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Assessment of Semi-automated Computed
Tomographic Measures of Segmental Perfusion
Defects in a Swine Model (Sus scrofa) of
Intermediate Coronary Lesions

Bryan C Ramsey,' Amy E Field,”> Dustin M Thomas,' Christopher A Pickett,' Alisa J Leon,” and Bernard J Rubal,”

Computed tomographic myocardial perfusion (CTP) imaging is a tool that shows promise in emergent settings for defin-
ing the hemodynamic significance of coronary artery disease. In this study, we examined the accuracy with which the trans-
mural perfusion ratio (TPR) derived through semiautomated CTP analysis reflected segmental perfusion defects associated
with intermediate coronary artery lesions in swine. Lesions (diameter stenosis, 65% + 11%) of the left anterior descending
coronary artery (LAD) were created in 10 anesthetized female swine (weight, 47.5 + 1.9 kg) by using a pneumatic occlusion
device implanted on the LAD. Occluder inflation pressures were adjusted to maintain fractional flow reserve (FFR, 74.3 +
1.7) during adenosine infusion (140ug/kg/min). Static CTP imaging using a stress-rest protocol and segmental TPR derived
from semiautomated CT perfusion software was compared with microsphere-derived TPR (mTPR) by using a 16-segment
model and polar mapping. Intermediate LAD stenosis was verified through multiplanar coronary CT angiography. Receiver
operating characteristic analysis identified an optimal threshold for segmental perfusion defects for intermediate lesions
(TPR threshold, <0.80); however, the area under the receiver operating characteristic curve was 0.58, and the overall accuracy
was 63%. At this threshold, the sensitivity and specificity were 65% and 61%, and the positive and negative predictive values
were 61% and 65%, respectively. Although CTP-TPR illustrated segmental perfusion defects with intermediate lesions, the
disparity between CTP-TPR and mTPR measures of segmental perfusion suggests that further advances in analysis software
may be necessary to improve the localization of segmental defects for intermediated lesions.

Abbreviations: CCTA, cardiac CT angiography; CTP, CT myocardial perfusion; CTP-TPR, CTP-derived TPR; FFR, fractional
flow reserve; LAD, left anterior descending; LV, left ventricle; mTPR, microsphere-derived TPR; SPECT, single-photon emission

CT; TPR, transmural perfusion ratio
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Cardiac CT angiography (CCTA) has high sensitivity for rul-
ing out obstructive coronary artery disease.!***! CCTA allows
for the visualization of epicardial vessels by using intravenous
injection of contrast media and is without complications asso-
ciated with invasive cardiac catheterization procedures. This
method of coronary artery visualization is arguably the best
first-line test to exclude obstructive coronary artery lesions in
patients with low to intermediate risk of chest pain and who
lack known coronary artery disease.'***? However, a limita-
tion of CCTA is the accurate diagnosis of hemodynamically sig-
nificant lesions in the setting of a 50% to 69% epicardial stenosis
(i.e., intermediate lesions). Patients with intermediate lesions
present a clinical conundrum with ischemic symptoms often
presenting only during stress. Roughly 50% of these patients
will not have ischemia and thus may not benefit from revascu-
larization procedures.?* Recent advances in CT technology and
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image processing suggest that contrast-enhanced CT myocar-
dial perfusion (CTP) imaging has potential for not only defining
coronary artery anatomy but also identifying the hemodynamic
significance of coronary lesions in a single test procedure.
Various CTP indices have been proposed to quantify ischemic
burden.

In clinical trials, CTP indices of myocardial perfusion were
compared with single-photon emission CT (SPECT), MRI, and
invasive measures of fractional flow reserve (FFR).1313-1517.29
When compared with SPECT stress perfusion studies, CTP indi-
ces derived during pharmacologic stress are reported to have a
sensitivity ranging from 86% to 96%, specificity of 65% to 100%,
and a positive predictive value of 78% to 100% for detecting
perfusion defects.!** Given that the endocardium is more sen-
sitive to ischemia than the epicardium, one group introduced
a semiautomated CTP method for assessing the myocardial
ischemia using the transmural perfusion ratio (TPR).” In those
and other studies, myocardial segments with TPR of less than
0.99 were considered ischemic.!**!*?2 The authors reported that
TPR improved the specificity of CCTA for accurately identifying
obstructive stenosis. However, the patient populations in these
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studies had a wide spectrum of coronary disease. The incremen-
tal benefit in specificity for patients with intermediate stenosis is
not well established. In present study, we examine the accuracy
CTP measures of TPR in swine with intermediate LAD lesions
established by the titration of an occlusion device during ad-
enosine infusion compared with microsphere-based measures
of segmental blood flow (mTPR).

Materials and Methods

Figure 1 provides a schema of the procedures and protocol
for this experiment. The animal protocol was reviewed and ap-
proved by the IACUC at the US Army Institute of Surgical Re-
search (protocol no. A17-01). This study has been conducted in
compliance with the Animal Welfare Act,® the implementing
Animal Welfare Regulations,® and the principles of the Guide
for the Care and Use of Laboratory Animals.

Ten female Yorkshire swine (Sus scrofa; weight, 47.5 £ 1.9 kg)
were sedated by using intramuscular injection of tiletamine—zo-
lazepam (4 to 5 mg/kg; Fort Dodge Animal Health, Fort Dodge,
IA). The animals were anesthetized by using 4% to 5% isoflu-
rane (Baxter, Deerfield, Ill.) and 100% oxygen by face mask. Af-
ter endotracheal intubation, they were maintained on 2% to 3%
isoflurane with 100% oxygen. Vascular access was established
for catheter placement in the femoral arteries, left carotid artery,
and jugular vein. Left lateral thoracotomy was performed at
the fourth intercostal space, and the heart was exposed via a
pericardial cradle. A 2.0- or 3.0-mm vascular occluder (Docxs
Biomedical, Ukiah, CA) was placed on the proximal to mid left
anterior descending coronary artery (LAD) distal to the first
septal perforator, to avoid obstruction of septal and diagonal
branches. A custom left atrial catheter (inner diameter, 0.062
in.; silastic tubing, Dow Corning) was then directly placed and
secured by using a purse-string suture. The pericardial cradle
was released, the left atrial catheter and actuating tubing for
the occluder were exteriorized, and the chest was closed. After
chest closure, animals were transitioned to continuous-rate infu-
sion of total intravenous anesthesia comprised of ketamine HCI
(20 to 30 mg/kg/h; Boehringer Ingelheim Vetmedica, Duluth,
GA), midazolam HCL (1.0 to 1.5 mg/kg/h; West-Ward Phar-
maceuticals, Eatontown, NJ,) and propofol (100 pg/kg; Sargent
Pharmaceuticals, Schaumburg, IL) and were maintained under
a surgical plane of anesthesia, with mechanically ventilation for
arterial pO, saturation of greater than 95% and pCO, at 40 + 4
mm Hg, for the remainder of the experiment. ECG, heart rate,
arterial blood pressure, oxygen saturation, and expired pCO,
were continuously monitored.

Retrograde cardiac catheterization was performed via the
right femoral artery under fluoroscopic guidance for the
placement of a 2-French high-fidelity catheter (model 814,
Mikro-Tip, Millar Instruments, Houston, TX) in the LAD
distal to the LAD occluder. This goal was accomplished
by using a 6-French, Amplatz Left (AL.75) guide catheter
(Runaway, Boston Scientific, Marlborough, MA), 5.5-French
Guideliner (Vascular Solutions, Maple Grove, MIN), and
0.014-in. coronary wire as needed. Arterial pressures were
simultaneously obtained both from the arterial sheath and
a 6-French high-fidelity catheter (Mikro-Tip, Millar Instru-
ments) placed in the central aorta. Both phasic and mean
pressures were recorded from each recording site. Fractional
flow reserve (FFR) was continuously computed and dis-
played in real-time as:

FFR = mean x Pa

mean x P

Myocardial tissue perfusion ratio

Mean P is the mean coronary pressure distal to the occluder,
and mean P_ is mean aortic pressure. Hyperemia was induced
by the intravenous infusion of adenosine (140 ug/kg/min;
Sigma-Aldrich, St Louis, MO). After hemodynamic stabiliza-
tion during hyperemia, an intermediate LAD lesion (FFR, ap-
proximately 75% [74.3% * 1.7%]) was achieved by the controlled
inflation of the LAD occluder (Encore Inflator, Boston Scientific,
Marlborough, MA). The occlusion was maintained but the ad-
enosine infusion was suspended while the animal transported
for CT imaging.

CT perfusion protocol. Hyperemia was again induced by
adenosine infusion (140 ng/Kg/min) prior to CT myocardial
perfusion imaging. Static CT cardiac tissue perfusion imaging
using a stress-rest protocol®® with retrospective, ECG-gated ac-
quisition was performed (Aquilion Prime, Cannon Medical Sys-
tems, Irvine, CA). With this CT perfusion protocol, myocardial
perfusion is first assessed during vasodilation with adenosine
then following a period of recovery the resting state images are
obtained.>® Arterial blood pressure and ECG were continuously
monitored.

After hemodynamic stabilization and scout imaging, a power
injector (MEDRAD Stellant, Bayer HealthCare, Whippany, NJ)
was used for triphasic infusion of intravenous-contrast iopami-
dol (Isovue-370, Bracco Diagnostics, Monroe Township, NJ) and
saline (contrast, 4.0 mL/s for 44 mL; mix, 4.0 mL/s for 22 mL;
saline, 4.0 mL/s for 50 mL). All images were acquired at held
expiration. CT image acquisition was initiated by using bolus
tracking (Sure Start, Cannon-Toshiba, Tustin, CA), with the re-
gion of interest located on the descending aorta at or just below
the level of the carina and a threshold for acquisition set as +180
HU. Retrospective ECG-gated scans were acquired at 120 kV
and 400 mA. Images were reconstructed at a slice thickness of
0.5 mm between 0% and 90% of the R-R interval.

In addition, grayscale CT perfusion images were interpreted
visually by an experienced cardiologist (DT), who was blind to
quantitative stenosis results. The postprocessing settings used
for visual interpretation of myocardial perfusion were 5-mm
slabs with Hounsfield unit averaging and window width and
level of 300 and 100 HU, respectively. Left ventricular (LV) wall-
motion assessments were made by using the workstation cine
function and formatted in traditional transthoracic echocardiog-
raphy views. Semiautomated measures of TPR were assessed
based on a 16-segment perfusion model (apex excluded, with
slices modified for 1-cm slice thickness) previously reported,
with manual correction of the epicardial and endocardial bor-
ders when applicable.’!*

Myocardial blood flow. Myocardial blood flow was obtained
from microsphere measurements immediately after CT image
acquisition while adenosine infusion was maintained. A dose of
8.0 x 10° microspheres (15-um microspheres, BioPAL, Wellesley
Hills, MA) was delivered in 7 mL of normal saline bolus via
the left atrium, followed immediately by a 7-mL flush of nor-
mal saline. A reference arterial blood sample was withdrawn
from the left femoral artery sheath at a rate of 3 mL/min for
3.5 min, beginning 30 s prior to microsphere injection. Micro-
sphere measurement of myocardial tissue perfusion was previ-
ously validated.” Adenosine infusion was then terminated, and
20 min was allowed for recovery from hyperemia. Resting CT
myocardial perfusion imaging was then performed, followed
by a second injection of microspheres with a different stable
isotope label.

At the completion of CT imaging and microsphere injec-
tions, total occlusion of the LAD was achieved by inflation of
the occluder. A 3% solution of Evan blue dye (Sigma-Aldrich)
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Figure 1. Schema of the protocol, from animal preparation through tissue sample processing. CTA, computed tomography angiography; FFR,
fractional flow reserve; ICA, intracoronary angiography; MDCT, multidetector computed tomography; LA line, left atrial fluid line; and LAD,
left anterior descending coronary artery, occluder. The vertical green and gold lines indicate microsphere injections.

was injected into the LV cavity (n = 8) or into the LAD distal
to the occluder post mortem (n = 2). Animals were euthanized
(Fatal Plus, Vortech Pharmaceuticals, Dearborn, MI) and the
heart extracted. The LV was weighed (wet weight) after re-
moval of the left and right atria, right ventricle, pulmonary
artery, and aorta. The LV was then cooled for 24 h at 10 °C.
The heart was then cooled at —15 °C for 30 min and cut into
uniform-thickness (10 £ 1.0 mm) short-axis slices (model 61-
0901, Weston, Strongsville, OH). These short-axis slices were
photographed for correlation with CT perfusion imaging.
The papillary muscles and valvular apparatus were removed,
and short-axis segments were indexed in accordance with the
16-segment model* modified to incorporate the greater spa-
tial resolution of the anatomic slices our study. In the present
study, myocardial blood flow was assessed from the short-
axis slice beginning at the level of the occluder to the apical
region (the apical cap was not included). The basal slice above
the occluder was excluded also. Three short-axis slices (ap-
proximately 1-cm thick; 2 mid-cavity and one apical) were
analyzed from each animal. The short-axis slices were then
cut into perfusion territories for the LAD, left circumflex, and
right circumflex arteries by using the anatomic course of the
LAD to identify free-wall and septal segments. This process
yielded 6 segments from the LAD territory per animal (total of
60 samples) and 10 nonLAD segments (total of 100 non-LAD
samples). These segments were then subdivided into endocar-
dial (n = 160) and epicardial (n = 160) sections by using mid-
myocardial dissection. The wet weight (mean + 1 SD) of the
epicardial samples was 1.78 + 0.61 g, the endocardial sample
weight was 1.51% 0.62 g, and the overall weight of myocar-
dial samples was 1.65 + 0.63 g (n = 320 segments). The tissue
samples were dehydrated (model 75-0301, Weston) and sent
to a core laboratory (BioPAL, Worcester, MA) for analysis by
neutron activation.

Data analysis. Both rest and stress CT perfusion images were
reviewed by using 3D CT workstation software (Vitrea version
6.7, Vital Images, Minnetonka, MN). Qualitatively, CTP was
assessed by a single reader using thin-slab reconstructions
(5-mm slices), average and minimal intensity projections at
a window width of 200 HU, and a window level of 100 HU.
The TPR was derived using semiautomated, proprietary CTP
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software (Vitrea version 6.7, Vital Images) and previously pub-
lished methods™ as

subendocardial (HU)

CTP-TPR = carel X
mean epicardial (HU)

Absolute myocardial blood flow (mL/min/g) for subendocar-
dial and epicardial regions was derived by using published mi-
crosphere methods? as

_ reference blood volume _ activity tissue

Tissue Blood flow

withdrawal time activity blood

and

MTPR - subendocardial blood flow / g _

epicardial blood flow / g

Continuous variables are presented as mean + 1 SD, and nomi-
nal data are expressed as percent of total. ANOVA was used to
assess difference between in blood flow between stress and rest,
transmural flow and blood flow between perfusion territories,
and segmental perfusion difference in TPR derived by using
microspheres and CT. Posthoc tests were used for multiple-
group comparisons. Differences in nominal data were assessed
through contingency testing or z-tests. P values less than 0.05
were considered significant. Bland—Altman plots and the Co-
hen x statistic were used to assess agreement between mTPR
and CTP-TPR values. The optimal threshold for CTP-TPR com-
pared with mTPR was assessed by examining sensitivity and
specificity curves over the observed range of the TPR values.
The receiver operating characteristic curve including the AUC is
presented for CTP-TPR, with mTPR as the standard. Statistical
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analyses were performed by using commercially available
software (SPSS version 22.0, IBM, Armonk, NY, and SigmaPlot,
version 12, Systat Software, San Jose, CA).

Results

Intermediate lesion severity. In this study, intermediate coro-
nary lesions were induced in 10 animals by the partial occlusion
(diameter stenosis, 65.1% * 11.0%) of the LAD distal to the first
septal perforator during adenosine infusion (FFR, 74.3% +1.7%).
The mean arterial pressure was lower (P < 0.001) with adenosine
(50.4 £ 8.2 mm Hg) compared with rest (81.7 + 9.9 mm Hg). The
average heart rate was 81.8 * 14.0 bpm during adenosine infu-
sion compared with 74.9 + 11.7 bpm (P = 0.086) at rest. Figure 2
illustrates an example of a 3D reconstructed cardiac image with
a stress color CTP overlay, multiplanar reconstructions of stress
or rest CCTA of the LAD artery, short-axis stress or rest CTP im-
ages at the mid-cavity level, and color polar maps of the stress
or rest CTP-TPR for a representative animal. In this example,
diameter stenosis during adenosine was 61%, and the ischemic
territories are indicated with arrows in planar images and as red
and black territories on polar maps. The location of the occluder
is represented by the letter O.

Myocardial perfusion and TPR. Table 1 compares epicardial
and endocardial blood flows (mL/min/g) derived from micro-
sphere measurements and segmental rest and stress TPR. No
difference was found between endocardial and epicardial blood
flows within the LAD and nonLAD segments at rest. Overall
(n = 160 segments), the average increase in blood flow with ad-
enosine was 89.6% * 1.7% in the epicardium compared with
48.0% * 1.6% within the endocardium (P < 0.001). Although sig-
nificant decreases in mTPR were noted with adenosine, little
change was noted in mean CTP-TPR values.

Agreement between mTPR and CTP-TPR. Figure 3 presents
the Bland—Altman limits of agreement (mean A + 95% CI =
—0.047 £ 0.292) between mTPR and CTP-TPR. The wide vari-
ability in the differences indicates poor agreement between TPR
measures for intermediate LAD lesions. No significant offset
bias (P = 0.217) was observed; however, regression of the dif-
ferences to the mean suggests that a proportion error between
mTPR and CTP-TPR was present over the mean measurement
range (R*>=0.313, P < 0.001).

Sensitivity and specificity. Figure 4 illustrates the discrimina-
tory value of CTP-TPR for detecting segmental perfusion de-
fects associated with intermediate LAD lesions. Panel A shows
an optimal tradeoff between sensitivity and specificity (dashed
line) at a TPR threshold of 0.80. At this threshold, there was no
difference (P = 0.855) in the number of ischemic LAD segments
identified by using mTPR (29 of 60, 48.3%) or CTP-TPR (31 of
60, 51.7%). Sensitivity and specificity were 65.5% and 61.3%, and
positive and negative predictive values were 61.3% and 65.5%,
respectively. The overall accuracy of CTP-TPR was 63.3%, with
only fair agreement between CTP-TPR and microsphere TPR
when observations were adjusted for chance (x = 0.267, P =
0.038). Table 2 summarizes the sensitivity, specificity, and pre-
dictive values for commonly reported CTP-TPR thresholds and
for values that define the color coding on polar maps. The
receiver operating characteristic curve (panel B) suggests that
the CTP-TPR associated with intermediate lesions has a poor
discrimination value for identifying ischemic segments (AUC
=0.581).

CTP-TPR compared with visibly apparent defects and wall-
motion abnormalities. In our study, 70% of the animals (7 of 10)
had wall-motion abnormalities affecting one or more segments
within the LAD distribution during adenosine infusion, and

Myocardial tissue perfusion ratio

perfusion defects were apparent visually in 60% of the animals
(6 of 10). Although all animals with visible CT perfusion defects
had at least one LAD segment with CTP-TPR of 0.8 or less, 3
animals without visible perfusion defects also had segments in
which CTP-TPR was 0.8 or less. In addition, 6 of the 7 animals
with wall-motion abnormalities had at least one hypoperfused
segment, and 3 animals without wall-motion abnormalities had
CTP-TPR of 0.80 or less. Therefore, although best agreement in
LAD segmental perfusion was noted between mTPR and CTP-
TPR at a threshold of 0.80, poor overall agreement was noted
between CTP-TPR and both visible perfusion (x = 0.286, P =
0.197) and wall-motion (kx = 0.176, P = 0.490) defects.

Discussion

Although the benefits of CT angiography for identifying the
anatomic location of epicardial lesions are well established, the
physiologic significance of epicardial lesions is poorly defined
by angiography alone.”'* This situation is particularly true
for intermediate lesions.?® The clinical challenge with these
lesions is to determine whether the patient will benefit from
a revascularization procedure. Typically, these patients have
sufficient coronary perfusion in the resting state to prevent
ischemia. However, under stress, when myocardial perfusion
demands increase, ischemic regions develop in myocardial seg-
ments downstream from the lesion. With the advances in CT
imaging over the past decade, novel approaches have evolved
for defining the hemodynamic significance of coronary lesions
by using either static'** or dynamic? CT imaging platforms.®%2
The authors of a recent review of the benefits and shortcomings
of myocardial CT perfusion techniques suggested that 1) the
optimal method for assessing functional significance of coro-
nary lesions by CT imaging remains to be established and that
2) “imperfect gold-standard comparators” should be replaced
with “more valid reference standards.”® In the present study,
we investigated the limitations of a CT perfusion index used in
clinical application software.

TPR during stress imaging was introduced a decade ago to
improve the diagnostic accuracy of CT angiography for identi-
fying hemodynamically significant lesions.”® TPR takes advan-
tage of the greater susceptibility of the endocardium to become
ischemic relative to the epicardium with flow-limiting lesions.’
Although an incremental benefit of CTP-TPR in conjunction
with CT angiography has been reported in patient populations
with a wide spectrum coronary lesion severities,'*'>* this ben-
efit is reportedly less than that of visual assessment of perfusion
defects by skilled CT examiners.”?%

In the present study, we sought to better define the accuracy
with which CTP-TPR identifies segmental perfusion defects in
a model specifically design to assess ‘intermediate’ coronary le-
sions. We used microsphere-based measures of endocardial and
epicardial blood flow and postmortem anatomic validation of
segmental perfusion areas as the standard for evaluating the ac-
curacy of CTP-TPR. By titrating coronary occlusion to a known
FFR during adenosine stress, downstream segmental perfusion
defects were precisely defined in our model. Our findings sug-
gest that 1) the optimal CTP-TPR threshold for the discrimi-
nation of functionally significant intermediate lesions is lower
than previously reported for intermediate-risk populations, 2)
the discrimination value for detecting segmental ischemia with
intermediate lesions by CTP-TPR alone is poor (AUC = 0.581),
and 3) there is poor agreement between CTP-TPR defects and
visibly apparent perfusion and wall-motion defects.

The significance of our findings is best assessed in light
of the history behind acceptance of this index for use with
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Figure 2. (A) 3D reconstructed CCTA with stress color CTP overlay. ‘O” marks the location of the occluder on the LAD. (B) Stress CCTA of the
LAD with 61% stenosis (a), short-axis stress CTP image at the mid-cavity level with ischemia (arrows) in the anterior and anterior septal seg-
ments of the LAD distribution (b), short-axis rest CTP image at the same level, with mild rest perfusion defect (c), rest CCTA of LAD with no
perceptible stenosis (d), color polar map of the stress CTP-TPR, demonstrating multiple areas with perfusion defects in the LAD distribution (e),

and color polar map of the rest CTP-TPR, demonstrating moderate defect in the LAD distribution (f).

Table 1. Segmental myocardial blood flows and TPR ratios

Adenosine Rest

Myocardial blood flow (mL/min/g) Epicardial Endocardial p? Epicardial Endocardial p?
LAD (n = 60) 2.32+1.19 1.99 £1.57 <0.004 1.69 +£0.83 1.75+0.57 0.462
Other (1 = 100) 2.68+1.40 223+1.71 <0.001 1.72+0.77 1.77 £0.64 0.269
LAD compared with other® 0.081 0.372 0.857 0.794

TPR ratio p TPR CTP-TPR

Stress Rest Pe Stress Rest Pe

LAD (n = 60) 0.83+0.30 1.12+0.26 <0.001 0.78+0.16 0.78+0.13 0.871
Other (n = 100) 0.83+0.32 1.10+0.25 <0.001 0.86+0.15 0.89+0.13 0.138
LAD compared with other® 0.963 0.681 0.002 <0.001

2P values indicate comparison of epicardial and endocardial blood flows

P values indicate comparison of left anterior descending artery (LAD) with left circumflex and right coronary arteries (other)

P values indicate comparison between stress and rest TPR ratios

FDA-approved coronary artery analysis software. CTP-TPR
was introduced as a semiquantitative index for identifying myo-
cardial perfusion defects in patients (1 = 44) with a suspicion of
CAD and abnormal stress SPECT images." In that study, the
TPR of normal segments was 1.12 + 0.13, and perfusion defects
were defined as TPR that were 1 SD below the mean (TPR less
than 0.99). With this cutoff, the per-vessel or -territory sensi-
tivity, specificity, and positive and negative predictive values
were 75%, 87%, 60%, and 93%, respectively. Although SPECT
myocardial perfusion imaging does not provide sufficient reso-
lution for quantifying endocardial and epicardial perfusion, the
TPR threshold of less than 0.99 was incorporated into semiauto-
mated automated software for clinical use and in polar map dis-
plays of segmental perfusion defects. Lower optimal threshold
for CTP-TPR have been reported for populations with more se-
vere coronary stenosis.* Other investigators also have reported
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a lower TPR threshold (<0.85) with a 2-layer attenuation model
for the detection of lesions that were positive by SPECT and
with 70% or greater stenosis by quantitative invasive coronary
angiography.'’ Furthermore, 2 groups®? failed to find an incre-
mental benefit of CTP-TPR over visual assessments of perfusion
defects in patients with coronary stenosis with direct measures
of FFR of 0.80 or less. These observations are consistent with our
findings showing that the optimal cutoff for CTP-TPR for inter-
mediate lesions was 0.80, with poor discriminatory value of our
receiver operating characteristic analysis. The overall accuracy
of CTP-TPR for identifying segmental perfusion defects with in-
termediate lesions in our model was 63.3%. we also found poor
agreement between CTP-TPR and the visual assessment of both
perfusion defects and wall-motion abnormalities.

With regard to study limitations, we used a swine model
to validate the accuracy of CTP-TPR that was derived from
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Figure 4. (A) Comparison of the sensitivity and specificity of CTP-TPR threshold values for detecting segmental perfusion defects associated
with intermediate LAD lesions. The best compromise between sensitivity (65.5%) and specificity (61.3%) was at a CTP-TPR threshold of 0.80
(dashed veridical line). (B) receiver operating characteristic curve, indicating that CTP-TPR has a low discriminatory value (AUC= 0.581) for

detecting perfusion defects.

software optimized for humans. Although the coronary anat-
omy and myocardial blood flow in swine have been well stud-
ied, the effects of partial volume, beam hardening, and motion
artifacts in this model are less well defined. In the present study,
perfusion segments were precisely defined by postmortem anat-
omy and the course of the LAD. Short-axis slices 1) began at the
level of the LAD occluder, with the basal segment excluded, and
2) CT perfusion territories where matched with 1-cm—thick post-
mortem anatomic slices of the heart (excluding the apex) prior

to CTP-TPR analysis. The TPR software that we used in this
study automatically divides the myocardial wall into 3 equal
layers;"® however, our microsphere analysis was based on di-
vision of the myocardial wall into 2 layers. In addition, in our
study, 4 to 5 min of transport time was required from the surgi-
cal area to the CT imaging suite. During this period, although
no adjustment was made to the occluder, adenosine infusion
was terminated for transport and then reestablished to maintain
stable hemodynamics for 5 min after the animal was positioned
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Table 2. Sensitivity, specificity, and predictive values for TPR thresholds

TPR threshold Sensitivity Specificity PPV NPV Accuracy
0.99 97.7% 5.9% 72.4% 50.0% 71.7%
0.85 71.9% 50.0% 62.2% 60.9% 61.7%
0.80 65.5% 61.3% 61.3% 65.5% 63.3%
0.75 44.0% 65.7% 47.8% 62.2% 56.7%
0.60 11.8% 83.7% 22.2% 70.6% 63.3%

NPV, negative predictive value; PPV, positive predictive value

in the CT prior to image acquisition for stress. Finally, we opted
for a stress—rest protocol design for this analysis. This approach
has both advantages and limitations,” most notably providing
the ability to perform stress imaging without pretreatment with
B blockers (which can mask perfusion defects when present) but
without the advantage of defining the coronary anatomy prior
to administering adenosine. This protocol decision may affect
the generalizability of our results but is considered a viable ap-
proach to CTP imaging.>*

In conclusion, we are the first to report the use of newly in-
troduced disposable 2-French micromanometric catheters and
a standard clinical inflator with an occlusion device to estab-
lish stable experimental intermediate coronary artery lesions.
We provide a method for uniform slicing of cardiac tissue to
achieve anatomic correlates with cardiac CT imaging. Finally,
our study shows that when corrected for chance events, only
modest agreement was noted between segmental perfusion de-
fects detected by semiautomated CT measures of TPR compared
with microsphere measures of myocardial blood flow. These
findings suggest that further refinements of semiautomated
TPR software are warranted to improve accuracy in detecting
perfusion defects in patients with intermediate lesions and also
demonstrate the utility of translational models that afford the
opportunity to use ‘gold standard” measures of myocardial
blood flow for validation.
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