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Fractional flow reserve (FFR) calculated using compu-
tational fluid dynamics has been validated against in-
vasive FFR, with accuracies ranging from 74% to 84%
(1-4). Previous studies using the Bernoulli equation
have shown that the sum of the prestenosis kinetic en-
ergy, calculated using the velocity of the coronary artery,
directly affects severity of pressure decrease at the area of
stenosis (5-7).

We assumed that kinetic energy would have addi-
tional value for diagnosing hemodynamically signifi-
cant stenosis with use of invasive FFR. Therefore, the
objectives of our feasibility study were to compare the
diagnostic performance of morphologic stenosis with
kinetic energy and simulated FFR (sFFR) calculated us-
ing CT angiography and to determine whether kinetic
energy has incremental value over sFFR for the diagno-
sis of hemodynamically significant stenosis.

Materials and Methods

Patients

This single-center retrospective study was approved by
the institutional review board, and the requirement
for written informed consent was waived. The study
included patients who underwent coronary CT angi-
ography showing intermediate stenosis (30%-70% ste-
nosis) in at least one major vessel (diameter, >2 mm),
with subsequent invasive FFR between December 2015
and March 2020, and who had not undergone previous
coronary bypass graft surgery or percutaneous coronary
intervention. Exclusion criteria were as follows: nonin-
terpretable coronary CT angiographic image and Ag-
atston score greater than 1000 (Fig 1). Patient data were
obtained from medical records.
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Abbreviations
FFR = fractional flow reserve, sFFR = simulated FFR

Summary

In this feasibility study, kinetic energy of coronary flow had incre-
mental value over simulated fractional flow reserve, derived from
coronary CT angiography by computational fluid dynamics, in
diagnosing hemodynamically significant stenosis.

Key Points

» Vessels with hemodynamically significant stenosis had higher ki-
netic energy (79 mJ/kg [IQR, 58-104 m]/kg] vs 36 m]J/kg [IQR,
23-59 m]/kg]; P < .001) than other vessels.

» When diameter stenosis, simulated fractional flow reserve (sFFR),
and kinetic energy were included in multivariable analysis, kinetic
energy (per 20 m]J/kg; odds ratio, 1.92 [95% CI: 1.37, 2.95]; P <
.001) remained a significant predictor of hemodynamically signifi-
cant stenosis.

= The area under the receiver operating characteristic curve in a
model that included diameter stenosis and sFFR was 0.89 (95%
CI: 0.84, 0.95), which improved to 0.93 (95% CI: 0.89, 0.97; P =
.04) when kinetic energy was included.
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Coronary CT Angiography

A 320-row CT scanner was used to perform coronary CT angi-
ography (Aquilion One, Genesis edition; Canon Medical Sys-
tems). The detailed CT acquisition protocol is provided in Ap-
pendix E1 (supplement). The mean effective dose was derived by
multiplying the dose-length product by a conversion coefficient
for the chest (k = 0.014 mSv - mGy™' - cm™). Images were re-
constructed with a section thickness of 0.50 mm and increment
of 0.25 mm, using a convolution kernel of FC04 with iterative
reconstruction (AIRD 3D [adaptive iterative dose reduction us-
ing a three-dimensional processing algorithm]; Canon Medical
Systems). Images were transferred to a workstation for postpro-
cessing (Synapse Vincent; Fujifilm Medical).

Coronary Stenosis Analysis

Measurements were performed by a cardiovascular radiologist
(N.T., with 15 years of experience) who was blinded to FFR
results. Diameter stenosis was obtained using dedicated worksta-
tion software (Coronary Analysis; Fujifilm Medical). As a second
observer, a radiation technician (R.E, with 5 years of experience
in cardiovascular analysis) analyzed the diameter stenosis in the
30 randomly selected vessels. Left ventricular myocardial volume
of the stenotic region (V,_, in grams) was estimated by perform-
ing myocardial segmentation using the Voronoi method (Myo-
cardial Analysis; Fujifilm Medical) (Fig 2B) (6).

Kinetic Energy Calculation

Kinetic energy (KE, in millijoules per kilogram) proximal to
the stenotic segment was calculated using V__, peak myocardial
flow during maximal hyperemia (f , in milliliters per minute
per gram), and the proximal vessel diameter at 1 cm proximal
to the stenosis (a; o in millimeters) as follows (8):

2
o 6
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Equation 1 could be simplified as follows:

20 o2
KE= ?xif gyl o)

We assumed the peak myocardial flow during maximal hy-
peremia was 8.0 mL/min/g (9). As a second observer, a cardi-
ologist (Y.N., with 5 years of experience in cardiovascular anal-
ysis) calculated the kinetic energy in the 30 randomly selected
vessels. After a 3-month washout period, this author repeated
the kinetic energy calculations of these 30 vessels to determine
intraobserver variability.

The processing time for myocardial segmentations and ki-
netic energy calculations was about 5 minutes.

sFFR Calculation

We used a mesh-free method (OpenMPS) to perform com-
putational fluid dynamics analysis. OpenMPS software is an
open-source implementation of the moving particle semi-im-
plicit method available at GitHub (hzps://github.com/OpenMps/
openmps) (9). In brief, a three-dimensional computational fluid
dynamics algorithm was used from approximately 1 cm proxi-
mal to 2 cm distal to the stenosis. For simplicity, we calculated
coronary flow as a steady flow at the peak velocity during the
cardiac phase. The sFFR value at 2 cm distal to the stenosis was
recorded (Fig 2).

Invasive Coronary Angiography and FFR Measurement

Invasive coronary angiography and FFR were performed ac-
cording to standard clinical practice. FFR was performed at
the decision of an operator with a 0.014-inch pressure guide-
wire (Verrata Pressure Guide Wire, Volcano; or Pressure Wire
Certus, St Jude Medical System). Hyperemia was induced by
administration of intracoronary isosorbide dinitrate (0.5-1.0
mg) and intracoronary papaverine hydrochloride (left coronary
artery, 12 mg; and right coronary artery, 8 mg) or adenosine
triphosphate (140 pg/kg/min). FFR was calculated automati-
cally by dividing the mean diastole coronary pressure and the
mean aortic pressure during hyperemia.

Statistical Analysis

Continuous variables are reported as the means + SDs and
categorical variables as numbers with percentages unless oth-
erwise described. Student 7 test was used to compare continu-
ous variables. The y* test and Fisher exact test were used to
compare categorical variables and skewed variables. Intraclass
correlation coeflicient was used to investigate intraobserver and
interobserver variability.

Logistic regression analysis was used to predict hemodynami-
cally significant stenosis (FFR < 0.80) using diameter stenosis,
sFFR, and kinetic energy. Receiver operating characteristic curve
analysis was used to compare the diagnostic performance of the
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Inclusion 115 patients

+ Subsequent invasive FFR performed.

Inclusion criteria
Inclusion period: December 2015 to March 2020,
Intermediate (30-70%) stenosis at coronary CT.

No history of coronary artery bypass graft surgery
or percutaneous coronary intervention.

113 patients, 144 vessels

Included in analysis

Invasive FFR =0.80
91 vessels

Figure 1:

A J

2 patients excluded
+ N = 1: Noninterpretable coronary CT
+ N = 1: Agatston score >1,000

Invasive FFR =0.80
53 vessels

Patient flowchart. The study initially included 115 consecutive patients who underwent coronary CT angiog-

raphy showing infermediate stenosis (30%-70% stenosis) and subsequent invasive fractional flow reserve (FFR), and who
had not undergone previous coronary bypass graft surgery or percutaneous coronary intervention. Two patients were ex-
cluded, leaving 113 patients {144 vessels) in the final study group. Of the 144 vessels, 53 vessels (37%) had hemodynami-

cally significant stenosis (invasive FFR < 0.80).

KE
342 ml/kg

Figure 2:
ing (LAD) artery (61%). (B) The calculated kinetic energy (KE) was high (342 mJ/kg), and (€) simulated fractional flow reserve (sFFR) showed hemodynamically significant
stenosis (sFFR, 0.58). (D) Invasive FFR showed pressure loss (FFR, 0.74). DS = diameter stenosis, LCX = left circumflex artery, RCA = right coronary artery.

following models: model 1, diameter stenosis; model 2, diam-
eter stenosis and kinetic energy; model 3, diameter stenosis and
sFFR; and model 4, diameter stenosis, sFFR, and kinetic energy.
Global y? values were calculated to evaluate the incremental di-
agnostic value of kinetic energy and sFFR. Akaike information
criterion and Bayesian information criterion were calculated.

A necessary sample size of 105 vessels was calculated with
95% power (0. = .05) to detect 20% superiority in the area under
the receiver operating characteristic curve of diameter stenosis vs
diameter stenosis and kinetic energy. Differences in area under
the receiver operating characteristic curve values were assessed
by the DeLong method. Global y? and intraclass correlation
coeflicients were calculated using software (R version 4.0.2; R
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Images in a 73-year-old man with effort angina. (A) Coronary CT angiogram shows intermediate stenosis (arrows in A=D) at the mid left anterior descend-

Foundation for Statistical Computing). The remaining statisti-
cal analyses were performed using JMP software, version 12.2.0
(SAS Institute). A P value less than .05 was considered to indi-
cate a statistically significant difference.

Resulfs

Patient and Lesion Characteristics

Our study included 113 patients (mean age, 68 years + 9 [SD];
80 men) (Table 1). More than half of the patients had at least
one underlying cardiovascular risk factor. A total of 144 vessels
with intermediate stenosis were analyzed. In order of decreas-
ing frequency, coronary stenoses were located in the left ante-
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Table 1: Patient Demographic Characteristics

Characteristic Data
No. of patients 113
Men 76 (67)
Age (y) 68+9
Body mass index (kg/m?) 242 £3.2
Cardiac risk factors
Hypertension 72 (64)
Diabetes mellitus 57 (50)
Dyslipidemia 87 (77)
Smoking history
Current 18 (16)
Former 51 (45)
Family history 42 (37)
Heart rate (beats/min) 59.1 + 6.9
Agatston score™ 21.5 (0-66.1)

Note.—Unless otherwise noted, values are expressed as numbers
of patients, with percentages in parentheses. Mean data are +
SDs.

* Data are medians, with IQRs in parentheses.

rior descending artery (82 vessels; 57%), right coronary artery
(33 vessels; 23%), and left circumflex artery (29 vessels; 20%)
(Table 2). Fifty-eight of the 144 vessels (40%) showed mild ste-
nosis (<50%), and the remaining 86 vessels (60%) had moder-
ate stenosis (>50%). The median (interquartile range) Agatston
score was 21.5 (0.0—66.1). The intraclass correlation coefficient
for diameter stenosis was 0.85 (95% CI: 0.72, 0.93), indicat-
ing good interobserver agreement. The mean effective dose for
coronary CT was 2.5 mSv + 1.2.

FFR and CT-derived Parameters

The median duration between CT angiography and coronary
angiography was 29 days (IQR, 2048 days). The mean FFR
value was 0.83 + 0.10, and 53 of 144 vessels (37%) showed
FFR of 0.80 or less (Table 2). Vessels with hemodynamically
significant stenosis had lower sFFR values (0.67 + 0.71 vs 0.89
+ 0.08, P < .001), higher diameter stenosis values (P < .001),
and higher kinetic energy values (79 m]/kg [IQR, 58-104
m]/kg] vs 36 m]/kg [IQR, 23-59 m]/kg], P < .001) than the
remaining vessels (Fig 2). Mean kinetic energy did not differ
between vessels with diameter stenosis greater than 50% and
diameter stenosis of 50% or less (59.3 m]J/kg + 44.3 vs 62.8
m]/kg + 48.5; P = .66) (Table 2). Kinetic energy was highest
for the left anterior descending artery, followed by the left cir-
cumflex artery and right coronary artery (69.3 m]/kg + 49.4 vs
50.6 mJ/kg + 49.9 vs 48.2 m]/kg + 25.1, P = .03). Inter- and
intraobserver intraclass correlation coefhicients of kinetic en-
ergy were 0.95 (95% CI: 0.91, 0.98) and 0.99 (95% CI: 0.98,
1.0), respectively, indicating good agreement. There were no
statistically significant differences in kinetic energy values (Fig
3) between (mean difference, -0.93 + 8.5; P = .57) or within
(mean difference, -0.90 + 5.6; P = .40) observers. There was a

Table 2: Lesion Characteristics

Characteristic Data

No. of vessels analyzed per patient (7 = 113)

1 85 (75)

2 25 (22)

3 3(3)
Reference vessel size (mm) 3.9+0.9
No. of vessels 144

Left anterior descending artery 82 (57)

Left circumflex artery 29 (20)

Right coronary artery 33 (23)

DS (%) 53.5 + 10.6
DS > 50% 86 (60)
Invasive FFR 0.83 +£0.10
Invasive FFR < 0.80 53 (37)
Simulated FFR 0.81 +0.16
Kinetic energy (m]/kg) 60.7 £ 45.9

DS > 50% 59.3 + 44.3

DS <50% 62.8 + 48.5

Right coronary artery 48.2+25.1

Left anterior descending artery 69.3 £+49.4

Left circumflex artery 50.6 + 49.9

Note.—Unless otherwise noted, values are expressed as numbers
of patients, with percentages in parentheses. Mean data are +
SDs. DS = diameter stenosis, FFR = fractional flow reserve.

systematic bias, with greater difference in agreement at higher
kinetic energy values.

Logistic Regression Analysis

Univariable logistic regression analysis showed that sFFR (per
0.05 decrease; odds ratio, 2.21; 95% CI: 1.76, 2.93; P < .001),
diameter stenosis (per 5%; odds ratio, 1.32; 95% CI: 1.11,
1.59; P = .001), and kinetic energy (per 20 m]/kg; odds ra-
tio, 2.33; 95% CI: 1.75, 3.23; P < .001) were predictors of
hemodynamically significant stenosis. Statistical significance
remained when the parameters were included in multivariable
analysis: sSFFR (per 0.05 decrease; odds ratio, 1.79; 95% ClI:
1.37, 2.46; P < .001), diameter stenosis (per 5%j; odds ratio,
1.35; 95% CI: 1.02, 1.84; P = .034), and kinetic energy (per
20 m]J/kg; odds ratio, 1.92; 95% CI: 1.37, 2.95; P < .001).

Receiver Operating Characteristic Curve Analysis

In the receiver operating characteristic curve diagnosing he-
modynamically significant stenosis, the area under the receiver
operating characteristic curve improved when kinetic energy
was added to diameter stenosis (model 1 [diameter stenosis]
vs model 2 [diameter stenosis and kinetic energy], 0.67 [95%
CI: 0.57, 0.76] vs 0.89 [95% CI: 0.84, 0.95]; P < .001) (Fig
4). The areas under the receiver operating characteristic curve
of model 2 (diameter stenosis and kinetic energy) and model
3 (diameter stenosis and sFFR) (0.89; 95% CI: 0.84, 0.95)
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Bland-Altman plots of infer- and infracbserver analysis of kinefic energy calculation. The solid red line represents the mean dif-

ference, and the dashed red lines represent 95% Cls. Obs1 = observer 1, Obs2 = observer 2, Obs1, =N.T, Obsl, ,=Y.N.

were not significantly different (P = .99). Furthermore, when
all three parameters were included in the analysis, the area un-
der the receiver operating characteristic curve was improved to
0.93 (95% CI: 0.89, 0.97) compared with model 2 (P = .02)
and model 3 (P = .04).

Global y? Analysis, Akaike Information Criterion, and
Bayesian Information Criterion

Global y? value analysis (Fig 5) showed that adding kinetic en-
ergy or sFFR to diameter stenosis improved the global y* value
(model 1 [diameter stenosis], 10.5; model 2 [diameter steno-
sis and kinetic energy], 75.5; model 3 [diameter stenosis and
sFFR], 81.2; model 1 vs model 2, P < .05; model 1 vs model 3,
P <.05). In model 4, which included diameter stenosis, kinetic
energy, and sFFR, the global y? value further improved to 98.3
(compared with models 2 and 3, P < .05).

The Akaike information criterion values of models 1, 2, 3,
and 4 were 183, 120, 114, and 99, respectively. The Bayes-
ian information criterion values were 189, 129, 123, and 111,
respectively.

Discussion

Our study showed that coronary CT angiography—derived

kinetic energy improved the diagnostic performance of di-
ameter stenosis to diagnose vessels with FFR of 0.80 or less
in moderate stenosis by increasing the area under the receiver
operating characteristic curve from 0.67 (95% CI: 0.57, 0.76)
t0 0.89 (95% CI: 0.84, 0.95; P < .001). The diagnostic value
of diameter stenosis with kinetic energy was similar to that of
diameter stenosis with sFFR (area under the receiver operat-
ing characteristic curve, 0.89; 95% CI: 0.84, 0.95). Some FFR
simulation algorithms require transfer of CT data to a super-
computer outside the hospital, with an extended turnaround
time of a few hours (10). Kinetic energy is clinically practical
because it can be calculated without the need for transmitting
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CT data externally, and the calculation time is about 5 min-
utes. Although interobserver agreement was good, there was a
systematic bias with greater difference in agreement at higher
kinetic energy values.

Previous studies have shown that the simplified Bernoulli
equation, which uses lesion length and minimum lumen area in
addition to the subtended myocardial mass, may help improve
the diagnostic capability of coronary CT to diagnose hemody-
namically significant stenosis (5,6). The advantage of kinetic
energy is that it requires only myocardial mass and is not af-
fected by blooming from coronary calcification (5,6). Because
kinetic energy improved diagnostic performance in detecting
hemodynamically significant stenosis compared with diameter
stenosis with sFFR, our study findings imply that kinetic energy
might have additive value to other computational fluid dynam-
ics methods, especially when the sFFR shows intermediate values
(sFFR, 0.70-0.80).

Our study had limitations. First, this was a single-center
study using a single CT system, and the body mass index of the
patient population was low, with low calcium scores. Second, we
performed computational fluid dynamics analysis in a limited
segment of coronary arteries because calculated FFR values in
far-distal segments tend to be underestimated (11-13). Current
guidelines recommend using calculated FER values 1-2 cm dis-
tal to the lower border of the stenosis (14). Third, we did not ver-
ify the incremental value of kinetic energy obtained using other
FFR calculation methods. Fourth, although we used papaverine
as a stress agent in some patients, it is shown that papaverine, ad-
enosine triphosphate, and adenosine result in similar stress FFR
values (15). Finally, because we ignored the correlation between
different vessels from the same patient, this may have yielded
incorrect P values.

In conclusion, our feasibility study demonstrated that the addi-
tion of kinetic energy to diameter stenosis improved the diagnos-
tic performance of coronary CT in detecting hemodynamically
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Figure 4: Comparison of receiver operating characteristic curves fo predict

hemodynamically significant stenosis. The areas under the receiver operating char-
acteristic curve (AUCs) of models 1-4 were as follows: model 1 (diameter stenosis
[DS]), 0.67 (95% Cl: 0.57, 0.76); model 2 (DS, kinefic energy [KE]), 0.89 (95%
Cl: 0.84, 0.95): model 3 (DS, simulated fractional flow reserve [sFFR]), 0.89 (95%
Cl: 0.84, 0.95): and model 4 (DS, KE, sFFR), 0.93 (95% CI: 0.89, 0.97). There
were significant differences between models 1 and 2 (P<.001) and models 1
and 3 (P<.001), with no evidence of a difference between models 2 and 3 (P =
.99). The AUC in model 4 was significantly higher than those in model 2 (P=.02)
and model 3 (P=.04). Shaded areas represent 95% confidence band.

significant stenosis and had incremental diagnostic value over
sFFR.
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