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AIM: To evaluate the feasibility of two-dimensional parametric parenchymal blood flow (2D-
PPBF) to quantify perfusion changes in the lung parenchyma following balloon pulmonary
angioplasty (BPA) for treatment of chronic thromboembolic pulmonary hypertension.
MATERIALS AND METHODS: Overall, 35 consecutive interventions in 18 patients with 98

treated pulmonary arteries were included. To quantify changes in pulmonary blood flow using
2D-PPBF, the acquired digital subtraction angiography (DSA) series were post-processed using
dedicated software. A reference region of interest (ROI; arterial inflow) in the treated pul-
monary artery and a distal target ROI, including the whole lung parenchyma distal to the
targeted stenosis, were placed in corresponding areas on DSA pre- and post-BPA. Half-peak
density (HPD), wash-in rate (WIR), arrival to peak (AP), area under the curve (AUC), and mean
transit time (MTT) were assessed. The ratios of the reference ROI to the target ROI (HPDpar-

enchyma/HPDinflow, WIRparenchyma/WIRinflow; APparenchyma/APinflow, AUCparenchyma/AUCinflow,
MTTparenchyma/MTTinflow) were calculated. The relative differences of the 2D-PPBF parameters
were correlated to changes in the pulmonary flow grade score.
RESULTS: The pulmonary flow grade score improved significantly after BPA (1 versus 3;

p<0.0001). Likewise, the mean HPDparenchyma/HPDinflow (e10.2%; p<0.0001), APparenchyma/
APinflow (e24.4%; p¼0.0007), and MTTparenchyma/MTTinflow (e3.5%; p¼0.0449) decreased
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significantly, whereas WIRparenchyma/WIRinflow (þ82.4%) and AUCparenchyma/AUCinflow (þ58.6%)
showed a significant increase (p<0.0001). Furthermore, a significant correlation between
changes of the pulmonary flow grade score and changes of HPDparenchyma/HPDinflow (r¼e0.21,
p¼0.04), WIRparenchyma/WIRinflow (r¼0.43, p<0.0001), APparenchyma/APinflow (r¼e0.22, p¼0.03),
AUCparenchyma/AUCinflow (r¼0.48, p<0.0001), and MTTparenchyma/MTTinflow (r¼e0.39, p<0.0001)
could be observed.
CONCLUSION: The 2D-PPBF technique is feasible for the quantification of perfusion changes

following BPA and has the potential to improve monitoring of BPA.
� 2019 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
Introduction

Chronic thromboembolic pulmonary hypertension
(CTEPH) is a life-threatening but potentially curable form of
pulmonary hypertension caused by persistent obstruction
of pulmonary arteries as a result of residual pulmonary
emboli and intraluminal post-embolic scar-tissue stric-
tures.1,2 The prevalence of CTEPH is reported to be 0.1e4% in
pulmonary embolism survivors.1,3e6 The median survival of
patients with untreated CTEPH and mean pulmonary artery
pressure (mPAP) of >30 mmHg is <2 years.7,8 Treatment of
choice for CTEPH is pulmonary endarterectomy (PEA) with a
reported perioperative mortality of 2e4% and strong sci-
entific evidence for improved patient outcome1,9; however,
up to 50% of patients are not suitable for surgery, mostly due
to distal and therefore inaccessible thromboembolic mate-
rial.4,6,10,11 Besides medical therapies (e.g., riociguat, maci-
tentan, sildenafil, or tadalafil), balloon pulmonary
angioplasty (BPA) is a treatment option for inoperable pa-
tients, addressing peripheral web-like stenosis and intra-
luminal bands in segmental and sub-segmental pulmonary
arteries as well as total occlusions.12 Improvements in
haemodynamics and clinical symptoms are reported
following BPA.13e19 In recent years, BPA has been refined
and optimised in order to increase the therapeutic effect
and to avoid potentially life-threatening
complications.12,20e24 Nevertheless, clear procedural end-
points following BPA are still missing.

2D parametric parenchymal blood flow (2D-PPBF) is a
further development of known techniques for the quanti-
fication of tissue perfusion based on dedicated post-
processing of regular digital subtraction angiography
(DSA) images.25e27 The potential value of perfusion mea-
surements during and after interventional procedures has
already been described in a wide range of vascular in-
terventions using different ROI sizes25e31; however, when
intending to measure tissue perfusion the signal from the
greater vessels needs to be excluded from the analysis. Due
to further developments of the currently available 2D-PPBF
technique, the greater vessels can be automatically sup-
pressed by a new software algorithm, allowing the use of
large target ROIs covering all of the parenchyma behind a
treated lesion. It was hypothesised that the new 2D-PPBF
technique has the potential to assess tissue perfusion of the
whole lung parenchyma behind a treated CTEPH lesion and
thus may be more comprehensive compared to the estab-
lished pulmonary flow grade score.32 Therefore, the pur-
pose of the present study was to evaluate the feasibility of
2D-PPBF to quantify perfusion changes of the whole lung
parenchyma distal to a CTEPH lesion following BPA.

Material and methods

This retrospective study was approved by the local ethics
committee. According to current guidelines, all patients
underwent a standardised diagnostic CTEPH work-up and
treatment decision was reached by an inter-disciplinary
CTEPH board.33 Eighteen patients (11 females, seven
males; mean age 64.8�9.9 years) with CTEPH (mPAP
45�18.4 mmHg) scheduled for BPA were included in the
study. Between November 2016 and November 2017 these
patients underwent 35 consecutive BPA procedures for the
treatment of 98 pulmonary artery segments. The enrolled
patients were treated with targeted drugs for pulmonary
hypertension, such as riociguat, macitentan, sildenafil, or
tadalafil, and received appropriate anticoagulation. No pa-
tient had to be excluded from the analysis.

BPA

Anticoagulation was stopped for the day of the inter-
vention. All procedures were performed on a monoplane,
ceiling-mounted angiographic system (Artis Q, Siemens
Healthcare, Forchheim, Germany) or on a monoplane,
robotic-arm-mounted angiographic system (Artis pheno,
Siemens Healthcare) under local anaesthesia and by use of
C-arm computed tomography (CACT) guidance.12 Lesions
were identified on selective CACT. A long 6 F sheath
(Destination peripheral guiding sheath, Terumo Europe,
Leuven, Belgium) was placed in the main pulmonary artery
of interest via femoral access. Afterwards, a 6 F guiding
catheter (MACH 1, Boston Scientific, Marlborough, MA, USA)
was advanced next to the targeted pulmonary artery
segment and a 0.014-inch guidewire (V-14, Boston Scien-
tific) was used to cross the target lesion. Thereafter,
appropriate rapid-exchange balloon catheters (1.2e4 mm,
Emerge, Boston Scientific; based on CACT) were forwarded
to dilate the target lesion. DSA undertaken with manual
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contrast medium injections were acquired pre- and post-
BPA at 4 frames/s and with a range of 10e30 seconds in
modest inspiratory breath-hold. The pre- and post-
interventional DSA images were acquired in the same pro-
jection and with comparable catheter positions.

The perfusion changes following each BPA procedure
were evaluated with the commonly used and visually based
pulmonary flowgrade score as described by Inami et al.32 To
determine the flow appearance and flow grade following
BPA, selective angiograms of the treated vessels were per-
formed through catheters engaged near the treated ves-
sels.32 These were graded 0e3: grade 0 ¼ no or minimal
perfusion behind the target lesion; grade 1 ¼ partial
perfusion of the segmental pulmonary arteries; grade 2 ¼
complete perfusion of the segmental pulmonary arteries
and partial perfusion of the pulmonary veins; grade 3 ¼
complete perfusion of arterial and venous pulmonary ves-
sels. The end-point for BPA was the maximum achievable
increase in the pulmonary flow grade score using an
appropriately undersized balloon.

Image analysis

The angiographic datasets were post-processed on a
dedicated workstation (syngo XWorkplace VD20B, Siemens
Healthcare). Post-processing was done with a newly devel-
oped 2D-PPBF prototype technique capable of excluding the
signal of larger vessels from analysis. The motion-corrected
DSA frames were filtered with a band-reject filter tuned to
suppress the vessels. The resulting images were then used to
visualise and analyse parenchymal flow without the strong
presence of vessels (US Patent 8,848,996). Two radiologists
(blinded) agreed upon ROI placement in consensus, i.e., one
proximal to the vascular lesion in the targeted pulmonary
artery in order to assess the arterial inflow, and another
distal to the treated lesion including the lung parenchyma.
The circular inflow ROIs were placed directly distal to the tip
of the guiding catheter as a reference point guaranteed to
have contrast.29 The target ROIs were drawn freehand
alongside the sub-/segmental boundaries, including the
complete lung parenchyma distal to the intervened lesion.
All ROIs were copied to the corresponding images acquired
after BPA in order to ensure that in both images ROIs were
placed in the same position (Fig 1; illustrative example of
ROI placement). Numeric density values for half peak den-
sity (HPD), wash-in rate (WIR), arrival to peak (AP), area
under the curve (AUC) and mean transit time (MTT) were
recorded (Table 1; Fig 2). The HPD represents the time from
the start of the angiographic run to half the maximum
density within the target ROI; the WIR describes the rate at
which contrast increases from arrival of contrast medium in
the ROI to peak density; AP comprises the time from arrival
of contrast medium in the ROI until peak density is reached;
AUC indicates the density values in a single ROI throughout
the entire angiographic run; andMTT describes the duration
of elevated signal intensity in the ROI as measured by arrival
of contrast medium to the ROI from the centre of gravity of
the timeedensity curve, estimating the time the blood
spends in the parenchymal circulation. The ratios of the
reference to the target ROI (HPDparenchyma/HPDinflow, WIR-
parenchyma/WIRinflow, APparenchyma/APinflow, AUCparenchyma/
AUCinflow, MTTparenchyma/MTTinflow) pre- and post-BPA were
calculated. The changes the 2D-PPBF parameters were
correlated to changes in the pulmonary flow grade score
following BPA. The pulmonary flow grade score was
assessed by two radiologists (blinded) in consensus, with an
interval of 4 weeks from the 2D-PPBF measurements and in
random order.

Statistical analysis

Descriptive statistical analyses of angiographic data and
the patient demographics were calculated. The 2D-PPBF
values are presented as mean � standard deviation (SD).
Values of the pulmonary flow grade score are given as
median with minimum and maximum value. Comparisons
between pre- and post-intervention data were made using
a pairwise Wilcoxon signed-rank test. The differences in
pre- and post-BPA, 2D-PPBF data were analysed and
correlated to changes in the pulmonary flow grade score
using Spearman’s rank correlation coefficient (r). A p-value
<0.05 was defined as statistically significant. Statistical
analyses were conducted using commercially available
software (JMP 12, SAS Institute, JMP Office Germany,
B€oblingen, Germany).

Results

Overall, 35 consecutive BPA procedures (right lung 19
[54.3%] and left lung 16 [45.7%]) in 18 patients were ana-
lysed in this study. On average 3�2 segmental or sub-
segmental pulmonary arteries were treated per BPA pro-
cedure. In the right lung, BPAs of 48 pulmonary arteries
(upper lobe n¼15 [31.2%]; middle lobe n¼9 [18.8%]; lower
lobe n¼24 [50%]) and in the left lung BPAs of 49 pulmonary
arteries (upper lobe n¼32 [65.3%]; lower lobe n¼17 [34.7%])
were performed.

The pulmonary flow grade score improved significantly
from grade 1 (1; 2) to grade 3 (2; 3) (p<0.0001). In the pre-
and post-interventional 2D-PPBF comparison, the mean
HPDparenchyma/HPDinflow (e10.2%; p<0.0001) as well as
APparenchyma/APinflow (e24.4%; p¼0.0007) and MTTpar-
enchyma/MTTinflow (e3.5%; p¼0.0449) decreased significantly
whereas WIRparenchyma/WIRinflow showed a significant in-
crease of 82.4% (p<0.0001). Likewise, AUCparenchyma/AUCin-
flow increased by 58.6% (p<0.0001). The treatment results
are summarised in Table 2, and an example of 2D-PPBF is
shown in Fig 3.

The analysis of changes (D) in the pulmonary flow grade
score, HPDparenchyma/HPDinflow, WIRparenchyma/WIRinflow,
APparenchyma/APinflow, AUCparenchyma/AUCinflow, and MTTpar-
enchyma/MTTinflow due to BPA, showed a significant associa-
tion between Dpulmonary flow grade score and
DHPDparenchyma/HPDinflow (r¼e0.21, p¼0.04), DWIRpar-

enchyma/WIRinflow (r¼0.43, p<0.0001), DAPparenchyma/APin-
flow (r¼e0.22, p¼0.03), DAUCparenchyma/AUCinflow (r¼0.48,
p<0.0001) and DMTTparenchyma/MTTinflow (r¼e0.39,
p<0.0001).



Figure 1 Example of ROI placement pre- and post-intervention. Shown are images of a 63-year-old female patient with CTEPH, who underwent
BPA in a lower lobe segmental artery of the right lung. DSA pre- (a) and post-BPA (c) and corresponding 2D-PPBF images (d,e) are presented. (b)
The inflated balloon dilating the target lesion (red arrows). The reference ROI (blue) is positioned within the proximal segmental artery distal to
the tip of the guiding catheter, while the target ROI (orange) is placed distally with full coverage of the lung parenchyma distal to the treated
lesion. The timeedensity value is colour encoded.

Table 1
Perfusion parameter descriptions.

AP arrival to peak ¼ time from contrast medium arrival in the region
of interest (ROI) until it first reaches maximum density

AUC area under the curve ¼ density values in a single ROI throughout
the entire angiographic run; representing the total contrast
intensity across time

BAT bolus arrival time ¼ the time from the beginning of the contrast
medium injection until it reaches 20% of maximum intensity in
the ROI

COG center of gravity ¼ point at which time and density are evenly
dispersed

HPD half peak density¼ time that contrast intensity reaches half of the
maximum in the target ROI

MTT mean transit time ¼ duration of elevated signal intensity in the
ROI as measured by arrival of contrast medium to the ROI from
the centre of gravity of the timeedensity curve; estimating the
time the blood spends in the parenchymal circulation

WIR wash-in rate ¼ rate at which contrast increases in the ROI from
arrival to peak density
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Discussion

The present retrospective study investigated the feasi-
bility of a newly developed 2D-PPBF technique, which
suppresses the signal of the greater vessels from the anal-
ysis to obtain pure depiction of lung tissue perfusion, for
evaluation and quantification of perfusion changes in the
lung parenchyma distal to CTEPH lesions treated by BPA.

The 2D-PPBF parameters were compared to the pulmo-
nary flow grade score, a well-established, visually assessed
parameter used to analyse perfusion changes of the lung
parenchyma due to BPA.32 As expected, the pulmonary flow
grade score improved significantly after BPA. Likewise,
perfusion parameters (HPDparenchyma/HPDinflow, WIRpar-

enchyma/WIRinflow, APparenchyma/APinflow, AUCparenchyma/
AUCinflow, MTTparenchyma/MTTinflow) showed corresponding
and significant changes following BPA. Additionally,



Figure 2 Idealised example of a timeedensity curve describing the flow of contrast agent over time in the defined region of interest. Wash in
rate is measured to 85% of peak to better assess the ascending slope of the curve and to minimise influence of a plateau of the curve before the
peak density is reached. AUC ¼ area under the curve, AP ¼ arrival to peak, BAT ¼ bolus arrival time, COG ¼ centre of gravity, MTT ¼ mean transit
time.
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Dpulmonary flow grade score showed a significant associ-
ation to DHPDparenchyma/HPDinflow, DAPparenchyma/APinflow,
DAUCparenchyma/AUCinflow, and DMTTparenchyma/MTTinflow.
Taken together, these findings emphasise the assumption
that BPA leads to an increased pulmonary blood flow and
parenchymal perfusion. To date, perfusion assessment
during a broad variety of angiographic interventions is
primarily based on commonly used iodinated contrast
angiography, and therefore, as it depends on visual assess-
ment of arterial flow, is highly subjective and operator
Table 2
Changes in pulmonary flow grade score and 2D parametric parenchymal
blood flow after BPA.

Pre-
Intervention

Post-
Intervention

Difference (%) p-Value

Pulmonary flow
grade score

1 (1; 2) 3 (2; 3) / <0.0001

HPDparenchyma/
HPDinflow

1.57�0.39
[1.5; 1.65]

1.41�0.36
[1.33; 1.48]

�0.16 (10.2%) <0.0001

WIRparenchyma/
WIRinflow

0.17�0.19
[0.13; 0.2]

0.31�0.26
[0.25; 0.36]

þ0.14 (82.4%) <0.0001

APparenchyma/
APinflow

2.46�2.0
[2.1; 2.9]

1.86�1.74
[1.51; 2.21]

�0.6 (24.4%) 0.0007

AUCparenchyma/
AUCinflow

0.29�0.19
[0.24; 0.32]

0.46�0.24
[0.41; 0.51]

þ0.17 (58.6%) <0.0001

MTTparenchyma/
MTTinflow

1.44�0.26
[1.39; 1.49]

1.39�0.25
[1.34; 1.44]

�0.05 (3.5%) 0.0449

Pulmonary flow grade score and 2D parametric parenchymal blood flow
values were assessed for each treated segmental pulmonary artery. Median
values (minimum; maximum) are given for the pulmonary flow grade score;
mean values�standard deviation [95% confidence intervals] and percent
difference between pre- and post-intervention are given for the 2D para-
metric parenchymal blood flow values. Comparison of pre- and post-
intervention values was done by pairwise Wilcoxon signed-rank test.
AP, arrival to peak; AUC, area under the curve; HPD, half peak density; MTT,
mean transit time; WIR, wash-in rate.
depended, and subsequently, shows significant interob-
server and intra-observer variation.28,34,35 In BPA, the
accepted pulmonary flow grade score, has the same limi-
tations as it is also a visually based and thus highly sub-
jective parameter32; however, as shown previously, 2D
perfusion angiography bares the potential to assess objec-
tive information regarding perfusion changes in angio-
graphic interventions as, similar to other imaging
techniques such as magnetic resonance imaging (MRI) or
computed tomography (CT), it assigns density values to
each area with a defined ROI.36,37 The calculated mean
density values for the ROI in each frame can be used to
generate objective information regarding flow time,
maximal values, and rates of flow.26 Additionally, the in-
dependence of 2D perfusion angiography measurements
from fixed pump injections, which is mandatory in BPA to
avoid severe injuries of the small and vulnerable pulmonary
vessels, has been demonstrated before.27,29,31 Conventional
2D perfusion angiography is used to quantitatively assess
perfusion changes of the lung parenchyma following BPA29;
however, the technique used in the former study was not
able to exclude greater vessels from the analysis. Therefore,
relatively small target ROIs were used to avoid an adulter-
ation by superimposition of great pulmonary arteries and
veins.29 The use of small ROIs restricted the measurements
to small representative areas of the lung parenchyma
behind the treated lesion without the ability to analyse the
whole treated segment within one ROI. 2D-PPBF was
developed to overcome this issue. This technique is capable
of calculating 2D-PPBF images by automatically suppressing
greater vessels and, therefore, only depicting parenchymal
perfusion. Therefore, 2D-PPBF allows the inclusion of the
whole lung parenchyma distal to the treated pulmonary
artery as one target ROI and, thus, offers a more precise and



Figure 3 Example of 2D-PPBF pre- and post-BPA. In this 66-year-old male patient with CTEPH a left lower lobe segmental artery was treated. (a)
Red arrows in this angiography series mark a sub-segmental artery with reduced flow due to proximal web stenosis, resulting in (b) low
parenchymal timeedensity values in the dependent areas, (e) prolonged time to peak within the parenchyma and a low AUC. (c) After an-
gioplasty improved flow within the same sub-segmental artery (red arrows) led to (d) increased parenchymal timeedensity values and a shorter
time to peak value as well as a higher area under the curve within the target ROI (f).
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comprehensive analysis of tissue perfusion. Moreover, the
new 2D-PPBF technique is comparable to established
techniques for visualisation of acute pulmonary embolism
using CT perfusion imaging, also requiring vessel removal
prior to reliable data analysis.38

Furthermore, additional 2D-PPBF parameters were
evaluated to obtain a more detailed perfusion analysis
based on more extensive curve sketching of the calculated
timeedensity curves. In previous studies, the described
perfusion parameters primarily offered basic information
regarding the flow of contrast, including the time to peak
and peak density25e29,31; however, the timeedensity curves
calculated within 2D-PPBF contain more detailed informa-
tion regarding the flow of contrast medium than has been
exploited before, offering a continuative analysis that has
the potential to monitor perfusion changes during angio-
graphic interventions more comprehensively.35 Hereby,
MTT, as it likewise takes blood inflow and outflow into ac-
count, might be of particular importance regarding evalu-
ation of interventional success and patient outcome, as it
has been proven to be a valuable predictor of both outcome
in acute stroke and appearance of subsequent stroke in
symptomatic carotid occlusion,39,40 emphasising its pre-
dictive value. Moreover, the other evaluated parameters,
HPD, WIR, AP, and AUC have also been demonstrated to
offer reliable information regarding characterisation of tis-
sue perfusion in different modalities and diseases, prom-
ising new perspectives of clinical diagnostic and prediction
of outcome.41,42 Altogether, 2D-PPBF offers a feasible
approach to analyse perfusion changes following BPA in
detail with the clinical perspective to improve periproce-
dural monitoring and management and, thus, increase
therapeutic benefit. Furthermore, 2D-PPBF has the potential
to serve as a novel quantitative imaging parameter to define
possible end-points and the technical success of BPA
procedures.

Movement is reported to hinder precise measurements
of 2D-perfusion angiography during endovascular treat-
ment of peripheral arterial disease when analysing tissue
perfusion of the foot or when analysing perfusion changes
following transarterial chemoembolisation.25,26,28,43 At
Hannover Medical School, image acquisition and cathe-
terisation during BPA procedures is performed by the use
of short, reproducible inspiratory breath-holds. Therefore,
except for cardiac motion, movement artefacts are
controlled and reduced to a minimum. Cardiac motion is
mostly constant during the intervention and thus, com-
parable effects caused by cardiac motion should influence
DSA runs pre- and post-BPA and may, therefore, be
negligible.29
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Limitations

This study included a relatively small number of patients
undergoing BPA at a single institution. Long-term follow-up
of patient outcome was not part of this analysis. The final
end-point for successful revascularisation following BPA is
clinical improvement, which is determined after multiple
BPA sessions. Therefore, a meaningful evaluation of clinical
improvements after one single BPA is hard to assess and
usually not performed. To further assess the usefulness of
2D-PPBF and to determine possible, 2D-PPBF based end-
points for BPA, a multicentric study with larger study
population and complete long-term follow-up is necessary.
Another limitation is the comparison of 2D-PPBF to the
pulmonary flow grade score. The pulmonary flow grade
score is a subjective measurement with room for user-
dependent interpretations. Nevertheless, this score is
widely and commonly used and up to date without a real
alternative when assessing the therapeutic success during
the intervention. Pressure wire measurements might help
to overcome the issue of a missing objective parameter to
monitor BPA; however, this adds cost and complexity to an
already challenging procedure, but may be of high value to
evaluate the true benefit of 2D-PPBF.

In conclusion, the evaluated new 2D-PA technique is
feasible for the quantification of perfusion changes
following BPA and has the potential to improve monitoring
of BPA in the interventional suite.
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