulmonary
artery pressure (Ppa; 65.4%2.11 versus 55.613.31 mmHg;
p=0.06) and a statistically insignificant reduction in PVR
(1584.5+142.5 versus 1012.5+116.3 dynes's-cm™; p=0.13).
Administration of adenosine resulted in a statistically insigni-
ficant increase in mean arterial pressure (MAP; 99.816.5
versus 105.216.5 mmHg; p=0.13) and a reduction in systemic
vascular resistance (SVR; 2540.44247 versus 2211.6+189
dynes-s-cm™; p=0.19).

Perfusion

Examination using ROIS revealed a marked nondependent-
to-dependent gradient in perfusion in normal subjects
(p<0.01), with the maximum perfusion values reaching 75%
of the vertical distance down the lung section. In the lower
most regions, perfusion remained level/decreased slightly.
By contrast, under baseline conditions, perfusion values in
patients with PPH were significantly lower than those
recorded in normal individuals (p<0.01) and displayed no
vertical gradient in perfusion, which was uniform across all
ROI (p=0.99; fig. 2). In subjects with PPH, the administration
of adenosine resulted in increased perfusion in all ROI
(p<0.01), although the distribution of perfusion remained
unchanged (p=0.43; fig. 3). When examining regional perfu-
sion using ROIM in normal individuals, a nondependent-to-
dependent gradient was again detected. Moreover, the use of
a high spatial resolution technique confirmed marked perfu-
sion heterogeneity in anatomically close regions of lung
(fig. 4).

Discussion
This study demonstrated a number of important findings.

First, when sampled with a large ROI, a gravitational
gradient of perfusion was confirmed in the normal lung
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Fig. 2. - Distribution of pulmonary perfusion single region analysis in
subjects with primary pulmonary hypertension (PPH; @) and normal
subjects (O). All data are presented as mean+SEM. A nondependent-
to-dependent gradient in perfusion is observed in normal subjects
(p<0.01), with perfusion reaching maximum values of 75% of the
distance down the lung section. In subjects with PPH under baseline
conditions, perfusion values were significantly lower than those
recorded in normal individuals (p<0.01) and no vertical gradient in
perfusion was demonstrated (p=0.99).



206 A.T. JONES ET AL

5,
=
IS
@ 4
£
£
o
& 31
8
i
£ 2
-
€
c
S
3 19
©
jol
o
0 ; ; . ,
0 25 50 75 100
Dependent Nondependent

Position % height of lung section

Fig. 3.—The effect of intravenous adenosine on perfusion in subjects
with primary pulmonary hypertension. M: baseline perfusion; [I:
during adenosine infusion. The administration of adenosine resulted
in increased perfusion in all regions of interest (p<0.01), with the
gradient remaining unchanged (p=0.43).
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Fig. 4. - Distribution of relative pulmonary perfusion multiple regions
of interest in normal subjects. A nondependent-to-dependent gradient
was observed. In addition, this relative perfusion data confirms
marked perfusion heterogeneity in anatomically close regions of the
lung.

using EBCT, which was absent in subjects with PPH. In
addition, high spatial resolution analysis confirmed a marked
degree of perfusion heterogeneity between anatomically
related regions of the lung section in normal subjects.
Secondly, pulmonary perfusion values were markedly reduced
in subjects in PPH when compared to normal individuals.
Finally, the addition of the nonselective vasodilator adenosine
resulted in a generalised increase in pulmonary perfusion.
These represent original findings using EBCT and confirm
findings obtained using existing techniques.

In the current study, the absolute values of pulmonary
perfusion recorded in normal subjects are comparable to
previous estimates obtained in humans using this [4] and
other techniques [16, 17], and showed (when using a large
ROI) a gravitational gradient to perfusion. This is consistent
with traditional concepts, which suggest that the distribution
of pulmonary perfusion is explained through the interaction
of alveolar, pulmonary arterial and venous and interstitial
pressures [1, 2]. In addition, in the same subjects, the use of a
higher resolution sampling technique revealed considerable

regional perfusion heterogeneity in anatomically close regions
of the lungs. This finding is in agreement with the more recent
experimental data using high spatial resolution microspheres,
which suggest that the branching pattern of the pulmonary
vascular tree leads to more heterogeneity of perfusion than
could be explained by gravity alone; the so-called fractal
hypothesis [3].

By contrast, in subjects with PPH, perfusion levels were
markedly reduced and uniform across the lung section.
Although there is known to be a reduced alveolar capillary
blood volume in PPH [18], no previous studies have recorded
absolute perfusion values in either animals or humans.
However, the reduced values observed are not unexpected
in view of the restricted pulmonary circulation and reduced
cardiac output that is a characteristic of this condition.

To date, there have been few studies of regional perfusion
in PPH because of the technical difficulties in applying
existing techniques to human subjects. Using conventional
CT in subjects with lone pulmonary hypertension associated
with systemic sclerosis, the density gradient of the lung
between dependent and nondependent regions has been found
to be reduced, compared to a similar group with normal
pulmonary haemodynamics [8]. The attenuation of the lung,
as measured by CT, reflects the physical density of the lungs
and is determined by the relative proportions of gas, blood,
extravascular fluid and parenchyma. In normal individuals
there is an increase in density from nondependent to
dependent regions. Possible explanations for this include
increased perfusion in dependent regions, the occurrence of
micro-atelectasis in dependent regions or a combination of
the two. Given that scan acquisition protocols were identical
and that parenchymal lung disease had been excluded, the
reduction in density gradient seen in those patients with
systemic sclerosis and pulmonary hypertension has been
interpreted as evidence of a more uniform distribution of
perfusion in this group. Pulmonary perfusion scintography
was used to investigate the distribution of perfusion in 12
normal subjects and 10 patients with precapillary pulmonary
hypertension (eight patients were classified as PPH and two as
thromboembolic pulmonary hypertension), in both the supine
and upright positions [9]. Perfusion distribution was corrected
for lung volume by xenon-133 equilibrium ventilation scans.
In both positions, the upper-to-lower zone perfusion ratio
was greater in normal subjects compared to patients with
precapillary pulmonary hypertension. Using PET to measure
regional lung density and blood volume (labelling with ''CO),
the regional distribution of blood volume was found to be
abnormally uniform in patients with chronic pulmonary
arterial hypertension (five patients with Eisenmenger’s
syndrome and two patients with PPH) [10]. Traditional
models of regional pulmonary perfusion suggest that a more
uniform distribution of perfusion is to be expected with
pulmonary hypertension [1, 2] and in experimental models it
has been shown to correlate well with Ppa [19]. In this study
the mean Ppa were high (65.4 mmHg without adenosine,
55.6 mmHg during adenosine infusion) in the patient group
that was studied supine. As such, the vertical lung distance
was small. However, normal subjects scanned under the same
conditions, displayed a nondependent/dependent gradient in
perfusion.

The administration of adenosine during the CT protocol
resulted in increases in CO and reductions in Ppa, that just
failed to reach statistical significance (p=0.06), as well as a
tendency for a decrease in both SVR and PVR. This is
consistent with the effects of a vasodilator given into the
central veins, which causes primarily pulmonary vasodilation
due to its short duration of action. The haemodynamic res-
ponse to adenosine in this group of subjects was comparable
to that reported by other investigators [11, 20]. Perfusion
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studies revealed a generalised increase in perfusion (44+7.7%)
in all ROI, with no change in the regional distribution of
perfusion. Adenosine is a vasodilator which acts via intra-
cellular A, receptors on vascular smooth muscle. When given
by central venous infusion, as in this study, it is distributed to
all perfused regions of the lungs resulting in the generalised
vasodilation observed.

Although the results of this study are in keeping with
existing data in both subjects with PPH and normal lungs, a
number of limitations in terms of experimental method, are
acknowledged. The calculation of perfusion, using EBCT, is
based on a combination of indicator-dilution and micro-
sphere algorithms. Previous experimental work in both
models and animal studies have revealed that measurement
of tissue perfusion using this technique is likely to under-
estimate true values of perfusion, primarily due to early
washout of indicator from the tissue, resulting in reduced
peak opacification [13, 21, 22]. This is likely to be exacerbated
where the mean transit time of contrast through the tissue is
long and therefore give rise to a greater error in subjects with
PPH. As such, the difference in perfusion values between
normal subjects and those with PPH may have been over-
estimated. Secondly, radiographical contrast agents, even
nonionic media, are known to have mild vasodilatory
properties [23, 24]. The relative importance of this effect in
the increase in perfusion seen with the addition of adenosine
in patients with PPH is difficult to quantify, but in previous
work, where subjects have been studied under the same
conditions on two occasions, the effects seem to be minimal
[4]. Finally, the scanner mode used in this study only allowed
perfusion to be calculated in a single slice (6 mm). Simulta-
neous, multi-slice imaging, covering up to 8 cm of the patient,
is possible. However, in this format, the resolution of the
images and the signal-to-noise ratio is reduced, which would
impair the ability to record perfusion, particularly in the low-
flow states seen in PPH. Primary pulmonary hypertension
represents a diffuse disease process in which all areas of the
lung are involved and the authors speculate that the effects
seen in one region reflect those in the rest of the lungs. Using
this technique, the authors are unable to comment on differ-
ences in cephalo-caudal distribution of blood flow between
normal individuals and subjects with PPH or in subjects with
PPH following the introduction adenosine.

In conclusion, a vertical gradient of perfusion exists under
resting conditions in the supine human lung. In subjects with
primary pulmonary hypertension, perfusion values are
reduced and perfusion is uniform throughout the lung section.
In subjects with primary pulmonary hypertension, the infu-
sion of the vasodilator adenosine led to an increased
perfusion in all lung regions. Within the limits discussed,
the results of this study are consistent with those cited in the
limited literature in this area, as well as with accepted
physiological concepts of primary pulmonary hypertension.
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