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Purpose:

Materials and
Methods:

Results:

Conclusion:

To compare the diagnostic accuracy of different computed
tomographic (CT) fractional flow reserve (FFR) algorithms
for vessels with intermediate stenosis.

This cross-sectional HIPAA-compliant and human research
committee—approved study applied a four-step CT FFR al-
gorithm in 61 patients (mean age, 69 years = 10; age range,
29-89 years) with a lesion of intermediate-diameter stenosis
(25%-69%) at CT angiography who underwent FFR mea-
surement within 90 days. The per-lesion diagnostic perfor-
mance of CT FFR was tested for three different approaches
to estimate blood flow distribution for CT FFR calculation.
The first two, the Murray law and the Huo-Kassab rule, used
coronary anatomy; the third used contrast material opaci-
fication gradients. CT FFR algorithms and CT angiography
percentage diameter stenosis (DS) measurements were
compared by using the area under the receiver operating
characteristic curve (AUC) to detect FFRs of 0.8 or lower.

Twenty-five lesions (41%) had FFRs of 0.8 or lower. The
AUC of CT FFR determination by using contrast material
gradients (AUC = 0.953) was significantly higher than that
of the Huo-Kassab (AUC = 0.882, P = .043) and Murray
law models (AUC = 0.871, P = .033). All three AUCs were
higher than that for 50% or greater DS at CT angiography
(AUC = 0.596, P < .001). Correlation of CT FFR with FFR
was highest for gradients (Spearman p = 0.80), followed by
the Huo-Kassab rule (p = 0.68) and Murray law (p = 0.67)
models. All CT FFR algorithms had small biases, ranging
from —0.015 (Murray) to —0.049 (Huo-Kassab). Limits of
agreement were narrowest for gradients (—0.182, 0.147),
followed by the Huo-Kassab rule (—0.246, 0.149) and the
Murray law (—0.283, 0.256) models.

Clinicians can perform CT FFR by using a four-step ap-
proach on site to accurately detect hemodynamically sig-
nificant intermediate-stenosis lesions. Estimating blood
flow distribution by using coronary contrast opacification
variations may improve CT FFR accuracy.

©RSNA, 2017

Online supplemental material is available for this article.
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oronary fractional flow reserve

(FFR) is the reference standard

measurement for directing appro-
priate percutaneous coronary interven-
tion (1). Computed tomographic (CT)
FFR technology that noninvasively es-
timates FFR from CT angiography data
by using computational fluid dynamics
(CFDs) may deliver cost savings and
improved quality of life (2). To date,
three CT FFR technologies have been
validated against conventional FFR in
the peer-reviewed literature (3-8).

Advances in Knowledge

B The diagnostic accuracy of CT
fractional flow reserve (FFR) es-
timation in revealing invasive
FFR of 0.8 or less in interme-
diate lesions (25%-69% diam-
eter stenosis) is superior (P =
.043) when contrast enhance-
ment gradients are used to esti-
mate the distribution of blood
flow to each coronary artery
branch (area under the receiver
operating characteristic curve
[AUC] = 0.95) compared with
estimating the distribution of
flow on the basis of coronary
artery anatomy alone (AUC =

0.88).

® FFR can be estimated from CT
angiography for lesions of inter-
mediate stenosis severity by
using four distinct steps, namely:
(a) coronary segmentation, (b)
estimation of the myocardial
blood flow demand by using myo-
cardial mass, (¢) determination
of the distribution of the blood
flow to each coronary artery
branch by using either coronary
anatomy or the transluminal at-
tenuation gradient, and (d) appli-
cation of a computational fluid
dynamic simulation.

® A CT FFR algorithm whose
details are fully described and
that can be performed on site by
using a standard desktop com-
puter within 1 hour has been
validated against invasive FFR
measurements for stenoses of
intermediate severity.

Estimation of FFR from CT involves
computationally solving for the pressure
drop across a coronary artery, given
the blood flow required to supply the
myocardium subtended by that artery
at stress (4). Conceptually, this involves
the following four steps: (a) coronary
lumen segmentation and (b) estimation
of total blood flow through the coronary
tree at maximum hyperemia in con-
junction with (c) determination of the
distribution of this blood flow to each
individual branch of the coronary tree
and (d) CFD simulation of the blood
flow under the so-called boundary con-
ditions a through ¢ to solve for pres-
sure. There is no currently accepted
“gold standard” for performing any of
these steps. Our general hypothesis
was that optimizing the methods used
to accomplish each step may help in-
crease CT FFR diagnostic accuracy. The
purpose of this work was to compare
the diagnostic accuracy of different CT
FFR algorithms for vessels with inter-
mediate stenosis.

Materials and Methods

Study Population

This cross-sectional retrospective study
was Health Insurance Portability and
Accountability Act compliant and was
approved by the human research com-
mittees of all institutions involved. The
human research committees waived
the requirement for written informed
consent on the basis that this was a
records-review—only study that posed
no more than minimal risk to subjects,
that the waiver would not adversely
affect the rights and welfare of the

Implication for Patient Care

® FFR estimated from CT angiog-
raphy by using a four-step CT
FFR algorithm on site in clinically
viable times with or without a
proprietary basis is superior to
coronary CT angiography alone
in revealing lesions of interme-
diate stenosis severity that are
hemodynamically significant (FFR
= 0.8).

subjects, that the research could not
practicably be performed without the
waiver, and that, whenever appropri-
ate, the subjects would be provided
with additional pertinent information
after participation. No additional im-
aging or procedures were performed
for this study, and no results from this
study were used for patient care.

Eligible participants were identified
by querying the medical records in one
large referral center. CT angiography at
that center is performed following estab-
lished criteria, generally in symptomatic
patients with low-to-intermediate risk for
coronary artery disease. Clinical decisions
to perform invasive conventional coro-
nary angiography (CCA) and FFR are
also based on applicable guidelines (9),
including the presence or absence of
coronary CT angiography findings, as
well as other noninvasive functional test
results, symptoms, response to therapy,
and other etiologic considerations (eg,
concern for alterations in coronary mo-
tility and vasospasm).

hitps://doi.org/10.1148/radiol.2017162620
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AUC = area under the ROC curve

CCA = conventional coronary angiography

CFD = computational fluid dynamic
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ROC = receiver operating characteristic
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TAG = transluminal attenuation gradient
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Records search criteria were pa-
tients who had undergone a CT angiog-
raphy examination between June 2012
and May 2015 and who subsequently
CCA  within 90 days.
Among the 799 patients identified, we
excluded all patients who did not have
a pressure measurement in an un-
stented coronary artery with a lesion
of intermediate stenosis severity as de-
termined at CT angiography, which we
defined as 25%-69% diameter stenosis
(DS) based on Society of Cardiovascu-
lar Computed Tomography (SCCT)
recommendations (10). This excluded
714 patients. Of the 85 remaining pa-
tients, 22 had only an instantaneous
wave-free ratio, or iFR, measurement
(11) with no FFR measurement in the
target vessel, and these patients were
also excluded. Among the 63 remain-
ing patients, we additionally sought to
exclude patients with a cardiac event
between CT angiography and FFR (n =
0), myocardial infarction fewer than 30
days prior to CT angiography (n = 0),
and prior coronary artery bypass graft
placement (n = 0). The final cohort
identified was thus 63 subjects. Two
patients were excluded from analysis
owing to failure of the semiautomated
software used for coronary segmenta-
tion. Sixty-one patients were thus in-
cluded in the study. In those patients,
FFR was measured, on average, 36.5
days after CT angiography (median, 24
days; interquartile range, 14-39 days).

CT angiography.—Patients were
imaged axially with a first-generation
320 X 0.5-mm detector row CT scan-
ner (Aquilion ONE; Toshiba Medi-
cal Systems, Otawara, Japan) (12).
Patients with a heart rate of 65 or
more beats per minute received 20
mg of oral metoprolol 3 hours be-
fore imaging. For patients whose
heart rate remained at 65 or more
beats per minute, 0.125 mg intrave-
nous landiolol (Ono Pharmaceutical,
Osaka, Japan) per kilogram of body
weight was administered immediately
prior to imaging. The average heart
rate during CT angiography was 64
beats per minute * 9 (range, 46-88
beats per minute). Patients with sys-
tolic blood pressure of 110 mm Hg or

underwent

greater received 0.3 mg sublingual
nitroglycerin. Contrast material (4-5
mlL iopamidol [370 milligrams of io-
dine per milliliter]; Bayer Healthcare,
Osaka, Japan) followed by saline (20
mL) were injected intravenously with
a power injector at a rate of 4-5 mL/
sec. Data were acquired at 120 kV
with tube current modulation (300-
400 mA), timed by bolus tracking in
the ascending aorta by using a 200-
HU threshold. Images were recon-
structed at 0.5-mm thickness with
0.25-mm overlap by using filtered
back projection. A board-certified
cardiologist with SCCT Level 3 car-
diac CT certification and 10 years of
experience in cardiac imaging (S.K.)
retrospectively analyzed the CT an-
giography images to measure per-
centage DS of the target lesion using
quantitative coronary CT angiography
software (QAngio CT; MEDIS, Leiden,
the Netherlands). A lesion with a
percentage DS of 50% or greater at
quantitative coronary CT angiography
was considered obstructive.

CCA and FFR measurement.—
CCA and FFR were performed accord-
ing to the institutional clinical proto-
col (13,14) with a femoral or radial
approach. Briefly, FFR was measured
by using a pressure wire (Verrata
Pressure Guide Wire, VOLCANO or
Pressure Wire Aeris, St Jude Medi-
cal) advanced past the stenosis after
intracoronary injection of papaverine
hydrochloride (left coronary artery:
12 mg; right coronary artery: 8 mg).
The measurement was repeated if FFR
drift was greater than 0.03. An FFR
of 0.80 or less was considered hemo-
dynamically significant (9,11). CCA
images were retrospectively analyzed
(S.K.) by using quantitative coronary
angiography software (QAngio; ME-
DIS) to determine percentage DS of
the target lesion (15).

CT FFR Algorithm

Coronary  segmentation.—Coronary
segmentation was performed by us-
ing commercial segmentation software
(Toshiba Cardiac Analysis Package,
Toshiba Medical Systems). Manual ed-
iting was performed as necessary by a

cardiology fellow with 1 year of experi-
ence in cardiac imaging (A.A.G.). Seg-
mented lumen contours were output by
the segmentation software at 0.5-mm
intervals along the vessel centerlines
to reflect the largest voxel dimension
of the CT angiography data (section
thickness) and were combined to yield
a Standard Tesselation Language (STL)
file of the endoluminal surface for fur-
ther CFD analysis (details provided in
Appendix E1 [online]).

Hyperemic blood flow demand cal-
culations.—Total resting myocardial
blood flow was calculated assuming
myocardium requires 0.8 mL/min/g of
blood at rest (16). The left ventricular
myocardium, assumed to represent
two-thirds of total myocardial mass
(17), was automatically segmented
from CT angiography images in Vitrea
6.7 (Vital Images, Minnetonka, Minn)
by a 2nd-year medical student with 6
months of experience in coronary CT
angiography postprocessing (A.T.). To
estimate hyperemic flow, we assumed
that epicardial coronary arteries pre-
sented negligible resistance to flow
and that total distal resistance was re-
duced to one-quarter its resting-state
value (16,18).

Blood flow distribution calcula-
tions.—Conservation of flow was used to
calculate the distribution of flow to each
coronary branch. Specifically, flow arriv-
ing at a bifurcation was conserved in the
two daughter branches. Three models
were used to determine the relative flow
to each branch. The first two assumed
that flow was proportional to the coro-
nary diameter to one of two powers,
either the third power (Q~D?3, the Mur-
ray law [19]) or the seven-thirds power
(Q~D73, the Huo-Kassab model [20]).
To apply these methods, the diameter of
each branch was measured (by A.A.G.)
immediately after, or at the first non-
diseased location after, the bifurcation
in cross-sectional images, orthogonal
to the vessel centerline. The fraction of
flow proceeding to each daughter branch
was then calculated by solving the result-
ing equations (eg, for a bifurcation using
the Murray law, Q

parent = Qbran(‘hl + Qhranchz’

~ 3 ~ 3
Qh.ranchl Dbranchl and QbmnchZ DbrancllZ )' The
third model used the coronary contrast
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opacification gradient (transluminal at-
tenuation gradient [TAG]) (21) to es-
timate flow. Specifically, we related the
TAG to blood flow in a coronary artery
as Q ~—1/TAG (Appendix E1 [online])
and calculated the relative flow to each
branch identically to the previous two
models. TAG was measured (A.A.G.) by
using previously validated software (22).
The measurement was performed from
the coronary ostia to a distal location
where the vessel lumen cross-sectional
area tapered to approximately the same
size for each daughter branch (1.5-2.0
mm?) to minimize differences in luminal
opacification measurements due to dif-
fering vessel calibers (23).

CFD simulations.—A commercial
CFD software suite (ANSYS, Canons-
burg, Pa) was used to solve the incom-
pressible Navier-Stokes equations at
steady state by using previously opti-
mized procedures (24,23) (details pro-
vided in Appendix E1 [online]). The
CFD solver was applied (by A.T.) iden-
tically for each of the three blood flow
distribution models.

CT FFR calculation.—The CT FFR
algorithm steps described above were
performed on standard desktop work-
stations (Hewlett Packard, Intel Xeon-
based; 4 X 2.67 GHz with 48 GB RAM
for CFD, and 4 X 3.00 GHz with 16 GB
RAM for segmentation) with blinding to
all patient characteristics, including CT
angiography, CCA, and FFR findings.
The workflow is shown in Figure E1
(online). For the final 11 patients, when
sufficient workflow proficiency was es-
tablished, the time required to perform
each step was recorded. To calculate CT
FFR, the pressure solved by CFD was
interrogated at the location matching
the invasive FFR measurement. Match-
ing of the location of the FFR pressure
wire identified in the CCA images to the
CT angiography images was performed
(by A.A.G., who was blinded to the FFR
measurement). The relative pressure
decrease (AP) between the coronary os-
tium and the site of invasive FFR mea-
surement obtained from the CFD solu-
tion for each CT FFR algorithm was used
to calculate CT FFR as Pd/Pa, where P, =
P — AP, and the mean aortic pressure
was estimated as P = 1/3 - sBP +2/3 -

Study Population Characteristics (n = 61)

Characteristic Datum

Demographic data
No. of male patients 51 (84)
Age (y)* 69.3 + 10.1
Height (cm)* 163.1 = 9.0
Weight (kg)* 66.9 = 15.6
Body mass index (kg/cm?)* 25.0 = 4.2

CAD risk factor
Diabetes mellitus 31(51)
Hypertension 47 (77)
Hyperlipidemia 45 (74)
Smoking 16 (26)

CAD history
Prior myocardial infarction 5(8)
Prior percutaneous coronary 6(10)

intervention

Invasive FFR measurements
LAD artery 46 (75)
LCx artery 6 (10)
RCA artery 9(19)

CAD in target vessels 61

DS at quantitative CT angiography (%)* 46.8 = 8.6
Mild (25%—-49% DS) 38 (62)
Moderate (50%—69% DS) 23 (38)

DS at quantitative angiography (%)* 472 + 8.6
Nonobstructive (<50% DS) 37 (61)
Obstructive (=50% DS) 24 (39)

Note.—Unless otherwise specified, data are numbers of patients, with percentages in parentheses. CAD = coronary artery
disease, LAD = left anterior descending, LCx = left circumflex, RCA = right coronary artery.

* Data are means * standard deviations.

dBP from systolic (sBP) and diastolic
(dBP) pressure measurements obtained
at the time of CT angiography.

Statistical Analysis

Statistical analyses were performed
in STATA 9.2 (STATA, Tex). We first
calculated Pearson (r) and Spearman
(p) correlation coefficients and Bland-
Altman bias and limits of agreement
between each CT FFR algorithm and
invasive FFR. Second, we calculated
the area under the receiver operating
characteristic (ROC) curve (AUC) of
each CT FFR algorithm and of 50% or
greater DS at CT angiography for re-
vealing an invasive FFR of 0.8 or less.
The AUCs were compared by using the
DeLong method. P < .05 was consid-
ered to indicate a statistically signifi-
cant difference.

Patient characteristics are provided in
Table 1. No patient had more than one
invasive FFR measurement in a ves-
sel with intermediate stenosis severity
(25%-69%) at quantitative coronary
CT angiography. The average target le-
sion percentage DS was 47.2% = 8.6
(range, 30.9%-64.8%) at quantitative
coronary CT angiography. Twenty-five
lesions (41%) had an FFR of 0.8 or less.

The AUC of CT FFR using TAG
(AUC = 0.953) was significantly higher
than that using the Huo-Kassab rule
(AUC = 0.882) or Murray law (AUC =
0.871) models (P = .043 and P = .033,
respectively; Fig 1). There was no sig-
nificant difference in AUC between
the Murray law and Huo-Kassab CT
FFR algorithms (P = .286). Average
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Figure 1:

Graph shows ROC curve of CT FFR for the detection of invasive FFR of 0.8 or lower

by using each of three models (TAG, Murray law, and Huo-Kassab [HK] rule) to determine the
relative distribution of blood flow to each coronary artery.

per-patient CT FFR analysis time was
59.4 minutes = 16.0, including vessel
tracing (10.4 minutes * 2.7), segmen-
tation (16.8 minutes = 3.8), measuring
parameters for flow distribution bound-
ary condition calculations (6.0 minutes
+ 2.3), generating the finite volume
mesh for CFD calculations (13.4 mi-
nutes * 2.9), and performing the CFD
(12.8 minutes * 5.4). Discrimination
of hemodynamically significant disease
was improved with all three CT FFR
algorithms compared with DS of 50%
or greater at CT angiography (AUC =
0.596; P < .001 for all). Point estimates
of accuracy, sensitivity, and specificity
of each CT FFR algorithm and CT an-
giography to reveal FFRs of 0.8 or less
are provided in Table 2.

Correlation of CT FFR and inva-
sive FFR was good for all three CT FFR
models. It was highest for TAG, fol-
lowed by the Huo-Kassab rule and Mur-
ray law CT FFR estimates (Table 2). All

three models yielded a low bias (Fig 2).
Bland-Altman limits of agreement were
narrowest for the TAG model, followed
by the Huo-Kassab and Murray law
models (Fig 2, Table 2). Two cases, one
in which there was agreement of CT
FFR estimates between the three flow
distribution models, and one in which
there was disagreement, are shown in
Figure 3.

The main findings of our study are that
(a) CT FFR measurement performed
on site by using a four-step algorithm
implemented without a proprietary
basis improves identification of hemo-
dynamically significant intermediate
lesions compared with coronary CT an-
giography and (b) CT FFR accuracy for
those lesions is increased when contrast
opacification gradients are used to de-
termine the patient-specific distribution

of blood flow among coronary arteries
rather than using coronary anatomy for
this purpose.

Lesions of intermediate stenosis se-
verity pose a challenge for management,
as they can cause ischemia despite not
appearing angiographically severe. A
study of patients with chest pain (26) in
stable condition referred for coronary
angiography reported rates of invasive
FFR of 0.8 or less of 13% for lesions of
less than 30% DS, 33% for lesions of
31%-50% DS, and 33% for lesions of
50%-70% DS. Current guidelines doc-
ument the utility of FFR to determine
if percutaneous coronary intervention is
beneficial in “intermediate” or “indeter-
minant” lesions (27). CT FFR algorithms
can estimate FFR from CT angiography
data toward reducing unnecessary inva-
sive angiography referrals (2). The accu-
racy of several such algorithms has gen-
erally been favorable (3,5-8), including
for the important minority of patients
with stenoses of intermediate severity
(5,7,28,29) (Table E1 [online]).

Using the initial CT FFR technology
(FFR,, Heartflow), Min et al (28) first
reported an accuracy of 86% for the de-
tection of FFR of 0.8 or less in lesions
with 40%-70% angiographic stenosis.
A subsequent study of that technology
(29) found a lower accuracy of 71% for
lesions with 30%-69% stenosis at CT
angiography, but a nonetheless improved
discrimination of hemodynamically sig-
nificant disease compared with CT an-
giography interpretation alone. Coenen
et al (7) reported a similar accuracy of
71.5% in lesions with 25%-69% ste-
nosis at CT angiography using a differ-
ent CT FFR algorithm (cFFR, Siemens
Healthcare). The most recent NXT trial
of the initial FFR technology improved
on these results, realizing an accuracy of
80% in vessels with 30%-70% stenosis
at CT angiography (5). The authors of
that study attributed the improved per-
formance in part to the use of a “sub-
stantially refined” FFR_ algorithm. To
estimate invasive FFR, CT FFR algo-
rithms must simulate the blood flow
through each coronary artery at hyper-
emia from CT angiography data acquired
at rest. The model used to estimate this
flow can affect CT FFR accuracy. For
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Table 2

Correlation and Limits of Agreement between Invasive FFR and CT FFR and Per-Vessel Diagnostic Test Characteristics for Detecting
Invasive FFR of 0.8 or Lower for CT Angiography Showing 50% or Greater DS and CT FFR

Correlation
Modality and (Spearman p, Limits of
Measurement  AUC Sensitivity Specificity Accuracy Pearson 1) Bias Agreement
CT angiography 0.596 (0.467, 0.726) 0.500 (0.319, 0.671) 0.692 (0.590, 0.789) 0.623 (0.492, 0.746) p = —0.24, r= —0.27 NA NA
= 50% DS
CT FFRy 0.871 (0.782, 0.960) 0.909 (0.739, 0.983) 0.821 (0.724, 0.862) 0.852 (0.730, 0.906) p = 0.67, r=0.52 —0.015 (—0.049, 0.020) —0.285, 0.256
CT FFR,, 0.882 (0.798, 0.967) 0.864 (0.690, 0.960) 0.846 (0.748, 0.900) 0.852 (0.727,0.922) p = 0.68, r=0.56 —0.049 (—0.074, 0.024) —0.246, 0.149

CTFFR,,, 0.953 (0.902, 1.000) 0.949 (0.859, 0.990) 0.864 (0.705, 0.936) 0.918 (0.804, 0.970) p = 0.80, r=0.73 —0.018 (—0.039, 0.004) —0.182, 0.147

Note.—The Youden index for three models was used to determine the relative distribution of blood flow to each coronary artery. HK = Huo-Kassab, NA = not applicable. Data in parentheses are 95%
confidence intervals.
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Figure 2: (@, c, e) Correlation and (b, d, f) Bland-Altman plots of invasive FFR measurements and CT FFR estimates for each of three models to determine the
relative distribution of blood flow to each coronary artery: Murray law (a, b), Huo-Kassab (HK) rule (c, d), and TAG (e, f). SD = standard deviation.

example, Ko et al (6) failed to find a for a newly developed CT FFR algorithm using coronary diameter (similar to the
statistically significant improvement in that determines flow from changes in initial CT FFR technology [4]) had ac-
detecting hemodynamically significant coronary structure through the cardiac curacies for the detection of FFR of 0.8
lesions compared with CT angiography cycle. In the present study, two models or less for intermediate-stenosis lesions
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Figure 3
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Figure 3:  CT angiography and CT FFR estimates for two vessels included in this study. (a) The CT FFR estimate for a lesion
in a right coronary artery, wherein vessel diameter is easy to measure, is concordant with the invasive FFR measurement of
greater than 0.8 using either a coronary anatomy—based model (Huo-Kassab [HK] rule shown) or the TAG for CT FFR calcula-
tions. (b) In contrast, in a left anterior descending coronary artery with a long lesion extending across two bifurcations, wherein
measurement of coronary diameter is difficult, the CT FFR estimate based on coronary anatomy is discordant with the invasive
FFR measurement of 0.8 or lower, while that based on the TAG is in agreement.

that were comparable to that in the
study by Min et al (28). However, corre-
lation and limits of agreement for inva-
sive FFR were lower, likely resulting in a
lower AUC than in that study and closer
to that in the study by Nakazato et al
(29). Coronary contrast opacification
gradients are correlated with Thrombol-
ysis in Myocardial Infarction (TIMI) flow
grade (30) and TIMI frame counts (31),
suggesting they contain information re-
garding coronary flow that may in turn
be useful for improving CT FFR calcu-
lations. This may explain the improved
correlation and limits of agreement for
invasive FFR and the higher overall accu-
racy (92%) of a CT FFR algorithm using

contrast material gradients compared
with results in prior studies (5,7,28,29).
Importantly, all three CT FFR algorithms
improved the identification of hemody-
namically significant lesions compared
with CT anatomic severity assessment,
in agreement with the findings of the
majority of CT FFR studies.

The results of this study should be
carefully interpreted considering its ret-
rospective, single-center design. Our
findings do not generalize to more se-
vere lesions that were not studied. Our
results may also not generalize to lower-
risk populations typically referred to
CT angiography, because the decision
to measure FFR in the lesions studied

was clinically motivated, introducing
selection bias toward angiographically
borderline obstructive disease and/or
other patient characteristics and test
results suggestive of ischemia. This bias
is reflected in the significant proportion
of hemodynamically significant lesions
in our study, which was similar to that
in other comparable studies (7). The
Murray law and Huo-Kassab CT FFR
algorithms can be applied regardless of
the number of CT detector rows used
for CT angiography data acquisition.
However, relating coronary flow to coro-
nary opacification gradients in theory
requires isotemporal CT angiography
acquisition (12), although corrections
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for CT with fewer than 256 rows may
be possible (30). Lesions with percent-
age DS greater than 80% affect resting
flow (32), which may both affect the
use of contrast opacification gradients
for CT FFR calculations and violate the
assumption of minimal epicardial coro-
nary resistance to flow. Modifications to
the algorithm presented here would be
required to address these limitations.
Other assumptions that were used to
determine myocardial blood flow re-
quirements may not hold for certain
patients, such as those with left ventric-
ular hypertrophy (relationship of flow to
myocardial mass) or diabetes mellitus
(response of microvascular resistance to
the administration of adenosine) (33).
On the basis of positive results in a chal-
lenging subset of coronary lesions, we
expect that further modifications and
optimizations of the methods underlying
CT FFR computations may improve its
availability and performance beyond the
current state of the art.
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