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Abstract

Vasodilator-stress CT perfusion imaging in addition to CT coronary angiography (CTCA) may provide a single-test alterna-
tive to nuclear stress testing, commonly used to assess hemodynamic significance of stenosis. Another alternative is frac-
tional flow reserve (FFR) calculated from cardiac CT images. We studied the concordance between these two approaches
and their relationship to outcomes. We prospectively studied 150 patients with chest pain, who underwent CTCA and
regadenoson CT. CTCA images were interpreted for presence and severity of stenosis. Fused 3D displays of subendocardial
X-ray attenuation with coronary arteries were created to detect stress perfusion defects (SPD) in each coronary territory. In
patients with stenosis >25%, CT-FFR was quantified. Significant stenosis was determined by: (1) combination of stenosis
>50% with an SPD, (2) CT-FFR <0.80. Patients were followed-up for 36 +25 months for death, myocardial infarction or
revascularization. After excluding patients with normal arteries and technical/quality issues, in final analysis of 76 patients,
CTCA depicted stenosis >70% in 13/224 arteries, 50-70% in 24, and <50% in 187. CT-FFR <0.80 was found in 41/224
arteries, and combination of SPD with > 50% stenosis in 31/224 arteries. Inter-technique agreement was 89%. Despite high
incidence of abnormal CT-FFR (30/76 patients), only 7 patients experienced adverse outcomes; 6/7 also had SPDs. Only 1/9
patients with CT-FFR <0.80 but normal perfusion had an event. Fusion of CTCA and stress perfusion can help determine
the hemodynamic impact of stenosis in one test, in good agreement with CT-FFR. Adding stress CT perfusion analysis may
help risk-stratify patients with abnormal CT-FFR.
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Introduction

Combined assessment of coronary anatomy, i.e. pres-
ence and severity of stenosis, and its hemodynamic sig-
nificance, namely extent of ischemia, is of great clinical
importance, especially in patients with chest pain. This is
frequently achieved by radionuclide myocardial perfusion
imaging triggered by abnormal CT coronary angiography
(CTCA), especially in patients with intermediate grade
stenosis [1-3]. This is because CTCA is known to over-
estimate stenosis and because the extent of myocardial
ischemia is more important than the severity of stenosis
for identifying patients who would benefit from revascu-
larization [4, 5].

A recent alternative to nuclear perfusion imaging is
vasodilator CT, designed to detect stress-induced per-
fusion defects (SPDs), thereby offering the advantage
of noninvasive assessment of abnormalities in coronary
anatomy and their hemodynamic impact in a single test
[6-8]. Although CT perfusion (CTP) imaging has been
tested and validated [9-14], it relies on visual assessment
of multiple 2D slices, rather than 3D analysis of the entire
myocardium, and requires manual adjustment of contrast
windows, both carrying the risk of missing small subendo-
cardial perfusion defects. Accordingly, we recently devel-
oped fusion software that creates combined 3D displays
of the coronary arteries with color maps of myocardial
perfusion [15], geared towards combined assessment of
the severity of stenosis in each coronary artery and the
extent of ischemia it causes in the underlying myocardium.

Furthermore, alternative approaches that do not involve
stress and/or additional radiation, may have important
implications for greater patient safety and significant cost
savings. One such approach, designed to provide informa-
tion on hemodynamic significance of coronary stenosis is
the noninvasive fractional flow reserve (FFR) calculated
from resting cardiac CT images using fluid dynamics (CT-
FFR) [16-22]. This approach has been validated and is
rapidly expanding into clinical practice [23, 24], since its
approval for clinical use.

Although stress CTP imaging and CT-FFR both provide
information on hemodynamic significance of coronary ste-
nosis, they reflect different aspects of the disease. CT-FFR
estimates flow reserve along the artery, similar to invasive
coronary FFR measurements obtained from pressure gra-
dients across the stenotic lesion at rest and during stress,
which is the current standard used to guide interventions.
In contrast, stress CTP reflects the presence and extent of
ischemia within the myocardial tissue, rather than at the
vessel level, and is thus affected in addition by microvas-
cular dysfunction [25, 26]. The agreement between these
two techniques in their determination which stenotic lesion
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is hemodynamically significant, is not well established.
This study was designed to investigate the concordance
between stress CTP and CT-FFR in patients with chest
pain who are commonly referred for cardiac CT, and to
identify the main sources of discordance. Our secondary
goal was to determine the relationship between positive
findings on CT-FFR and CTP analysis and outcomes in
this patient population.

Methods
Study design

This was a prospective study in which we enrolled patients
with chest pain referred for CTCA. Figure 1 shows a diagram
of the study design. Resting CT images were used for con-
ventional detection of coronary stenosis. Images obtained
in patients with stenosis >25% in at least one artery were
analyzed to obtain CT-FFR. Resting images were also used
to extract the coronary tree and the 3D endocardial surface
for fusion. Vasodilator stress CT images were used to obtain
perfusion data, which were mapped onto the 3D surface and
fused with the coronary tree. These fused displays were used
to detect SPDs in the territory of each artery. Hemodynami-
cally significant disease was determined using two criteria
in parallel: (1) a combination of stenosis >50% on CTCA
concomitant with an SPD, reflecting together the anatomical
severity and the hemodynamic impact of stenosis [27], and
(2) abnormal CT-FFR. These determinations were compared
between them on an artery basis. In addition, patients were
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Fig.1 Schematic diagram of the study design (see text for details)
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followed-up for at least 1 year for death, myocardial infarc-
tion or revascularization, in order to determine the extent to
which the above two criteria are associated with outcomes.
To avoid affecting the outcomes, neither CT-FFR nor CTP
data were made available to the treating physicians.

Population

We prospectively enrolled 150 patients with chest pain
referred for CTCA (age: 55+ 11 years, 72 males; 48 with
hypertension, 16 diabetes mellitus, 56 dyslipidemia; 32
history of tobacco use), who agreed to undergo vasodilator
stress CT immediately after, in the same setting. Patients
with relative contraindications to CTCA, including known
allergies to iodine, renal dysfunction (creatinine > 1.6 mg/
dL), inability to perform a 10-s breath-hold, and contrain-
dications to beta-blockers or vasodilators, such as chronic
obstructive pulmonary disease, advanced heart block or
systolic blood pressure <90 mmHg, were excluded. This
included 28 patients reported in our pilot study [15].

The study was approved by the Institutional Review
Board, and each patient signed an informed consent. None of
the findings of our research study were conveyed to the phy-
sicians who referred the patients for the cardiac CT examina-
tions or the treating physicians. All patients underwent the
appropriate clinical management in accordance with their
individual needs.

CT imaging

Patients received beta-blocker metoprolol orally
(50-100 mg, 1 h prior to imaging) and/or intravenously
(5—-15 mg immediately prior to imaging), as necessary to
achieve a target heart rate of <65 bpm. Sublingual nitro-
glycerin (0.4-0.8 mg) was administered, provided that
systolic blood pressure was > 100 mmHg. Images were
acquired during suspended respiration using a 256-channel
scanner (Philips iCT). After resting imaging was performed
according to a standard clinical CTCA protocol, regadeno-
son (Astellas, Deerfield IL), was administered (0.4 mg, i.v.)
> 15 min later to ensure contrast clearance. An additional set
of images was acquired 1 min after regadenoson to ensure
peak effect. Retrospective gating at end-systole was used to
avoid “slab” artifacts that were found to frequently affect
perfusion evaluation with prospective gating [15]. Dose
modulation was used to minimize radiation exposure [13],
with gantry rotation time 270 ms, slice thickness 0.625 mm,
tube currents 600—1000 mA and voltage 100-120 kV
(depending on body weight). The resultant effective radia-
tion dose was 5.5 +4.6 mSyv, including both the resting CT
angiography and stress perfusion imaging. Patients received
a bolus of iodinated contrast agent (~ 65 ml, 5 ml/s), which
was injected into the right antecubital vein and followed by

a 20-ml saline bolus. Image acquisition was triggered by the
appearance of contrast in the descending thoracic aorta, 5 s
after attenuation increased > 50 Hounsfield units.

Stress CTP analysis

Stress CT images were analyzed using previously described
custom software for volumetric analysis and display of myo-
cardial perfusion [13, 28, 29]. Briefly, following semi-auto-
mated identification of the endo- and epicardial surfaces, the
3D region of interest confined between them was identified
as LV myocardium. Coronary arteries and contrast-filled
inter-trabecular spaces were excluded from the myocardium
and papillary muscles and trabeculae were excluded from
the LV cavity by setting thresholds on the histograms of
X-ray attenuation to discard voxels represented by a separate
peak/tail outside normal distribution of the myocardium and
the blood pool, respectively [13, 28, 29]. To allow visuali-
zation of stress perfusion defects, subendocardial attenua-
tion was calculated across the inner 50% of the myocardial
thickness and normalized by adjacent LV cavity attenuation
for each node. All values were expressed in percent of the
maximum value, and a median filter was used to smooth the
color-encoded display.

Image fusion

Resting CTCA images were exported in DICOM format
into Matlab to extract the coronary tree using previously
described custom software [15]. The subendocardial stress
perfusion data were mapped onto the endocardial surface
and fused with the coronary arteries, resulting in a com-
bined 3D display of the coronary anatomy and myocardial
perfusion. The entire processing time was 15-20 min, once
the data files are loaded. This display, with perfusion color-
encoded onto the endocardial surface, was viewed from dif-
ferent angles (Video 1). This was done to determine the pres-
ence of a perfusion defect, defined as an area of non-uniform
color distribution, in the territory underlying each artery,
while taking into account the individual coronary anatomy
by its direct visualization (Video 2).

Inter-technique comparisons

CTCA interpretation of coronary anatomy, performed on
the resting images by an experienced reader, included the
determination of presence, location and extent of stenosis in
percent of luminal narrowing. Coronary arteries were then
divided into three categories: (1) <50% luminal narrowing
and no clear perfusion defect, reflecting normal hemody-
namics, (2) > 50% luminal narrowing and a visible perfu-
sion defect, reflecting significant stenosis, and (3) either a
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Fig.2 Flowchart of patient enrollment through the formation of the
final study group (see text for details)

perfusion defect without stenosis > 50% or stenosis >50%
without a perfusion defect, which were interpreted as insuf-
ficient evidence of hemodynamic impairment.

CT fractional flow reserve

In patients with stenosis >25% in > 1 artery, CT-FFR
analysis was performed from the resting CT datasets
(HeartFlow, Redwood City, CA). This analysis included
fluid dynamics based calculation of FFR for each coronary
artery. FFR values was read approximately 1 cm distally
to stenosis seen on CTCA. Calculated FFR values were
used to categorize each coronary artery as either normal if
FFR > 0.80, or as having hemodynamically significant ste-
nosis if CT-FFR <0.80.

Outcomes

Composite outcomes that included death, myocardial
infarction or revascularization were collected through chart
review, Social Security Death Index search, and direct com-
munication with patients/family and referring physicians.

Statistical analysis

To determine the level of agreement between the above two
approaches, 2 X2 contingency tables were created for each
comparison and populated with numbers of arteries where
both techniques indicated the presence or absence of signifi-
cant disease, and those where they disagreed. These tables
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Vasodilator stress CT myocardial perfusion

Fig. 3 Example of combined 3D display of myocardial perfusion dur-
ing vasodilator stress and the coronary arteries obtained in a patient
with no significant stenosis (left and right panels). The four snapshots
depict the different views with fairly uniform subendocardial perfu-
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were used to calculate the overall agreement (in percent of
the total number of arteries), which was also assessed using
kappa-statistics. The calculated kappa coefficients were
judged as follows: 0-0.2 low, 0.2—0.4 moderate, 0.4-0.6
substantial, 0.6-0.8 good, and > 0.8 excellent.

Results

Of the 150 patients, two refused stress testing after sign-
ing informed consent, and two were not given regadeno-
son for safety concerns. Technical issues (e.g. infusion
pump malfunction) and poor quality of stress CT images
that precluded perfusion analysis (e.g. insufficient contrast
due to incorrect timing of acquisition), resulted in exclu-
sion of 10 additional patients. Figure 2 shows the scheme of
patient enrollment through the formation of the final study
group. Of the remaining 136 patients, 75 patients had either
minimal stenosis with narrowing <25% or no evidence of
disease. Of these, 42 patients did not undergo vasodilator
stress imaging to avoid unnecessary radiation, and were not
included in the final analysis. The remaining 33/75 patients
completed the imaging protocol to ensure a balanced sam-
ple of patients with and without disease. These 33 patients
were not submitted for CT-FFR analysis, but were presumed
to have normal FFR, based on the findings of no stenosis,
and were included in the final analysis. The remaining 61

Fig.4 Example of CT images
obtained during vasodila-

tor stress in a patient with an
intermediate grade stenosis,
resulting in 50-60% luminal
narrowing. Subendocardial
perfusion defect can be seen
in the antero-septal and septal
walls (arrows) in the different
cross-sections of the heart

Base

IS Views

Short-ax

patients had stenosis with luminal narrowing >25% and
were submitted for CT-FFR analysis, but 18 of them (30%)
were rejected due to motion artifacts, resulting in 43 patients
with successful CT-FFR analysis. This resulted in a total of
76 patients, who comprised the final study group.

The combined 3D displays allowed visualization of sub-
endocardial perfusion at peak stress in the territory of each
artery. Figure 3 shows an example obtained in a patient with
no significant stenosis, depicting fairly uniform normal (red)
stress perfusion (left and right), consistent with normal CT-
FFR > 0.80 in all three arteries (middle).

In contrast, Fig. 4 shows images from a patient who had
a single-vessel disease with a 50-60% stenosis in the proxi-
mal left anterior descending (LAD) artery, resulting in a
subendocardial SPD in the septum and the anteroseptal wall.
Figure 5 shows the results of the CT-FFR analysis, depict-
ing reduced FFR in this artery (top), as well as the results
of image fusion (bottom), depicting an extensive perfusion
defect in the LAD territory (blue), while the lateral and infe-
rior walls show normal perfusion (red).

Figure 6 shows an example of images obtained in another
patient with multivessel disease, with approximately 60%
stenosis in both mid LAD and distal right coronary artery
(RCA). Based on CT-FFR values <0.80, both lesions
were hemodynamically significant. The fused 3D display
showed a perfusion defect following the course of the LAD
and extending to the apex (top, left and right), as well as

Mid

2-chamber view
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Fig.5 Example of CT-FFR

snapshots (top) and correspond- CT fractional flow reserve

ing views of the combined 3D
display of myocardial perfusion
during vasodilator stress and
the coronary arteries (bottom),
obtained during vasodila-

tor stress in a patient with an
intermediate grade stenosis,
resulting in 50-60% luminal
narrowing in the proximal LAD.
Reduced CT-FFR can be seen
distal to the lesion (top), con-
comitant with a large perfusion
abnormality encompassing the
antero-septal and septal walls
(bottom; blue hues)

Lateral view

Vasodilator stress CT myocardial perfusion

Fig.6 Example of 3D display
obtained in a patient with com-
plex multivessel disease, with
approximately 60% stenosis

in the mid LAD and a similar
lesion in the distal RCA, shown
in the same format as in Fig. 3.
Both lesions were determined to \ ]
be significant by CT-FFR analy- ) J
sis, resulting in values <0.80
(center). An extensive perfusion
defect is seen in the anterior and
antero-septal walls extending to
the apex, supplied by the LAD
artery (top left and right; blue
hues), and another one in the
inferior wall along the course of

CT fractional flow reserve
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perfusion in the lateral wall sup- 0 > b eE oY 777, warworee
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(bottom left; red hues) Vasodilator stress CT myocardial perfusion

abnormal perfusion in the inferior wall supplied by the RCA In the final study group of 76 patients, of the 228 coro-
(bottom, right), while perfusion remained normal in the lat-  nary arteries (=76 X 3), 4 arteries had stents, precluding CT-
eral wall supplied by the left circumflex (LCX) artery. FFR analysis, and were excluded from analysis, allowing for

@ Springer



The International Journal of Cardiovascular Imaging (2019) 35:1733-1743

1739

224 inter-technique comparisons. CTCA depicted stenosis
>70% in 13 arteries, stenosis between 50 and 70% in 24
arteries, stenosis <50% in 63 arteries and 124 arteries were
free of stenosis.

Reduced CT-FFR <£0.80 was found in 41/224 arteries
(18%), indicating hemodynamically significant stenosis in
29/76 patients (38%). In contrast, SPDs were noted in con-
siderably more coronary territories: 85/224 arteries (37%),
indicating significant disease in 56/76 patients (74%). Com-
bining stress CTP with stenosis of >50% on CTCA, resulted
in considerably fewer abnormalities: 31/224 arteries (14%),
indicating significant disease in 35/76 patients (46%).

Also of note, the prevalence of SPDs was considerably
higher for arteries with CT-FFR <0.80 (33/41; 80%), com-
pared to normal CT-FFR (52/183; 28%). Similarly, the com-
bination of SPD with stenosis >50% was more common in
arteries with abnormal CT-FFR (24/41; 59%), compared to
normal CT-FFR (7/183; 4%), with the difference being more
pronounced than for SPDs alone.

Figure 7 shows the inter-technique agreement for stress
perfusion fused with CTCA, and also for the combination
with stenosis >50% on CTCA, both against CT-FFR. The
former comparison showed agreement in 73% of the arteries
and a kappa-value of 0.368 (SE 0.060), indicating moderate

agreement. The latter comparison incorporating stenosis
showed agreement in 89% of the arteries and a higher kappa-
value of 0.604 (SE 0.073), indicating good agreement.

The main source of disagreement that resulted in a rela-
tively large number of SPDs that could not be explained by
stenosis was streak artifacts caused by beam-hardening from
highly attenuating in-plane structures. For example, patient
shown in Fig. 8 had a large perfusion defect encompassing
infero-septal, inferior and infero-lateral walls in the presence
of normal RCA and LCX arteries (Fig. 8, left and right).
Examination of the raw CT images revealed a large streak
artifact (Fig. 8, middle, green arrows) caused by the spinal
vertebrae, causing the false SPD.

On a patient-by-patient basis, 30/76 patients (39%) had
hemodynamically significant stenosis based on abnormal
CT-FFR in at least one artery, but only 7/76 patients (9%)
reached the composite end-point of death (N=1), myocar-
dial infarction (N =0) or revascularization (N=6) over a
follow-up period of 36 +25 months. Of the 30 patients with
abnormal CT-FFR, 21 had an SPD in a territory of an artery
with stenosis >50%, and 9 had normal stress perfusion. Of
the above 7 patients with adverse outcomes, 6 had abnormal
CT-FFR and 6 had SPDs, with 2 patients showing discord-
ant CT-FFR and CTP. Interestingly, of the 6 patients with

Fig.7 Inter-technique agree-
ment for stress perfusion defects SPD Stenosis + SPD
(SPD) fused with CTCA, and
also for the combination with
stenosis >50% on CTCA, both Yes No Yes No
against CT-FFR, presented on
a by-artery basis. See text for Abnormal (<0.80) 33 8 24 17
details CT-FFR

Normal (>0.80) 52 131 7 176

kappa=0.368 kappa=0.604
Lateral view

Fig.8 Example of a combined 3D display depicting a large suben-
docardial stress perfusion defect covering infero-septal, inferior and
inferolateral walls, in the presence of normal RCA and LCX arteries

(arrows; left and right panels). Examination of the raw CT images of
this patient revealed a large streak artifact caused by the spinal verte-
brae (arrows; middle panel)

@ Springer



1740

The International Journal of Cardiovascular Imaging (2019) 35:1733-1743

abnormal CT-FFR, 5 had a concomitant SPD (out of 21
patients with both abnormal CT-FFR and SPD, i.e. 24%),
while only 1 patient had normal perfusion (out of 9 patients
with abnormal CT-FFR but normal perfusion, i.e. 11%).

Discussion

While radionuclide myocardial perfusion imaging (MPI)
during vasodilator stress is routinely used to elucidate the
impact of stenosis seen on CTCA in patients with chest pain,
it is an additional test associated with significant inconven-
ience to the patient, and additional radiation. Moreover,
recent studies have suggested the diagnostic performance
of nuclear MPI may be worse than previously thought [30].
Stress CTP imaging has been increasingly gaining recog-
nition as an alternative to nuclear MPI [6, 9, 11, 14, 27,
31-37], and can be easily performed in patients undergoing
CTCA with minimal additional radiation, in the same set-
ting. However, it is often difficult to guarantee that an SPD is
accurately attributed to stenosis in a specific coronary artery.
This is because it requires one to mentally co-register per-
fusion information within the widely variable complex 3D
coronary anatomy. This is particularly challenging in the set-
ting of multi-vessel disease, when it is unclear which artery
is responsible for the symptoms.

To overcome this limitation, we recently explored the fea-
sibility of image fusion [38—45] of CTCA-derived coronary
arteries and CTP maps, which was motivated by the thought
that stress subendocardial perfusion displayed together with
the coronary arteries could eliminate the need for mental
reconciliation of the coronary anatomy and perfusion terri-
tories, and thereby facilitate the evaluation of hemodynamic
impact of coronary stenosis, as a potential alternative to
radionuclide MPI [15]. Our recent pilot study indicated that
fusion of coronary arteries with perfusion maps may indeed
depict the culprit artery and the impact of stenosis in its
territory. However, this approach has not been compared to
another technique aimed at the same goal, namely CT-FFR.

In the current study, we did not treat CT-FFR as a sub-
stitute for FFR measured during invasive coronary angi-
ography. This is because of the growing evidence that
CT-FFR has limitations resulting in imperfect specificity,
especially in patients with intermediate grade stenosis [46].
Also, the feasibility of CT-FFR is limited in the presence
of motion artifacts, which resulted in rejection of 18/61
(almost 30%) of the datasets submitted for analysis in our
study. This higher than previously reported rate may be
due to the specific equipment used, that might have been
under-represented in previous studies. Thus, instead of
treating CT-FFR as a surrogate “gold standard”, our inter-
technique comparisons were designed to simply determine
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the agreement between CTP and CT-FFR in the assessment
of the hemodynamic impact of stenosis, which has not been
studied thus far.

Our study showed in a relatively larger group of patients
that stress perfusion abnormalities are considerably more
common in the presence of stenosis with luminal narrowing
> 50%, which results in reduced CT-FFR. Moreover, this
study showed that subendocardial SPD appearing in the ter-
ritory of an artery with stenosis > 50% indicates significant
impact of disease, in reasonable agreement with CT-FFR
data. The main source of discordance was dark streak-shaped
beam hardening artifacts mimicking perfusion defects on 3D
perfusion maps. It is also possible that some of the discord-
ance between CTP and FFR may be due to microvascular
disease [47]. Future studies are needed to determine whether
abnormal CTP in the presence of normal CT-FFR is indeed
associated with worse outcomes.

Interestingly, in our study, despite the relatively high
incidence of abnormal CT-FFR (30 out of 76 patients), a
considerably smaller number of patients (N =7) experienced
adverse outcomes over the 3-year follow-up period. This
finding indicates that perhaps the 0.80 cutoff value may be
too high when outcomes are considered, and that the major-
ity of patients with abnormal CT-FFR, defined by this cutoff,
may not experience adverse events over a relatively long
period of time without intervention. Another interesting and
potentially clinically useful finding is that in the presence
of abnormal CT-FFR, the incidence of SPDs was more than
twice as high as that of normal CTP (24 vs. 11%), and most
patients who ultimately experienced poor outcomes had both
abnormal CT-FFR and SPD (5/7). This suggests that when
abnormal CT-FFR is detected, adding a vasodilator stress
CT with perfusion analysis may identify patients who are
less likely to require revascularization.

One potential limitation of our approach is that the quality
of cardiac CT images depends on the patient’s body mass.
Accordingly, the feasibility of our approach, which is based
on fusion of CT-derived images, is limited in obese patients.

The main limitation of quantitative analysis of myocar-
dial perfusion from CT images is that it is prone to arti-
facts caused by beam hardening, which mimic perfusion
defects. To avoid misdiagnosis, it is important to review
the raw images when quantitative analysis suggests abnor-
mal perfusion. The presence of a streak artifact over the
myocardium which extends to other structures irrespective
of cardiac anatomy (Fig. 8) should rule out a true perfu-
sion defect. Another strategy, to reduce the number of false
positive perfusion defects, which proved effective, was the
use of a combination of SPD and stenosis > 50% on CTCA,
rather than SPD alone, as an indicator of hemodynamically
significant stenosis. This is because of the low likelihood
of an SPD without underlying stenosis with >50% luminal
narrowing, based on well-established evidence that stenosis
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of lower degree is unlikely to have hemodynamic/functional
impact. Nevertheless, we included in our report the results of
the comparisons of SPDs alone against CT-FFR (Fig. 7), in
order to be able to appreciate the improvement in accuracy
that the use of combined criteria provided.

The main limitation of our study was that we did not
use invasive FFR, as a reference standard for hemody-
namic impact of stenosis. This is because this approach was
impractical as it would inevitably severely limit the num-
ber of patients we could evaluate and would bias the study
population by excluding those not considered to be at high
enough risk to justify a referral for invasive angiography. A
plausible alternative was the non-invasive fluid dynamics
based CT-FFR analysis[17], which could theoretically be
performed in every study patient. Ultimately, we decided to
limit CT-FFR analysis to patients with evidence of >25%
luminal narrowing, since the likelihood of abnormal FFR is
extremely low in the absence of at least minimally obstruc-
tive coronary disease. Another consideration for this study
design was that it did not make sense to perform expensive
CT-FFR analysis in patients with normal coronaries.

Another limitation of our study is the relatively small
number of outcomes, limiting our ability to generalize our
findings related to prognostic value of these tests. However,
with the low rate of events in this patient population, a sam-
ple of thousands would need to be prospectively studied to
alleviate this concern.

Finally, one might question our choice to detect perfusion
abnormalities qualitatively by visual assessment of the color-
coded perfusion maps, rather than by quantitative analysis.
In our recent pilot study, our attempts to define them quanti-
tatively resulted in missing many of the visible abnormalities
because of the large size and the location of the segments
relative to the size and the location of the defects [15]. One
may appreciate in the example shown in Fig. 6 how perfu-
sion defects follow the course of the culprit artery, which
cannot be respected by dividing the ventricle into regularly
shaped segments [15]. Accordingly, we felt that qualitative
visual assessment of the high-resolution parametric perfu-
sion images was best to detect these abnormalities.

In summary, fusion of CTCA and normalized subendo-
cardial X-ray attenuation allows direct visualization of each
coronary artery and stress CTP in its territory without the
need to mentally co-register them within the complex 3D
cardiac anatomy. In this study, stress perfusion abnormalities
were considerably more common in the territories of arteries
with stenosis resulting in reduced CT-FFR in patients with
chest pain. In addition, our approach for determination of
hemodynamic impact of stenosis showed good agreement
with CT-FFR determination of the significance of steno-
sis. Our outcomes data suggests that adding a vasodilator
stress CT with perfusion analysis may help with further
risk stratification in patients with abnormal CT-FFR. This

methodology may prove as a useful alternative to radionu-
clide perfusion imaging, with the advantages of simplic-
ity and convenience due to its single-test nature, entailing
considerable cost savings and reduced radiation exposure
to the patient.
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