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bstruction of the pulmonary arteries by chronic throm-

boembolism leads to chronic thromboembolic pulmo-
nary hypertension (CTEPH) (1-3). Obstructions vary in
number and location, leading to perfusion deficits in the
pulmonary parenchyma, with varying spatial extent and
spatial distributions. Agreement between location(s) of arte-
rial obstructions, the extent and location of hypoperfusion,
and the severity of pulmonary hypertension are important
factors in diagnostic and treatment evaluations (4,5).

Multienergy CT pulmonary angiography offers a non-
invasive approach to evaluate both arterial obstructions
and hypoperfusion (6-12). Average global iodine concen-
tration (termed pulmonary blood volume [PBV]) measured
from iodine-water images is reduced in patients with acute
pulmonary embolisms (PEs) and CTEPH (13). Addition-
ally, reduced PBV in patients with CTEPH has also been
correlated with hemodynamic severity (14-16). In addi-
tion to global assessment, PBV and multenergy CT pul-
monary angiography iodine maps have proven useful in
aiding the visual detection of individual perfusion deficits
by expert readers (9,12,17). However, to date, iodine-wa-
ter images have not been used to automatically delineate

perfusion deficits in a pixelwise fashion and quantify the
spatial extent of impairment.

The objective of this study was to further multienergy
CT evaluation of pulmonary perfusion by developing and
validating an automated quantitative approach to define, on
a per-pixel basis, regions of hypoperfusion in patients with
CTEPH. We assessed the agreement of the spatial extent of
hypoperfusion measured with our approach with presurgi-
cal disease severity, changes in hemodynamics after surgical
intervention, and expert radiologist visual assessment. We
sought to determine if pixelwise evaluation can be particu-
larly helpful in patients with chronic thromboembolic dis-
ease originating in the segmental pulmonary arteries.

Materials and Methods

Patient Selection

Under institutional review board—approved (approval no.
191797) waiver of informed consent and in compliance
with the Health Insurance Portability and Accountability
Act, 395 consecutive multienergy acquisitions obtained
between January 1, 2018, and December 31, 2020, with
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Abbreviations

AUC = area under the receiver operating characteristic curve,

BMI = body mass index, CO = cardiac output, CTEPH = chronic
thromboembolic pulmonary hypertension, HLV = hypoperfused
lung volume, ICC = intraclass correlation coefficient, mPAP =
mean pulmonary artery pressure, PAWP = pulmonary artery
wedge pressure, PBV = pulmonary blood volume, PE = pulmonary
embolism, PTE = pulmonary thromboendarterectomy, PVR =
pulmonary vascular resistance, UCSD = University of California
San Diego

Summary

Automated pixelwise delineation of hypoperfused lung areas from
multienergy CT iodine images separated patients with chronic
thromboembolic disease from controls and correlated with hemody-
namics and expert visual assessment of hypoperfusion.

Key Points

= Global hypoperfused lung volume (HLV)—a novel automated
pixelwise measure of the spatial extent of hypoperfusion through-
out the lungs by using multienergy CT—separated patients with
chronic thromboembolic pulmonary hypertension (CTEPH) from
controls (area under the receiver operating characteristic curve =
0.84) and correlated with hemodynamic severity at time of imag-
ing (pulmonary vascular resistance [PVR], p = 0.67; P < .001) and
change in PVR after surgical treatment (p = -0.61, 2 < .001).

s In patients with CTEPH surgically classified as originating in the
segmental vessels, global HLV correlated with hemodynamics,
specifically with PVR before pulmonary thromboendarterectomy
(p =0.81, P=.002) and change in PVR after surgery (p = -0.70,
P=.01).

= Lobar HLV correlated with expert visual assessment (P e = 0.71,

P, = 0.675 P < .001 for both readers), with moderate agree-
ment between readers (intraclass correlation coefficient = 0.61,
P <.001).

Keywords

CT-Spectral Imaging (Multienergy), Pulmonary, Pulmonary Arter-
ies, Embolism/Thrombosis, Chronic Thromboembolic Pulmonary
Hypertension, Multienergy CT, Hypoperfusion

a single CT scanner were retrospectively evaluated (by author
EC., 12 years of experience in cardiovascular imaging) in an
unmatched case-control fashion. Scans were acquired for the
evaluation of CTEPH (7 = 120) or suspicion of acute PE (7 =
275) (Fig 1).

The CTEPH cohort (Fig 1) comprised patients who un-
derwent pulmonary thromboendarterectomy (PTE) surgery
for definitive treatment of CTEPH. Patient diagnosis and
treatment selection were determined by consensus of a multi-
disciplinary team of cardiothoracic surgeons, vascular disease
expert pulmonologists, and fellowship-trained cardiothoracic
radiologists. Clinicians assessed CTEPH diagnosis by using
the criteria from Gali¢ et al (2), which include mean pulmo-
nary artery pressure (mPAP) greater than 25 mm Hg, pul-
monary artery wedge pressure (PAWP) of 15 mm Hg or less,
pulmonary vascular resistance (PVR) of 240 dyn-sec-cm™ or
greater, CTEPH-specific imaging signs, and ventilation-per-
fusion mismatch. Patients diagnosed with CTEPH were ex-
cluded if they did not undergo PTE (including those treated
medically or by balloon pulmonary angioplasty), did not

undergo preoperative multienergy imaging (z = 65), had a
body mass index (BMI) greater than 50 kg/m? (which reduces
image quality [18]; # = 2), or had automatic lobar segmenta-
tion measurements (see the Hypoperfused Lung Volume As-
sessment section) that failed visual inspection (7 = 2; blinded
visual review by author E.B., 5 years of experience in car-
diovascular imaging). The final CTEPH cohort included 51
patients. Median time between multienergy CT imaging and
PTE surgery was 5 days (43 of 51 within 30 days; range,
2-372 days). A subset of the patients with CTEPH (n = 33)
had pre- and post-PTE invasive hemodynamic values avail-
able for review, which were used for comparison with CT-
based evaluation (discussed in the Invasive Hemodynamics
and Correlation with Perfusion section).

The control cohort comprised patients found to have no
imaging findings suggestive of pulmonary vascular abnor-
malities after multienergy CT imaging was performed to rule
out acute PE. Patients were excluded if the radiology report
or patient medical record mentioned findings consistent with
any PE (acute, subacute, or chronic; # = 55), pulmonary hy-
pertension (7 = 26), pulmonary veno-occlusive disease (7 =
4), pulmonary artery sarcoma (7 = 4), pneumothorax (n =
3), congenital heart disease (7 = 3), pulmonary vein steno-
sis (7 = 2), pulmonary arteriovenous malformation (z = 1),
partial anomalous venous return (7 = 1), or prior lobectomy
(n = 1) (see Fig 1). As with the CTEPH cohort, studies were
excluded for patient BMI greater than 50 kg/m? (z = 28),
poor multienergy image quality (defined as pulmonary artery
iodine signal-to-noise ratio < 10 [7], # = 33), or if automatic
lobar segmentation failed visual inspection (7 = 5). The final
control cohort included 110 patients.

Image Acquisition

Multienergy CT pulmonary angiograms for both cohorts
were acquired using the same multienergy protocol with one
single-source Revolution CT scanner (GE Medical Systems).
The acquisition rapidly switched kilovoltage peak (80 to 140
kVp), and data were acquired helically with an 80-mm de-
tector width, median pitch of 1.38 (range, 0.98-1.38), and
0.5-second revolution time. Median tube current was 485 mAs
(range, 240-630 mAs). Patients were administered iohexol
contrast media (Omnipaque; GE Healthcare) with a concen-
tration of 350 mg/mL based on BMI (BMI < 20: 60 mL at
4 mL/sec, BMI 20-29.9: 75 mL at 5 mL/sec, BMI 30-39.9:
80 mL at 5.5 mL/sec, BMI > 40: 90 mL at 6 mL/sec; me-
dian volume, 75 mL; range, 50150 mL). Imaging was timed
for pulmonary arterial phase imaging using SmartPrep bolus
tracking software (GE Healthcare), with images acquired 8 sec-
onds after main pulmonary artery enhancement at the T4 level
reached 125 HU (19). lodine-water material decompositions
yielding iodine concentration in milligrams per milliliter were
generated using the Gemstone Spectral Imaging software (GE
Healthcare). All images were reconstructed ona 512 x 512 im-
age grid with an xy resolution of 0.7 mm + 0.1 (SD) (range,
0.5-0.9 mm) and section thickness of 1.25 mm. The typical
field of view was 345 x 345 mm (range, 250—-470 mm). Virtual
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January 2018 and December 2020 on a GE Revolution scanner available for retrospective review

( 395 consecutive patients with a multi-energy CT pulmonary angiogram imaging obtained between )

( 120 patients had a CTEPH diagnosis )

65 excluded as they did not undergo PTE or |
only had post PTE imaging

55 CTEPH patients with imaging
prior to PTE surgery
2 excluded due to BMI > 50

2 excluded due to lung segmentation failure
0 excluded due to SNR < 10

51 CTEPH patients with pre-PTE dual-energy CT
pulmonary angiograms
- 33 with corresponding pre-PTE hemadynamics

Study Cohort
Figure 1:

( 275 non-CTEPH patients )

/wt)excluded dueto \\

Prior or Acute Pulmonary Embolism (n=55)
Other Pulmonary Hypertension (n=26)
Pulmonary Venoocclusive Disease (n=4)
Pulmonary Artery Sarcoma (n=4)
Pneumothorax (n=3)
Cong. Heart Disease or Heart Failure (n=3)
Pulmonary Vein Stenosis (n=2)
Pulmonary Arteriovenous Malf. (n=1)
Partial Anomalous Venous Return (n=1)

k Lobectomy (n=1)

175 patients with no diagnosed pulmonary
vascular or parenchymal diseases

28 excluded due to BMI > 50
5 excluded due to lung segmentation failure
33 excluded due to SNR < 10

_/

110 control patients with no diagnosed
pulmonary vascular or parenchymal diseases
with high quality dual-energy
CT pulmonary angiograms

Control Cohort

Flow diagram of study design. BMI = body mass index, Cong. = congestive, CTEPH = chronic thromboembolic pulmonary hypertension, CTPA

= CT pulmonary angiography, Malf. = malformation, PTE = pulmonary thromboendarterectomy, SNR = signal-to-noise ratio.

monoenergetic images were reconstructed from the multien-
ergy acquisition to simulate a 70 keV acquisition.

Hypoperfused Lung Volume Assessment

Pixelwise classification of the lung parenchyma as hypo-
perfused was obtained from the multienergy pulmonary
angiograms to calculate metrics of global and lobar spatial
hypoperfusion in a completely automated fashion. Auto-
mated processing generated iodine concentration maps for
the lung parenchyma. First, lung lobes were automatically
segmented from virtual monoenergetic images (Fig 2A, 2B)
by using a recently published machine learning algorithm
(20). The lobar segmentations were used to isolate the iodine
signal (concentration in milligrams per milliliter) from io-
dine-water maps (Fig 2C), yielding lung parenchyma iodine
concentration images (Fig 2D). The segmentation excluded
large pulmonary vessels, bones, and airways, but smaller pul-
monary vessels were removed separately. Specifically, pixels
that were 2 SDs higher than the mean parenchymal concen-
tration were removed. In addition, imperfect iodine-water
separation (due to limited spectral separation of the incident
x-ray beam, photon starvation, and artifacts from highly at-
tenuating structures such as metal [21]) can lead to negative
iodine concentrations independent of parenchyma perfusion,
so pixels with iodine concentration -3 mg/mL or less were
also removed.

After automated segmentation and isolation of the lung pa-
renchyma iodine images, pixels with an iodine concentration
(Img/ml,) of 0 mg/mL or less (Fig 2E, blue pixels) were classified

Radiology: Cardiothoracic Imaging Volume 5: Number 4—2023 = rcfi.rsna.org

as hypoperfused. All other pixels were assigned a value of 0.
This classification is shown in Equation 1 below:

LI, <0mg/mL

3" mg

I . ]= m
f( mg«*ml,) O,Img >0mg/mL (1)

mlL

Hypoperfused lung volume (HLV) was then calculated as the
total number of hypoperfused parenchymal pixels divided by the
total number of pixels () in the region of interest:

HLV = —Zf=rf (L, o) ).
n

In addition to global HLV, lobar HLV values (Fig 2F) were
calculated by dividing the total number of hypoperfused pixels
in each lobe by the volume of that lobe (and not the total lung
volume). Therefore, global HLV represents a weighted average of
the lobar HLV values.

For comparison, global PBV was measured according to the
method described by Meinel et al (15), using the same iodine
concentration images and segmentations used for HLV analysis.
Briefly, 15% of the pulmonary artery iodine concentration was
used to normalize parenchymal lung iodine concentrations. Mean
pulmonary artery iodine concentration (PAmg o) Was measured for
each patient by using a 4-cm? circular region of interest placed in
the pulmonary artery trunk (drawn by author E.B.) using Horos
open-source Digital Imaging and Communications in Medicine
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Total HLV: 10.0%
PBV:51.3%

Automated segmentafion and quantification of hypoperfused lung volume. CT angiograms generated (A) virtual monoenergetic images, which were (B)

automatically segmented to identify lobar boundaries and remove other thoracic anatomy. These lobar segmentations were applied to (€) iodine-water images fo (D)

isolate the lung parenchyma. (E, F) Fused maps were then used to visualize (E) hypoperfused pixels, shown in blue, and quantify the percentage of hypoperfused pixels

in each lobe (F). A patient with chronic thromboembolic pulmonary hypertension with areas of hypoperfusion primarily in both lower lobes is shown as an example. HLV =

hypoperfused lung volume, PBV = pulmonary blood volume.

viewer. This normalization by pulmonary artery iodine concentra-
values as shown by Equation 3:

I
Inon‘ualized_ 0.15 x PA (3)

mg/mlL.

tion yields a map of I

normalized

mg/ml.

Global PBV was then calculated as the average of I =
over the whole normalized parenchymal lung (Eq 4), while lobar
PBV was measured by averaging across an individual lobe:

n I .
PBV :m 4).
n

Equations 14 illustrate the similarities and differences between
PBV and HLV. Specifically, HLV measures the fraction of a region
of interest considered hypoperfused, while PBV is the spatial aver-
ageof I . Thus, HLV reflects the extent of hypoperfusion at
a given severity (or greater), while PBV averages together I~
values from normal, hyperperfused, and hypoperfused areas.

Invasive Hemodynamics and Correlation with Perfusion

For most of the patients with CTEPH (44 of 51), systolic pres-
sure, diastolic pressure, mPAP, and thermodilution-derived car-
diac output (CO) before and after PTE surgery were obtained as
part of routine clinical care. PVR was calculated preoperatively

using right heart catheterization—measured PAWP according to
the following equation: PVR = (mPAP - PAWP)/CO. Postop-
erative PVR was calculated using the central venous pressure to
estimate PAWD, as PAWP is not measured by Swan-Ganz cath-
eter in the intensive care unit at our institution (22). When mul-
tiple hemodynamics measurements were obtained, preoperative
values obtained just before the PTE surgery and postoperative
hemodynamics just prior to Swan-Ganz catheter removal were
selected. Patient hemodynamics were excluded if they had a
change in pulmonary hypertension medications after PTE sur-
gery, to avoid the confounding effects of medications on the re-
lationship between HLV and pulmonary hemodynamics. Eleven
of the 44 patients with hemodynamics data had pulmonary
hypertension medication changes after PTE. This resulted in a
cohort of 33 patients with both pre- and post-PTE hemodynam-
ics measurements without a change in pulmonary hypertension
medications. The median time between hemodynamic record-
ings and imaging was 2 days, with 26 of 33 patients undergoing
presurgical imaging within 30 days of hemodynamic recordings
(range, 0-326 days). Median time between surgery and post-
operative hemodynamics was 1 day (range, 0—8 days, Table 1).

Visual Assessment of Hypoperfusion and Comparison

with HLV

Two fellowship-trained cardiothoracic radiologists (author
S.K., with 13 years of post—cardiovascular radiology fellow-
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Table 1: Characteristics of the CTEPH Cohort
Parameter Value
Time between CT imaging and surgery (d)* 5 (3-8)
Time between preoperative hemodynamic recordings and CT (d)* 2 (1-24.5)
Time between postoperative hemodynamic recordings and surgery (d)* 1(1-3)
Pre- and postoperative hemodynamic recordings 33 (65)
Pulmonary hypertension medication changes 11 (22)
NYHA functional class
I 12
II 5 (10)
111 32 (64)
v 4 (8)
Undefined 9 (21)
Disease level
0 Right: 0 (0)
Left: 3 (5.9)
1 Right: 17 (33.3)
Left: 6 (11.8)
2 Right: 23 (45.1)
Left: 25 (49.0)
3 Right: 11 (21.6)
Left 17 (33.3)
4 Right: 0 (0)
Left: 0 (0)
Hemodynamics
mPAP (mm Hg)* Before surgery: 45 (36-54)
After surgery: 22 (18-26)
PVR (dyn-sec-cm-5) Before surgery: 552 (346-758)*
After surgery: 225 + 1087
CO (L/min)* Before surgery: 4.86 + 1.53
After surgery: 5.75 + 1.25
Note.—Unless otherwise noted, data are reported as numbers, with percentages in parentheses. CO = cardiac
output, CTEPH = chronic thromboembolic pulmonary hypertension, mPAP = mean pulmonary artery pressure,
NYHA = New York Heart Association, PVR = pulmonary vascular resistance.
* Data are reported as medians, with IQRs in parentheses.
"Data are reported as means + SDs.

ship experience, and author L.H., with 3 years of post—car-
diovascular radiology fellowship experience) blinded to HLV
and PBV scores performed independent semiquantitative vi-
sual evaluation of hypoperfusion for all patients with CTEPH.
lodine-water images were reviewed and scored based on the
percentage of each lobe considered to be hypoperfused. Read-
ers were asked to categorize each lobe as having either no (0%
of lobe affected), minimal (1% to <25% of lobe affected), mild
(25% to <50% of lobe affected), moderate (50% to <75% of
lobe affected), severe (75% to <100% of lobe affected), or com-
plete (100% of lobe affected) hypoperfusion. Both readers had
clinical experience evaluating CTEPH multienergy CT scans
as attending radiologists at our institution but were not given
specific instructions or training cases for this task.

Surgically Defined Segmental Disease Subgroup Analysis
The ability of HLV to help assess spatial hypoperfusion deficits

in patients with chronic obstructions originating in the segmen-

Radiology: Cardiothoracic Imaging Volume 5: Number 4—2023 = rcfi.rsna.org

tal pulmonary vasculature (surgically defined disease level 3) (5)
was evaluated using classifications obtained during surgery. At
the time of PTE surgery, each lung of each CTEPH case was
classified as having disease located at the main pulmonary or
lobar artery level (University of California San Diego [UCSD]
surgical disease level classification 1 or 2), at the segmental level
(UCSD surgical disease level classification 3), or at the subseg-
mental level (UCSD surgical disease level 4) by surgeons blinded
to this analysis (5). The surgically defined segmental disease sub-
group contained patients who had one or both lungs classified as
having disease level 3. No patients in our cohort had disease level
4. Global HLV’s performance in patients with surgically defined
segmental disease and correlation with invasive hemodynamics,
as well as lobar HLV’s correlation with expert visual assessment,
were measured. Of the 51 patients with CTEPH analyzed, 32
had surgically defined segmental disease. Of the 33 patients with
CTEPH with complete hemodynamics data, 12 had surgically
defined segmental disease.
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Cases Series to Highlight the Clinical Use of HLY Table 2: Summary of Control and CTEPH Cohort Patient Demo-
Three cases are presented to demonstrate how graphics
HLV can capture known patterns of CTEPH im-
pairment (7 = 2) and how HLV can help identify Controls CTEPH

. . . . . . Parameter (n=110) (n=51)
patients with substantial obstructions despite high
PBV (n = 1). For each case, a representative coro- Age (y) 51+16 47 + 17
nal section of the HLV map is presented alongside Female sex 81 (73.6) 27 (52.9)*
lobar scores, reader visual assessment scores, and BMI (kg/m?) 392 +6.6 31.1 +7.5*
the patient’s subsequent surgical specimen. Race

African American 5 (5) 12 (24)*
Statistical Analysis Astan 7 (6) 1)
Demographic measures, image acquisition pa- Pacific Islander 1(1) 2 (4)
rameters, and invasive hemodynamics were tested White 63 (57) 25 (49)
for normality using the Shapiro-Wilks test. Nor- Indigenous, Alaska Native, or multiracial 33 (30) 11 (22)
mally distributed Variables.are. reported as means Unknown 131) 0(0)
+ SDs, and nonnormally distributed variables are
reported as medians with IQRs (from Q1 to Q3) Note.—]?ata are reported as means + SDs or numbers of patients, .with per-
. centages in parentheses. BMI = body mass index, CTEPH = chronic thrombo-
in parentheses. The Student # test and one-way . .
. ; embolic pulmonary hypertension.

analysis of variance were used to assess normally * Statistically significant differences (P < .05).

distributed variables, while Wilcoxon rank sum
and Kruskal-Wallis tests were used for nonnor-
mally distributed variables with 2 = .05. Receiver
operating characteristic curves were used to identify both an
HLV and PBV cutoff that best separated CTEPH scans from
control scans. Given that the CTEPH cohort comprised
patients with CTEPH necessitating surgical treatment, we
evaluated global HLV and PBV cutoff performance at 90%
sensitivity to minimize false-negative results. Receiver oper-
ating characteristic curves were compared using the Mann-
Whitney statistic (23,24). Differences in global HLV and
PBV cutoff specificity were compared with the McNemar
test, while differences in accuracy were compared using
z statistics (25). The agreement between global HLV and
global PBV was determined via the Pearson correlation coef-
ficient. Correlation of preoperative hemodynamics (mPAD,
PVR, and CO) and postoperative change in hemodynamics
(AmPAP, APVR, and ACO) for both global HLV and PBV
were also evaluated and compared using the Pearson correla-
tion coefficient. Correlation between reader scores and lo-
bar HLV for each reader was evaluated using the Spearman
correlation coefficient. Forward multiple regression was
performed to evaluate the complementary nature of HLV
and PBV in predicting preoperative hemodynamics (mPAD,
PVR, and CO). Correlations were classified as little to no
relationship (0 < p < 0.25), fair (0.25 < p < 0.5), moderate
(0.5 < p < 0.75), or excellent (p > 0.75) (26). Correlation
coeflicients in dependent samples were compared using the
t-score (27,28). Agreement between reader visual assess-
ments was evaluated using intraclass correlation coefficient
(ICC). ICCs were classified as little to no relationship (0 <
ICC < 0.5), moderate (0.5 < ICC < 0.75), good (0.75 < ICC
< 0.9), or excellent (p = 0.9) (29). Analysis was performed
in MATLAB 2021a (MathWorks). Multiple regression was
performed in SPSS Statistics (version 28.0.1.1; IBM). Sta-
tistics were performed by two of the authors (E.B. and EC.).

Results

Patient Cohorts

The CTEPH cohort comprised 51 patients, and the control
cohort comprised 110 patients. Controls and patients with
CTEPH (Table 2) were similar in age (51 years + 16 vs 47 years
+ 17, respectively; P = .14). Patients with CTEPH had lower
BMI than did controls (31.1 kg/m?*+ 7.5 vs 39.2 kg/m?* + 6.6,
respectively; P < .001), and more patients in the CTEPH co-
hort than in the control group self-identified as African Ameri-
can (7 = 12, 24% vs n = 5, 5%; P = .03). The control group
had more women (7 =78, 71% vs n = 27, 53%; P=.03). There
was a significant difference in age of women versus men in the
control cohort (48 years + 16 vs 58 years + 13, P = .01) and
no evidence of a difference in the CTEPH cohort (44 years +
16 vs 50 years + 17, P = .17). For both cohorts, there was no
evidence of differences between female and male patients in
terms of BMI or race.

‘The cohort of patients with CTEPH had a mean preopera-
tive mPAP of 45 mm Hg (IQR, 36-54 mm Hg), PVR of 552
dyn-sec:cm™ (IQR, 346-758 dyn-sec-cm™), and CO of 4.86 L/
min + 1.53 (Table 1). PTE decreased median mPAP to 22 mm
Hg (IQR, 18-26 mm Hg) and mean PVR to 225 dyn-sec-cm™
+ 108 and increased mean CO to0 5.75 L/min + 1.25. The major-
ity of patients with CTEPH were New York Heart Association
Heart Failure Functional class IIT (7 = 32, 64%) prior to PTE.

Right lungs had CTEPH surgical disease level 1 (z = 17,
33.3%), disease level 2 (n = 23, 45.1%), and disease level
3 (n =11, 21.6%). Left lungs had CTEPH surgical disease
level 0 (7 = 3, 5.9%), disease level 1 (7 = 6, 11.8%), disease
level 2 (n = 25, 49.0%), and disease level 3 (z = 17, 33.3%).
No patients had disease isolated to the subsegmental vascu-
lature (level 4) in either the left or right lung.
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Pulmonary Blood Volume - %
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A ROC for HLV and PBV B 150 HLV vs PBY Figure 3: Agreement between multienergy metrics and cor-
1 T relafion with hemodynamic assessment. (A) Global HLV (solid line)
08 i ® , ! and mean PBV (dotted) distinguished CTEPH from controls (HLV
§ ' ook . : AUC = 0.84 vs mean PBV AUC =0.79, P=63). Dots indicate
206 - ! 1 Q0% sensitivity cutoffs, which correspond to global HLV greater than
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04 ol % are moderately correlated [p=-0.72, P<.001). Three of the five
2 . patients with CTEPH who had global PBV greater than 80.5% had
0.2 —HLV . elevated (>10%) global HLV {right upper quadrant). High sensitivity
o = PBY 0 L . . (>90%) cutoffs are shown as dotted lines. Dots labeled a—¢ are
0 02 04 06 08 1 0 10 20 30 40 50 patients highlighted in Figures 4 and 5. (€) Global HLV significantly
False Positive Rate HLV correlated (p=0.67, P<.001) with pre-PTE PVR as well as (D)
C oo D APVR after PTE (p =061, P<.001). (E) Global PBV significantly
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) e %e fused lung volume, mPAP = mean pulmonary artery pressure, PBY
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Preoperative mPAP correlated fairly with global
HLV (p = 0.42, P = .02) and showed no correlation
with PBV (p = -0.29, P =.10). Neither global HLV

Quantification of HLV and Comparison with PBV

Global HLV (area under the receiver operating characteristic
curve [AUC] = 0.84 [95% CI: 0.81, 0.87]) and PBV (AUC =
0.79 [95% CI: 0.75, 0.82]) separated patients with CTEPH
from controls (Fig 3A). Detection of CTEPH cases from con-
trols with 90% (46 of 51) sensitivity corresponded to global
HLV greater than 10% and global PBV less than 80.5%.
Global HLV greater than 10% had 72% (116 of 161) accu-
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(p=-0.20, P=.27) nor PBV (p = 0.07, P = .68) was correlated
with AmPAP after surgery (Fig 3G-3]). Correlation of preop-
erative CO with global HLV (p = -0.52, P = .002) and PBV (p
= 0.37, P = .03) were not different (P = .16). Likewise, ACO
after surgery was not correlated with global HLV (p = 0.45, P
=.14) or PBV (p = 0.1, P = .76).

The addition of PBV to a linear regression using HLV (via
forward multiple linear regression) did not improve model per-

formance for PVR (P = .85), mPAP (P = .76), CO (P =.75),
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Table 3: Separation of Patients with CTEPH and Controls Using Global HLV and
PBV

Metric AUC  Threshold Accuracy Sensitivity Specificity
HLV 0.84  >10.0% 116/161 (72%) ~ 46/51 (90%)  70/110 (64%)
PBV 0.79 <80.5% 102/161 (64%)  46/51 (90%) 56/110 (51%)
P value .63 NA .10 NA <.001

Note.—At a 90% sensitivity operating point, HLV had higher specificity (? < .001) than
did PBV. AUC = area under the receiver operating characteristic curve, HLV = hypoperfused
lung volume, NA = not applicable, PBV = pulmonary blood volume.

Table 4: Correlation of Global HLV and PBV with Preoperative Hemodynamics and
Change in Hemodynamics after Surgical Treatment
HLV PBV
Patients p Value P Value p Value P Value
All patients with hemodynamics data (7 = 33)
Preoperative
PVR 0.67 <.001 -0.54 .001
mPAP 0.42 .02 -0.29 .10
CO -0.52 .002 0.37 .03
Change after surgery
APVR -0.61 <.001 0.43 .01
AmPAP -0.20 27 0.07 .68
ACO 0.32 .07 -0.03 .85
Only those with segmental disease (7 = 12)
Preoperative
PVR 0.81 .002 -0.48 12
mPAP 0.43 .16 -0.17 .60
CO -0.80 .002 0.54 .07
Change after surgery
APVR -0.70 .01 0.31 .33
AmPAP -0.29 .37 0.00 .99
ACO 0.45 .14 0.1 .76
Note.—Correlation of HLV and PBV with PVR and CO were not significantly different (2 =
.15 and P = .16, respectively). In patients with segmental disease, only HLV and not PBV had
significant correlation with PVR, APVR, and CO. CO = cardiac output, HLV = hypoperfused
lung volume, mPAP = mean pulmonary artery pressure, PBV = pulmonary blood volume, PVR =
pulmonary vascular resistance.

or APVR (P = .68). Of note, there were significant correla-
tions between preoperative hemodynamics, specifically, PVR
and mPAP (p = 0.72, P <.001) and PVR and CO (p = -0.76,
P <.001). However, mPAP and CO were not significantly cor-
related (p = -0.32, P = .07).

Expert Visual Assessment of Lobar Hypoperfusion and
Comparison with Lobar HLVY

For visual assessment, 255 lobes (51 patients with CTEPH,
each with five lung lobes scored) were independently assessed
by each reader. Reader 1 identified 247 of 255 lobes as hy-
poperfused (16 minimal, 27 mild, 82 moderate, 93 severe,
and 29 complete hypoperfusion) in the CTEPH cohort (Fig
4A), while reader 2 identified 225 of 255 lobes as hypoper-

fused (31 minimal, 46 mild, 58 moderate, 65 severe, and 25
complete hypoperfusion) (Fig 4B). The HLV of lobes graded
as completely, severely, moderately, and mildly hypoperfused
were significantly different (P < .001) for both expert readers.

Visual assessments by reader 1 and reader 2 correlated
moderately with lobar HLV (p = 0.71 and p = 0.67, P < .001
for both) and moderately with lobar PBV (p = -0.57 and p
= -0.68, P < .001 for both). For reader 1, visual assessment
was more strongly correlated with lobar HLV than with PBV
(t-statistic = 5.2, P < .001). For reader 2, there was no evi-
dence of a difference between correlations for lobar HLV and
PBV (#-statistic = -0.29, P = .61). Agreement between the
two readers was moderate, with an ICC of 0.61 (P < .001);
60% (133 of 255) of lobes had matching classifications (Fig
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Agreement between Visual Assessment and HLV
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Figure 4: Agreement between lobar HLV percentage of hypoperfusion and lobar hypoperfusion severity scores from expert radiologists. Expert reader visual hypo-

perfusion assessment resulted in lobe hypoperfusion classifications with statistically different lobar HLV scores for complete, severe, moderate, and mild hypoperfused lobes
(P<.001). * indicates significant differences (P < .007, Bonferroni correction for multiple comparisons) between different individual visual assessment groups. (A) Reader
1 lobar hypoperfusion scores were moderately correlated (p =0.71, P<.001) with lobar HLV and lobar PBV (p =-0.57, P<.001), with stronger correlation with lobar
HLV than with PBV (t-statistic = 5.2, P<.001). (B) Reader 2 lobar hypoperfusion scores were moderately correlated (p = 0.67, P<.001) with lobar HLV and lobar PBV (p
=0.68, P<.001). Lobar HLV and PBV had similar correlation strengths with reader 2 visual assessment (t-stafisfic = =0.29, P=.61). Boxes represent the IQR (25th—75th
percentile), the horizontal lines inside the boxes represent the median values, and the whiskers represent the minimum and maximum values. (€) Confusion matrix shows
agreement between reader 1 and reader 2. Exact agreement occurred in ©0% (133 of 255) of lobes, and 85% (218 of 255 lobes) had reader assignments that were
the same or within one hypoperfusion severity grade. Of the 37 disagreements of more than one grade, 36 occurred in lobes that reader 2 identified as having no to mild
hypoperfusion. Comp. = complete, HLV = hypoperfused lung volume, Min. = minimal, Mod. = moderate, Sev. = severe.

4C), and 85% (218 of 255 lobes) had reader scores within
one grade. Of the 37 disagreements of more than one grade,
36 occurred in lobes that reader 2 identified as having none
to mild hypoperfusion.

Surgically Defined Segmental Disease Subgroup Analysis

Separation of patients with CTEPH surgically defined as level
3 (originating in segmental vessels) (2 = 19) from controls
had similar performance as the overall CTEPH cohort. A
global HLV threshold of greater than 10.0% led to a sensitiv-
ity of 95% (18 of 19) and an accuracy of 67% (87 of 129),
which did not differ from the sensitivity (P = .52) or accuracy
(P = .67) found for the overall CTEPH cohort. Global PBV
threshold of less than 80.5% led to a sensitivity of 95% (18
of 19) and an accuracy of 57% (73 of 129), with both val-
ues similar to those found for patients with CTEPH of any
disease level (sensitivity, P = .52; accuracy, P = .56). Global
HLV and PBV correlated moderately (p = -0.71, P < .001)
in patients with surgically defined segmental CTEPH, which
agreed (P = .96) with the correlation observed in the overall
CTEPH cohort.

In patients with segmental disease and invasive hemodynam-
ics (n = 12), global HLV strongly correlated with preoperative
PVR (p = 0.81, P =.002) and moderately correlated with APVR
after PTE (p = -0.70, P = .01) (Table 4). Global PBV did not
significantly correlate with any hemodynamics in patients with
segmental disease.

Visual assessment of surgically defined segmental CTEPH
moderately correlated with lobar HLV for reader 1 (p = 0.68, P
<.001) and reader 2 (p = 0.63, P < .001). These correlation coef-
ficients were similar to those calculated for visual assessment for
all disease levels (reader 1: P = .54, reader 2: P = .36). Similarly,
the correlation of lobar PBV with visual assessment in segmental
CTEPH (reader 1: p = -0.49, P < .001; reader 2: p = -0.60, P <
.001) was similar to that of the overall CTEPH cohort (reader 1:
P = .56, reader 2: P=.21).
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Example Cases

Example cases (labeled as a—c in Fig 3B) were chosen to high-
light the use of HLV in specific clinical scenarios. Patient A
in Figure 5 has bilateral, predominantly lower lobe hypo-
perfusion, while patient B presents with a unilateral pattern
of disease. Both patients have similar global PBV values (A:
34.7%, B: 31.8%) but differ in their global HLV (A: 30.2%,
B: 22.3%) and lobar HLV values. Readers 1 and 2 agreed on
the visual evaluation of both patients, and the rank order for
the reader scores matches the rank order for the lobar HLV
scores in all lobes except the left upper lobe of patient A.

Figure 6 demonstrates findings in a patient who had a global
PBV of 97.4% (normal, >80.5%) despite having hemodynamic
impairment and a removed surgical specimen. This patient had
a global HLV of 13.5% (>10.0% cutoff). The readers agreed on
the severity of hypoperfusion of the lobes relative to one another,
but reader 1 graded the hypoperfusion as more severe than did
reader 2.

Discussion

We have developed and validated an automated, quantita-

tive approach to define, on a per-pixel basis, regions of hy-
poperfusion in patients with CTEPH by using multienergy
CT and evaluated its potential clinical use. The developed
metric, global HLV, correctly classified patients with CTEPH
and controls (AUC = 0.84) and had higher specificity rela-
tive to global PBV (64% vs 51%). Global HLV correlated
with PVR at the time of imaging (preoperatively, p = 0.67)
and predicted change in PVR after surgery in the entire co-
hort (p = -0.61), as well as in the subset of patients who had
surgically defined segmental disease (p = -0.70). Lobar HLV
agreed with visual assessment by two expert radiologists (p =
0.71 and p = 0.67).

Throughout the article, HLV findings are presented along-
side a previously published multienergy-based measurement of
global mean lung parenchymal perfusion (PBV) (8,9,14-16).
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Figure 6: Use of HLV fo visualize and quantify small regional perfusion deficits in a patient with high PBV. Patient C is an example of a patient with chronic thromboem-
bolic pulmonary hypertension with high global PBV (97.4%) who underwent surgical freatment. A coronal section of the HLV visualization is shown alongside lobar evalua-
tion of HLV and a photograph of the surgical specimen. Diminished (yellow) iodine concentration and hypoperfusion (blue) were observed on HLV mapping (left column),
with the highest lobar HLV scores observed in the right lower and left upper lobes (HLV = 14.9% and 21.4%, respectively). The readers agreed regarding the relative rela-
tionship of hypoperfusion between the lobes, but reader 1 scored the hypoperfusion as more severe. The removed surgical specimen correlates with the spatial distribution
of hypoperfusion seen via HLV. Note, a resected right atrial clot is present in the center of the surgical specimen. HLV = hypoperfused lung volume, Min = minimal, Mod =
moderate, PBV = pulmonary blood volume, PVR = pulmonary vascular resistance, Sev = severe.

PBV and HLV are expected to provide complementary informa-
tion, as HLV measures the spatial extent of impairment, while
PBV is an average of parenchymal iodine concentration. As we
have shown, impairments limited to a small portion of the lung
may not affect the global mean iodine concentration but may re-
sult in pixels identified as being hypoperfused. We highlight how
HLV mapping agrees with known CTEPH phenotypes. This
could aid clinical evaluation, as the surgical technique and ex-
pertise required varies based on phenotype (30). Further, our ap-
proach to measuring HLV results in pixelwise, lobar, and global

10

values of hypoperfusion that can be easily integrated with other
patient data. Future work is planned to prospectively evaluate
the use of these HLV metrics and determine an optimal way to
combine PBV, HLV, and other patient data to further improve
clinical assessment.

HLV correlated with preoperative and postoperative change
in hemodynamic severity, in the form of PVR, in patients with
surgically defined disease originating in the main or lobar artery; as
well as patients with disease originating in the segmental arteries.
While HLV may potentially help identify patients who are likely

rctirsna.org = Radiology: Cardiothoracic Imaging Volume 5: Number 4—2023


http://radiology-cti.rsna.org

Bird et al

to have excellent or limited response preoperatively (by identify-
ing preoperative features of surgical success), few patients in our
cohort had what would be considered limited surgical response
(31,32). Thus, the ability to detect these rare events is left for future
work. Cases of primarily segmental- or subsegmental-level disease
are technically more challenging surgically, and patients may not
receive adequate or thorough clearance except in the highest vol-
ume endarterectomy centers. As a retrospective study, we did not
target enrollment of patients with these specific subtypes. Further,
we did not evaluate nonsurgical cases, such as patients treated with
balloon pulmonary angioplasty, medications, or a combination of
treatment modalities. Therefore, the use of HLV in these cohorts
should be investigated in future work.

Visual evaluations of lobar hypoperfusion by two expert read-
ers moderately agreed with one another and with lobar HLV.
Eighty-five percent (217 of 255) of lobes were scored as having
the same severity or differed by only one category. Readers did
not undergo specific training for this visual scoring task (outside
their normal clinical training), which may explain the variation
in grading. However, this variation reflects typical clinical prac-
tice in which individual readers may vary in sensitivity and speci-
ficity regarding hypoperfusion, particularly given the relatively
recent clinical adoption of multienergy imaging. The moderate
agreement of HLV with both readers suggests that lobar HLV
could serve to support and adjudicate reader evaluations, as hav-
ing an external quantitative metric has shown to improve agree-
ment in visual assessment for other pulmonary visual assessment
tasks (33). However, further studies are needed to evaluate these
potential clinical uses of HLV.

'The correlation between global PBV and PVR in our study (p
= -0.54) was similar to that found by Takagi et al (16) (p = 0.47)
and higher than that reported by Meinel et al (15) (p = -0.20).
Both Takagi et al and Meinel et al reported correlations between
global PBV and mPAP (p = 0.48 and -0.57, respectively), which
were not observed in this study. These differences may be due to
the differences in the CTEPH samples studied. In our study, all
patients with CTEPH underwent PTE surgery; however, Takagi
et al included patients who underwent nonsurgical treatments
(medical therapy and balloon pulmonary angioplasty), and Mei-
nel et al studied patients with CTEPH regardless of intervention.
Further, we found that global HLV did not correlate with ACO
after surgery. This may be due to the evaluation of postoperative
hemodynamics while patients recovered in the intensive care unit
(typically within 7 days of surgery). Long-term postoperative he-
modynamic evaluation should be evaluated in future work.

Our study had several limitations. First, given the observa-
tional and retrospective nature of the study, patients in the con-
trol cohort had clinical symptoms that merited CT investigation
even though they did not have pulmonary findings. It is possible
that undetected pulmonary or vascular disease in control patients
could have impacted iodine values and limited HLV specificity.
For example, we did not exclude patients with small airways dis-
ease, which can lead to hypoperfusion. Additionally, the study did
not evaluate other types of pulmonary hypertension. The study’s
retrospective design and the resulting effects on cohort differences
were also limitations. Despite excluding patients with BMI greater
than 50 kg/m?, control patients had significantly higher BMIs
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than did patients with CTEPH; this may be attributed to mul-
tenergy CT being used for improved imaging of suspected PE in
patients with high BMI at our institution. However, the higher
BMI in the control cohort further highlights the robustness of the
approach, as high BMI could decrease parenchymal iodine con-
centration (and increase HLV) in control patients, making it more
difficult to separate CTEPH and control cases. We also observed
racial and sex differences between the cohorts, which can be at-
tributed to differences between patients referred for PTE surgery
(a national referral population) and patients imaged for suspicion
of PE (our local population).

Additionally, iodine concentration maps were subject to ma-
terial decomposition errors, leading to negative iodine concen-
tration values. In thoracic multienergy CT images, it is common
to have highly negative pixels due to streak artifacts from regions
with high contrast concentrations, such as in the superior vena
cava. Additionally, motion artifacts from cardiac and diaphrag-
matic motion can lead to photon starvation artifacts (21,34).
We aimed to minimize these artifacts by using a lower inten-
sity threshold (-3 mg/mL iodine) to remove pixels with values
likely due to artifact. Multienergy material decomposition can
also have a bias in the iodine concentration. In phantom imag-
ing studies, negative biases of ~1.5 mg/mL have been reported.
This bias supports our hypoperfusion threshold of 0 mg/mL as
capturing pixels with poor perfusion.

Furthermore, while our study evaluated a considerable
number of patients with CTEPH who underwent surgical
treatment, the inclusion of more patients would improve the
subgroup analysis and generalizability of this study. The study
design did not control for the level of CTEPH disease removed
at the time of PTE surgery or the timing of CT imaging, he-
modynamic assessment, and surgery. As a result, our cohort
did not include patients with disease originating in the sub-
segmental arteries (surgical disease level 4) and may be limited
by changes between imaging and hemodynamic measurement.
Thus, future investigation in a broader patient cohort reflect-
ing all disease levels is warranted. Additionally, the single-site
design reduced variability in CTEPH diagnostic and treatment
criteria, and our results should be confirmed in a validation
cohort, as well as at other institutions.

Another limitation was that we compared HLV and PBV with
only visual evaluation by expert readers. Future work should com-
pare HLV and PBV with detailed analysis of surgically removed
specimens and evaluate changes in HLV and PBV after PTE sur-
gery for additional clinical validation. Unfortunately, the surgical
specimens we evaluated did not document whether specific vessels
were open, partially obstructed, or completely obstructed. This
precluded quantitative comparisons between imaging metrics and
surgical findings. In future work, we aim to assess the agreement
between areas detected using HLV and the presence of surgically
confirmed specimens. Finally, postoperative imaging was not per-
formed in our patients. Longitudinal multienergy CT pulmonary
angiography would allow for confirmation that areas of hypoper-
fusion improve with surgery.

In conclusion, multienergy perfusion imaging of the lungs can
be combined with lobar segmentation to automatically visual-
ize perfusion deficits and provide pixelwise quantification of the
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spatial extent of hypoperfusion. The spatial extent of hypoper-
fusion, global HLV, was able to separate patients with CTEPH
from controls and correlated with invasive PVR and change in
PVR with surgery, even in patients with surgically defined seg-
mental disease. Lobar HLV values agreed with expert visual assess-
ment. These findings suggest that HLV evaluation could provide
quantitative imaging-derived perfusion metrics to evaluate disease
progression or response either independently or when combined
with other patient clinical and imaging data, warranting further
investigation.
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