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Quantitative Dual-Energy Computed Tomography
Predicts Regional Perfusion Heterogeneity in a Model

of Acute Lung Injury
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Objective: The aims of this studywere to investigate the ability of contrast-
enhanced dual-energy computed tomography (DECT) for assessing regional
perfusion in a model of acute lung injury, using dynamic first-pass perfusion
CT (DynCT) as the criterion standard and to evaluate if changes in lung
perfusion caused by prone ventilation are similarly demonstrated by DECT
and DynCT.
Methods: This was an institutional review board–approved study, com-
pliant with guidelines for humane care of laboratory animals. A ventilator-
induced lung injury protocol was applied to 6 landrace pigs. Perfused blood
volume (PBV) and pulmonary blood flow (PBF) were respectively quanti-
fied by DECTand DynCT, in supine and prone positions. The lungs were
segmented in equally sized regions of interest, namely, dorsal, middle, and
ventral. Perfused blood volume and PBF values were normalized by lung
density. Regional air fraction (AF) was assessed by triple-material decom-
position DECT. Per-animal correlation between PBVand PBF was assessed
with Pearson R. Regional differences in PBV, PBF, and AF were evaluated
with 1-way analysis of variance and post hoc linear trend analysis (α = 5%).
Results: Mean correlation coefficient between PBV and PBF was 0.70
(range, 0.55–0.98). Higher PBV and PBF values were observed in dorsal
versus ventral regions. Dorsal-to-ventral linear trend slopes were
−10.24 mL/100 g per zone for PBV (P < 0.001) and −223.0 mL/100 g
per minute per zone for PBF (P < 0.001). Prone ventilation also revealed
higher PBVand PBF in dorsal versus ventral regions. Dorsal-to-ventral lin-
ear trend slopes were −16.16 mL/100 g per zone for PBV (P < 0.001) and
−108.2 mL/100 g per minute per zone for PBF (P < 0.001). By contrast,
AF was lower in dorsal versus ventral regions in supine position, with
dorsal-to-ventral linear trend slope of +5.77%/zone (P < 0.05). Prone ven-
tilation was associated with homogenization of AF distribution among dif-
ferent regions (P = 0.74).
Conclusions: Dual-energy computed tomography PBV is correlated
with DynCT-PBF in a model of acute lung injury, and able to demonstrate
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regional differences in pulmonary perfusion. Perfusion was higher in the
dorsal regions, irrespectively to decubitus, with more homogeneous lung
aeration in prone position.
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O ver the past decade, dual-energy computed tomography (DECT)
has emerged as a promising method capable of enhancing

anatomical data yielded by conventional computed tomography
(CT). Although different approaches have been developed to ob-
tain DECT data,1 all have similar abilities for estimating elemental
or molecular densities of objects by using material decomposition
algorithms.2 Previous studies have shown the feasibility of extracting
pulmonary perfusion information from iodine densitymaps inDECT
scans.3,4 For example, iodine maps of the lungs obtained fromDECT
scans have shown a sensitivity of 77% and a specificity of 98% for
the diagnosis of pulmonary embolism (PE), outperforming the
specificity of perfusion single-photon emission CT/CT.5

Biological markers, also known as biomarkers, are measur-
able characteristics of normal biological or pathogenic processes,
which can serve to monitor therapeutic interventions objectively.6

Dual-energy CT iodine density maps can potentially act as bio-
markers of pulmonary perfusion, comparing favorably in terms of
radiation dose and longitudinal axis coverage with first-pass dy-
namic perfusion CT,7,8 and in terms of signal-to-noise ratio and spa-
tial resolution with magnetic resonance perfusion imaging.9 For
example, a noninvasive DECT biomarker of pulmonary perfusion
was used to support a vascular etiology for smoking-induced in-
flammatory lung disease.10 Perfused blood volume (PBV), a DECT
biomarker of lung perfusion, has also shown promise for stratifying
the severity and prognosis of patients with PE. This biomarker was
not only inversely correlated with thrombus load and signs of right-
sided heart strain in PE, but was also predictive of intensive care
unit admission.11 In patients with chronic thromboembolic pulmo-
nary hypertension, DECT hypoperfusion scores have been corre-
lated with pulmonary artery and right ventricular pressures.12 A
study showed that improvements in DECT perfusin biomarkers
were accompanied by better hemodynamic indicators and clinical
parameters in CTEPH patients treated with balloon angioplasty.13

Although the role of a DECT biomarker of pulmonary perfu-
sion has been widely studied in the context of PE and some aspects
of oncology,14 little is known about the validity or feasibility of its
application in the assessment of acute respiratory distress syndrome
(ARDS). Acute respiratory distress syndrome is a frequent condi-
tion with high mortality in critical patients15,16 and is characterized
by a stereotyped response to different factors leading to acute alve-
olar damage, loss of pulmonary compliance, and hypoxemia.17,18
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A better understanding of the correlation between DECT biomarkers
and pulmonary perfusion is a key element in future applications of
the technique in the study and treatment of patients with ARDS.

The aim of this study was to test whether a DECT perfusion
biomarker correlates with pulmonary perfusion, as measured by
first-pass perfusion CT, in a pig model of acute lung injury.

MATERIALS AND METHODS

Preparation of Study Subjects
This study was approved by the relevant institutional ethics

committee and complied with international guidelines for humane
care of laboratory animals. Six landrace swine (n = 6, average
weight = 34 kg) were anesthetized with a combination of intra-
muscular ketamine (5.0 mg/kg), acepromazine (0.1 mg/kg), and
midazolam (0.5 mg/kg), followed by 1% propofol intravenously
(3.0 mL/kg), orotracheal intubation, and noninvasive monitoring
of vital signs. Ventilation was installed in controlled pressured
mode with fixed inspiratory pressure to obtain a tidal volume
(ΔP) of 10 mL/kg, positive end-expiratory pressure (PEEP) of
5 cm H2O, respiratory frequency of 20 cycles/min, inspiratory
time of 1.0 second, and inspiratory fraction of 100% O2. Continu-
ous infusion of ketamine, thionembutal, and pancuronium was
started to improve analgesia, sedation, and muscular relaxation.
Signs of pain and respiratory discomfort were actively monitored,
and appropriate adjustments were made as needed.

The lung injury protocol19 consisted of surfactant depletion
by repeated alveolar lavage with isotonic saline (0.9%, 37°C,
30 mL/kg), followed by alveolar distension withΔP = 35 cmH2O
and an increase in the PEEP from 1 to 13 cm H2O. The aim of the
protocol was to induce local inflammation through alveolar col-
lapse and cyclic hyperdistention (Fig. 1). Before image acquisi-
tion, alveolar recruitment was achieved by a stepwise increase of
PEEP (from 25 to 45 cm H2O, in 5-cm H2O steps, applied over
a period of 2 minutes, with fixed ΔP = 15 cm H2O). All animals
received an additional analgesic and sedative dose by the end of
image acquisition and were euthanized with an intravenous injec-
tion of 19.1% KCl.

Image Acquisition
All CT images were acquired with a 64-slice multi–detector-

row single-source rapid kilovolt peak-switching scanner (Discovery
CT 750HD; GE Healthcare, Waukesha, Wis). A helical single-
phase postcontrast DECT image was obtained from the top of
the lungs through the costophrenic sulci, using a 0.8-second rota-
tion time, 64� 0.625-mm collimation, in-plane pixel resolution of
0.39 � 0.39 mm, peak tube voltage switching from 80 to 140 kV,
and 260-mA tube current. The data were reconstructed into
FIGURE1. Acute lung injury effects. Sample computed tomography imag
lung injury, namely, ground-glass opacities (*) and interlobular septal th
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contiguous 5-mm-thick slices at 2 virtual monochromatic levels:
70 and 140 keV.20 To simulate the degree of enhancement ob-
tained during a PE CT angiography protocol, intravenous injec-
tion of 20 mL of 300 mg I/mL iobitridol (Henetix 300; Guerbet,
Villepinte, France) was given at a 4-mL/s flow rate, followed by
a 20-mL normal saline flush at the same flow rate. Dual-energy
CT scans were started with a 15-second delay after the beginning
of contrast injection.21

After a 5-minutewashout delay, a second set of single-energy
dynamic CT (DynCT) imageswas obtained through a 20-mm-thick
slab immediately above the diaphragm, using 0.4-second rotation
time, 0.2-second temporal interval between reconstructions,
120-second total scan duration, 32 � 0.625-mm collimation, in-
plane pixel resolution of 0.39 � 0.39 mm, 80-kV peak tube volt-
age, and tube current of 300 mA. The datawere reconstructed into
4 slices of 5-mm thickness each. Contrast injection started imme-
diately after CT scanning commenced and consisted of 20 mL of
300 mg I/mL iobitridol administered at a flow rate of 10 mL/s,
followed by 20 mL of normal saline flush at the same flow rate.

Upon completion of the first set of CT acquisitions, the ani-
mals were shifted from supine to prone position. After stabiliza-
tion and an approximate 30-minute delay, a second set of DECT
and DynCT images was acquired, following the same protocol.
Image Quantification
A slice avoiding the diaphragm and artifacts was chosen at

the lung bases. Dual-energy CTand DynCT images were matched
according to their respective location with respect to the Z axis co-
ordinate. Minimal spatial incongruences between acquisitions
were resolved by using an intensity-based automatic image regis-
tration algorithm in MATLAB (v. 2015b; Natick, Mass). Lungs
were segmented with a fast-level set-based algorithm using co-
herent propagation (Mia plug-in for OsiriX; Pixmeo, Bernex,
Switzerland),22 and the results were reviewed, edited, and validated
by a radiologist with 2 years of experience in research with CT im-
ages of swine (F.K.). We further segmented the lungs into 3 regions
of interest, namely, dorsal, middle, and ventral zones, using an au-
tomated script written in R (R Software version 3.1.3; The R Foun-
dation of Statistical Computing, Vienna, Austria) that takes a
column of pixels in respect to the animal orientation along the grav-
itational axis (Fig. 2) and divides it into 3 equally sized bins accord-
ing to the anteroposterior axis. These volumes of interest measured
14.23 ± 1.78 mL (mean ± SD) on the right and 13.46 ± 1.25 mL on
the left side in supine position, and their sizes were 12.82 ± 1.61
and 12.72 ± 1.19 mL in prone position, respectively.

Dual-energy CT image pairs were smoothed using a moving
average spatial kernel to reduce noise and were loaded into a
triple-material decomposition algorithm implemented in MATLAB
es obtained from3different pigs, demonstrating the effects of acute
ickening (arrows).
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FIGURE 2. Perfusion maps by DECT and DynCT. An algorithm
applied to the lung segmentation mask divides anteroposterior
columns of pixels into 3 regions: ventral, middle, and dorsal.
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(v. R2015b).23 Tissue, air, and blood fraction imageswere returned as
material decomposition outputs from respective inputs of region-
of-interest attenuation measured in the paravertebral musculature,
within the large airways, and within the largest branch of the pul-
monary artery (Fig. 3).

In DECT, PBV (PBVDECT) was calculated as:

PBVDECT ¼ Blood% � k � 100
1−Air%ð Þ � 1:05

; ð1Þ

where Blood% represents the blood fraction; Air%, the air fraction
(AF); and k, the capillary-to-large vessel hematocrit ratio (for a he-
matocrit ratio of 0.70, k = 0.86).

Pulmonary blood flow (PBFDynCT) was calculated via a single-
input deconvolution algorithm24 in CT Perfusion 4 software (AW
Workstation; GE Healthcare) (Fig. 4). Images were preprocessed
with a moving average spatial kernel. The largest pulmonary ar-
tery branch in the image plane was defined as the arterial input
vessel, and deconvolution of time-attenuation data resulted in a
pixel-wise impulse residue function. PBFDynCT was defined as
the value of impulse residue function at t = 0, normalized by the
density of the pulmonary parenchyma, as defined elsewhere.8
FIGURE 3. Triple-material decomposition. Tissue, air, and blood fraction
Figure 3 can be viewed online in color at www.jcat.org.
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Statistical Analysis
We assessed the correlation between PBVDECT and PBFDynCT

using a per-animal Pearson r coefficient for all segmented zones:
3 zones per lung (dorsal, middle, and ventral)� 2 lungs per swine
(right and left) � 6 swine � 2 experimental settings (supine and
prone) = 72 zones (average volume of 13.36 ± 1.51 mL per zone).
We tested for the presence of regional differences in lung perfu-
sion (ie, regional perfusion heterogeneity) and aeration using
matched analysis of variance with post hoc linear trend analysis.
We used a statistical significance level of 0.05. Statistical tests
and graphical analyses were performed in GraphPad Prism (v. 7.0d;
La Jolla, Calif ).

RESULTS
The mean correlation between PBVDECT and PBFDynCT

among animals was r = 0.70 (range, 0.57–0.98) (Fig. 5).
In the supine position, PBVDECT values were higher in the

dorsal region (24.88 mL/100 g) and progressively decreased to-
ward the middle (12.91mL/100 g) and ventral (9.36mL/100 g) re-
gions. Similarly, higher PBFDynCT values were observed in the
dorsal (619.68 mL/100 g per minute), followed by the middle
(268.93 mL/100 g per minute) and ventral (148.77 mL/100 g
per minute) regions, respectively. We noted a significant dorsal-to-
ventral PBVDECT trend of −10.24 mL/100 g per region (P < 0.001)
and a dorsal-to-ventral PBFDynCT trend of −223.0 mL/100 g per
minute per region (P < 0.001) (Fig. 6).

In the prone position, PBVDECT values were higher in the
dorsal region (77.47 mL/100 g) and progressively decreased toward
the middle (49.67mL/100 g) and ventral (43.66mL/100 g) regions.
Similarly, higher PBFDynCT values were observed in the dorsal re-
gion (502.18 mL/100 g per minute), followed by the middle
(379.98 mL/100 g per minute) and ventral (285.16 mL/100 g per
minute) regions, respectively. We again noted a significant
dorsal-to-ventral PBVDECT trend of −16.16 mL/100 g per region
(P < 0.001) and a dorsal-to-ventral PBFDynCT trend of
−108.2 mL/100 g per minute per region (P < 0.001) (Fig. 7).

In the supine position, AFs obtained by DECTwere 62.57%
and 74.11% in the dorsal and ventral regions, respectively, with a
significant dorsal-to-ventral trend slope of 5.77%/region (P = 0.020).
In the prone position, AFs were 68.00% and 69.08%, respectively,
with no significant dorsal-to-ventral trend (P = 0.74) (Fig. 8).

DISCUSSION
We demonstrated correlation between a biomarker obtained

from a single-phase contrast-enhanced DECT (PBVDECT) and
maps as outputs of the triple-material decomposition algorithm.

© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 4. First-pass dynamic computed tomography perfusion. Pulmonary blood flow was calculated via deconvolution of
time-attenuation data. Figure 4 can be viewed online in color at www.jcat.org.
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PBF measured by first-pass DynCT perfusion in a model of alve-
olar injury. Although DynCT is a robust method for assessing or-
gan perfusion, already tested in phantoms,25 animal models,7,8,26

and humans,27 its clinical application has been hampered by con-
cerns about the potential stochastic effects of high radiation doses.28

In comparison to standard single-energy CT and DECT, DynCT
usually involves repetitive scanning of a limited anatomic region,
resulting in higher radiation doses directed at a restricted volume.
For instance, a typical effective dose for DynCTwith only 8-cm ex-
tension in the longitudinal axis is approximately 12.5mSv,29 whereas
the average whole-chest dose for a clinical CT scan is approxi-
mately 7 mSv.30 In contrast, DECT protocols for PE diagnosis
have promoted radiation doses similar to or even lower than those
of single-energy CT scans, without a loss of imaging quality.31,32

Therefore, our results showing moderate (0.57) to almost perfect
(0.98) correlation between DECT and DynCT for assessing lung
perfusion in alveolar injury provide support for the clinical use
of this DECT perfusion biomarker in patients with ARDS.
FIGURE 5. Dispersion graph between PBVDECT and PBFDynCT.
Data points represent each lung region of all animals. Mean per
animal r and range are shown. Figure 5 can be viewed online in color
at www.jcat.org.

© 2018 Wolters Kluwer Health, Inc. All rights reserved.
To estimate lung perfusion in a single scan, DECTrelies on ac-
curate measurements of intravascular iodinated contrast distribution
in the pulmonary parenchyma.4 Such capability is based on phys-
ical principles that were described more than 40 decades ago,2 but
were only recently refined after developments in scanner technol-
ogy.1 In late-generation fast kVp-switching DECT scanners, mea-
surements of iodine concentration are within an error margin of
10% to 33%, depending on the reference anthropomorphic phan-
tom chosen (medium-size vs obese phantoms, respectively).33

Clinically, iodine density maps have been used as surrogates of
lung perfusion in DECT studies for PE diagnosis over the last de-
cade. A preliminary study by Thieme et al3 compared the use of
DECTwith that of lung scintigraphy for assessing lung hypoper-
fusion in 13 patients suspected of having PE. Per-segment sensitiv-
ity and specificity for lung hypoperfusion were 83% and 99%,
respectively. Pontana et al34 used DECT to assess 117 patients
suspected of having PE and found that 82% (14/17) of the seg-
mental or subsegmental clots were associated with distal perfusion
defects on iodine density maps. Later, Thieme et al5 evaluated
FIGURE 6. Regional PBVDECT and PBFDynCT. Bar charts showing
mean and SE of PBVDECT (black boxes) and PBFDynCT (white boxes)
for each lung region (dorsal, middle, and ventral) in supine position.
Trend slopes are displayed. *P < 0.001. Figure 6 can be viewed
online in color at www.jcat.org.
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FIGURE 7. Regional PBVDECT and PBFDynCT. Bar charts show the
mean and SE of PBVDECT (black boxes) and PBFDynCT (white boxes)
for each lung region (dorsal, middle, and ventral) in the prone
position. Trend slopes are indicated. *P < 0.001. Figure 7 can be
viewed online in color at www.jcat.org.

FIGURE 8. Regional AF (Air%) obtained by material decomposition
on DECT. Bar charts showing mean and SE for each lung region
(dorsal, middle, and ventral) in the supine and prone positions. Only
statistically significant P values are displayed. Figure 8 can be
viewed online in color at www.jcat.org.
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15 patients with possible PE using DECT and single-photon emis-
sion CT/CT; the authors found sensitivities/specificities of 77%/98%
and 86%/88% for these methods, respectively.

Clinical utilization of DECT biomarkers of lung perfusion
was also accompanied by experimental validation of the tech-
nique. For example, Zhang et al35 used a model of embolization
of the pulmonary arteries in rabbits, showing sensitivity and spec-
ificity for the diagnosis of PE with iodine DECT maps of 100%
and 98%, respectively, against a histopathologic standard of refer-
ence. The perfusion scintigraphy sensitivity and specificity were,
respectively, 68% and 81% in the same animals. Fuld et al36 tested
a DECT biomarker of lung perfusion in 2 pig models, comprising
varying degrees of occlusion of the pulmonary artery with a
Swan-Ganz balloon and different degrees of lung inflation. The
authors found correlation between DECTand DynCT biomarkers
of lung perfusion, with correlation coefficients of 0.73 to 0.91 and
0.69 to 0.94 for the first and second models, respectively. In this
study, we showed that correlations between DECT and DynCT
biomarkers of lung perfusion held true in a model of acute lung in-
jury and yielded similar values to those observed by Fuld et al36 in
normal lungs.

We observed a decreasing perfusion gradient from the dorsal
to the ventral regions in the supine position with both DECT and
DynCT. Classic physiologic studies had already shown that re-
gional lung perfusion heterogeneity was independent of anatomic
segmentation.37–40 Earlier studies showed that lung perfusion is
generally diverted to gravitational-dependent regions, leading
West41 to propose a gravitational model of lung perfusion. How-
ever, later studies have shown that anatomic elements have equal
or even greater importance than gravitational effects.42–44 Our re-
sults are in agreement with the latter observations. The dorsal-to-
ventral perfusion gradient was maintained after animals were
switched from a supine to a prone position, whichwould not occur
in a purely gravitational model. Jones et al45 studied lung perfu-
sion using DynCT in 6 normal volunteers in the supine and prone
positions. The authors estimated that gravity was responsible for
22% to 34% of perfusion heterogeneity in the supine position,
whereas its contribution in the prone position was approximately
27% to 41%.45

Conversely, DECT showed an increasing dorsal-to-ventral
lung aeration gradient in the supine position in our model. When
animals were switched to a prone position, we did not observe
significant AF gradients between regions, reflecting a more
870 www.jcat.org
homogeneous ventilation of the lung parenchyma. Therefore, a
more favorable ventilation/perfusion ratio is obtained in the prone
position. This finding was in agreement with studies that showed
improved blood oxygenation in approximately 70% of ARDS pa-
tients ventilated in the prone position.46–48 Thus, future studies
may investigate if perfusion and ventilation DECT biomarkers
could potentially be applied for tailoring appropriate ventilation
strategies for ARDS patients.

The study had some limitations. First, all comparisons be-
tween DECT and DynCTwere limited to a small section through
the base of the lungs because of limitations of Z axis extension
of DynCT. However, we do not anticipate that extrapolation of
the conclusions to different regions would incur in significant
bias, given the consistency of prior studies that compared DECT
with whole-lung scintigraphy methods.3,5 Second, even though
we allowed a washout interval between experiments in each
of the animals, the study design, involving the use of multiple
contrast injections, could have increased the iodine density
over acquisitions. This finding has been confirmed with post
hoc analysis of our data, which showed an average increase
of 0.7 mg/mL of iodine in the blood pool after each injection.
Notwithstanding, we would expect that this bias would underesti-
mate, rather than overestimate, the correlation between the DECT
biomarker and lung perfusion. Last, although swine and human
physiology and anatomy are significantly similar,49 assumptions
of the validity of these findings in humans must be confirmed in
future clinical studies.

In conclusion, PBVDECT is correlated with lung perfusion in
a model of lung injury. This DECT biomarker can reflect the perfu-
sion heterogeneity across the dorsal-to-ventral regions. Dual-energy
CT findings in the prone position support the relative indepen-
dence of gravitational factors in the genesis of perfusion heteroge-
neity and show a more favorable relation between perfusion and
ventilation, in agreementwith the proneventilation strategies proposed
for ARDS patients.

Further studies in humans may confirm the potential ap-
plication of perfusion and ventilation DECT biomarkers as sur-
rogates of lung perfusion in patients with ARDS, with a view to
tailoring ventilation strategies, assessing prognosis, and moni-
toring response to therapy.
© 2018 Wolters Kluwer Health, Inc. All rights reserved.
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