
American Heart Journal Plus: Cardiology Research and Practice 35 (2023) 100328

Available online 28 September 2023
2666-6022/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Research Paper 

Energy loss is related to CT fractional flow reserve progression in type 2 
diabetes mellitus patients☆ 

Nobuo Tomizawa a,*, Shinichiro Fujimoto b, Daigo Takahashi b, Yui Nozaki b, Ruiheng Fan a, 
Ayako Kudo b, Yuko Kawaguchi b, Kazuhisa Takamura b, Makoto Hiki b, Satoshi Kadowaki c, 
Fuki Ikeda c, Kanako K. Kumamaru a, Hirotaka Watada c, Tohru Minamino b, Shigeki Aoki a 

a Department of Radiology, Juntendo University Graduate School of Medicine, Tokyo, Japan 
b Department of Cardiovascular Biology and Medicine, Juntendo University Graduate School of Medicine, Tokyo, Japan 
c Department of Diabetes, Endocrinology, and Metabolism, Juntendo University Graduate School of Medicine, Tokyo, Japan   

A R T I C L E  I N F O   

Keywords: 
CT angiography 
Computational modeling 
Coronary artery stenosis 
Energy loss 
Fractional flow reserve 

A B S T R A C T   

Background: We aimed to investigate the diagnostic value of energy loss (EL) and baseline CT fractional flow 
reserve (CT-FFR) computed using computational fluid dynamics to predict functional progression of coronary 
stenosis in patients with type 2 diabetes mellitus. 
Methods: This single-center prospective study included 61 patients with type 2 diabetes mellitus (mean age, 61 
years ±9 [SD]; 43 men) showing 20–70 % stenosis who underwent serial coronary CT performed at 2-year in-
terval between October 2015 and March 2020. A mesh-free simulation was performed to calculate the CT-FFR 
and EL. Functional progression was defined as ≥ 0.05 decrease in CT-FFR on the second coronary CT. Models 
using baseline CT-FFR and EL were compared by analyzing the receiver operating characteristic (ROC) curve. 
Results: Of the 94 vessels evaluated, 25 vessels (27 %) showed functional progression. EL at distal stenosis (ELdis) 
of vessels with functional progression was higher than that of vessels without functional progression (27.6 W/m3 

[interquartile range (IQR): 15.0, 53.0] vs. 5.7 W/m3 [IQR: 2.3, 10.1], p < 0.001). Multivariable analysis showed 
that ELdis (per unit Ln(EL); odds ratio, 11.8; 95 % CI: 4.0–34.9; p < 0.001) remained as a predictor of functional 
progression after adjustment for diameter stenosis and baseline CT-FFR. The area under the ROC curve using 
ELdis (0.89; 95 % CI: 0.82–0.96) was higher than that using baseline CT-FFR (0.71; 95 % CI: 0.59–0.83; p <
0.001). 
Conclusion: When ELdis and baseline CT-FFR were considered, ELdis was a better predictor of functional pro-
gression of coronary stenosis.   

1. Introduction 

The improvement of computational capabilities has allowed the 
introduction of computational fluid dynamics (CFD) in the field of car-
diovascular medicine [1]. Of note, fractional flow reserve (FFR) derived 
from CT data has become a new standard to non-invasively diagnose 
functionally significant stenosis [2]. A recent meta-analysis showed that 
the per-vessel sensitivity and specificity of CT-FFR to diagnose func-
tionally significant stenosis was 85 % and 82 %, respectively [3]. 
Although several studies showed the prognostic value of CT-FFR [4–6], 

lesion-specific evaluation is difficult because CT-FFR value is calculated 
on a per-vessel basis. In addition, lesion-specific evaluation using ΔCT- 
FFR has been shown to predict early revascularization but has not been 
investigated to predict longitudinal plaque progression [7]. 

In addition to pressure calculation, coronary blood flow velocity 
could also be derived from CFD analysis. Velocity data can be used to 
calculate CFD indices such as wall shear stress, vorticity, kinetic energy, 
and viscous energy loss (EL) [8]. Viscous EL has received attention in 4D 
flow MRI studies. These studies showed that viscous EL was related to 
abnormal flow in patients with aortic aneurysm [9], aortic valvular 

Abbreviations: AUC, area under the curve; CFD, computational fluid dynamics; DS, diameter stenosis; EL, energy loss; FFR, fractional flow reserve; IQR, inter-
quartile range; OR, odds ratio; ROC, receiver operating characteristic. 
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disease [10,11], and repaired tetralogy of Fallot [12]. Viscous EL might 
have a potential to predict future plaque progression in coronary artery 
disease, but measuring EL is a challenge using MRI due to spatial reso-
lution issues. Furthermore, factors that contribute to the progression of 
coronary artery disease in terms of a decrease in FFR has not been fully 
investigated. Investigating factors for functional progression is impor-
tant to predict the likelihood of future revascularization procedures. We 
assumed that EL calculated using coronary CT data could better predict 
the functional progression of coronary plaque than CT-FFR. Addition-
ally, diabetes mellitus is a risk factor for distribution and progression of 
coronary artery disease [13]. The prevalence of obstructive coronary 
artery disease and high-risk plaques is higher in patients with diabetes 
mellitus than in those with hypertension or dyslipidemia [14]. Plaques 
are more likely to progress with greater severity of diabetes mellitus 
[15]. Therefore, the purpose of the present study was to compare the 
value of EL and CT-FFR to predict functional progression of coronary 
plaque using data from serial coronary CT performed at 2-year intervals 
in patients with type 2 diabetes mellitus. 

2. Methods 

2.1. Patients 

This single-center prospective study was approved by the institu-
tional review board and written informed consent was provided by all 
patients. We initially included 452 consecutive patients with type 2 
diabetes mellitus between the ages of 35 and 70 years old who were 
offered a one-week in-hospital diabetes education program between 
October 2015 and March 2020 (Fig. 1). The exclusion criteria were as 
follows: known coronary artery disease (n = 97), asthma (n = 15), severe 
aortic valve stenosis (n = 4), allergy to contrast medium (n = 5), poor 
kidney function (n = 62). A total of 70 patients did not give consent to 
perform the first coronary CT scan and another 89 patients withdrew 

from the study before the second coronary CT scan. Therefore, serial 
coronary CT was performed at 2-year interval in 110 patients. In addi-
tion, 48 patients without plaques with ≥20 % stenosis and one patient 
who had undergone coronary artery bypass grafting were excluded. 
Therefore, the final study group included 61 patients. Of the eligible 183 
vessels, 94 vessels with 20–70 % stenosis in the initial CT were analyzed. 
If multiple plaques were present, the most proximal plaque was 
considered. 

We defined diabetes mellitus, hypertension, and dyslipidemia as 
follows: (1) diabetes mellitus, fasting glucose level ≥ 126 mg/dl and/or 
hemoglobin A1c ≥ 6.5 % and/or need for insulin or oral antidiabetic 
drugs) [16]; (2) hypertension, blood pressure ≥ 140/90 mmHg and/or 
use of antihypertensive drugs; (3) dyslipidemia (low-density lipoprotein 
≥ 140 mg/dl and/or high-density lipoprotein ≤ 40 mg/dl and/or tri-
glyceride ≥ 150 mg/dl and/or need for antilipidemic drugs) [17]. 

2.2. Coronary CT angiography 

A 320-row CT was used to perform coronary CT angiography 
(Aquilion ONE Genesis Edition; Canon Medical Systems Corporation). 
Oral β-blocker (metoprolol, 20 or 40 mg) was used 1 h before the exam 
to achieve the target heart rate of 65 beats per minute. A maximum dose 
of 12.5 mg of landiolol (Corebeta; Ono Parmaceutical) was given 
intravenously if the heart rate was > 65 bpm at the CT room [18]. All 
patients received 0.6 mg of sublingual nitroglycerin (Nitropen; Nippon 
Kayaku) before imaging. Patients received 18.0 mg iodine/kg/s of 
iomeprol (Iomeron 350; Eisai) for 12 s, followed by a 30 ml saline flush. 
Images were reconstructed with slice thickness and increment of 0.50 
mm and 0.25 mm, respectively, using a convolution kernel of FC04 with 
iterative reconstruction (AIDR 3D [adaptive iterative dose reduction 
using a three-dimensional processing algorithm]; Canon Medical Sys-
tems Corporation). Images were transferred to a workstation for post-
processing (Synapse Vincent, version 6.0; Fujifilm Medical). 

Fig. 1. Patient flowchart. The study initially included 452 consecutive patients undergoing a one-week inpatient diabetes education program. Consecutive coronary 
CTs with 2-year interval were performed on 110 patients. The final analysis included 61 patients and 94 vessels with 20–70 % stenosis. 
CABG = coronary artery bypass grafting; PCI = percutaneous coronary intervention; pts. = patients. 
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2.3. Coronary stenosis analysis 

Stenosis analysis software in the workstation automatically identi-
fied the lumen border. Diameter stenosis (DS) was automatically ob-
tained. Left ventricular myocardial volume of the stenosis related 
territory was estimated by performing myocardial segmentation using 
the Voronoi method (Myocardial analysis; Fujifilm Medical) [19]. 

2.4. CFD analysis 

We used a mesh-free method (OpenMPS) to perform CFD analysis. 
The OpenMPS software is an open-source implementation of moving 
particle semi-implicit method available at GitHub (https://github. 
com/OpenMps/openmps) [20]. In brief, a three-dimensional CFD al-
gorithm was employed from approximately 1 cm proximal to 2 cm distal 
to the stenosis. The CT-FFR value at 2 cm distal to the stenosis was 
recorded (Fig. 2). If the CT-FFR decreased by ≥ 0.05 on the second CT, 
the stenosis was considered to be functionally progressive. This cutoff 
value was set first to exclude interobserver error [21] and second 
because a 0.05 decrease in CT-FFR would increase the liklihood of future 
revascularization [7]. Energy loss (EL, in W/m3) of the following 4 
points were acquired: proximal, middle, and distal thirds of the lesion; 
entire lesion (Fig. 2). EL was calculated as follows [22]: 

EL =
1
V

∫

V
μϕdV (1)  

where μ is fluid viscosity (4.2 × 10− 3 Pa s) and ϕ can be derived as 
follows: 
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Measurements were performed by a cardiovascular radiologist (N.T., 
with 15 years of experience). As a second observer, a radiation techni-
cian (R.F., with 5 years of experience) measured these values in the 
randomly selected 30 vessels. 

2.5. Statistical analysis 

Continuous variables were shown as means ± SDs and categorical 
variables as numbers with percentages, unless otherwise described. 
Student t-test was used to compare continuous variables. The Fisher 
exact test and Wilcoxon test were used to compare categorical variables 

and skewed variables, respectively. The McNemar test was used to 
compare the accuracy of each potential risk factor in detecting func-
tional progression. We adjusted the multiple vessels per patient. Intra-
class correlation coefficient was used to investigate inter-observer 
variability for EL. 

Pearson's correlation analysis was used to investigate the relation-
ship between CT-FFR decrease in 2 years and EL. Logistic regression 
analysis was used to predict functional progression. EL values were 
converted to Ln(EL) for normalization. Variables with p < 0.10 in uni-
variable analysis were included in multivariable analysis. As for EL, the 
segment with the highest odds ratio (OR) was included in multivariable 
analysis. Generalized estimated equations were used to adjust multiple 
vessels per patient. Receiver operating characteristic (ROC) curve 
analysis was used to compare the predictive value of CT-FFR and EL. The 
Youden index was used to determine the optimal cutoff value. 

A total of 94 vessels were included in this study, which provided 78 
% power (α = 0.05) to detect superiority in the area under the curve 
(AUC) of CT-FFR vs. EL of distal stenosis. 

Differences in AUC values were assessed using the DeLong method 
using the logistic regression analysis adjusted for multiple vessels per 
patient. Logistic regression analysis, DeLong method, and calculation of 
ICCs were performed using R software (version 4.0.2; R Foundation for 
Statistical Computing). The remaining statistical analyses were per-
formed using JMP software, version 17.0.0 (SAS institute). A p-value <
0.05 was considered to indicate a statistically significant difference. 

3. Results 

3.1. Patient and lesion characteristics 

Our study included 61 patients (mean age, 61 years ±9 [SD]; 43 
men) (Table 1). All patients had diabetes mellitus. Hypertension and 
dyslipidemia were present in 24 patients (39 %) and 39 patients (64 %), 
respectively. More than half of the patients (43 patients, 70 %) had a 
smoking history. Statin was prescribed in 40 patients (66 %). 

In order of decreasing frequency, coronary stenoses were located in 
the left anterior descending artery (50 vessels, 53 %), right coronary 
artery (27 vessels, 29 %), and left circumflex artery (17 vessels, 18 %) 
(Table 2). The mean DS was 31.6 % ± 9.6. 

3.2. Baseline CT-FFR and EL 

The mean baseline CT-FFR was 0.85 ± 0.15, and 25 of 94 vessels (27 

Fig. 2. Images in a 69-year-old male with functional progression in 2 years. Mild stenosis with calcified plaque was present in the proximal left circumflex artery (A). 
The baseline CT-FFR was 0.89, which progressed to 0.81 in 2 years (B). The energy loss of the distal segment of stenosis progressed from 25.6 W/m3 to 124.2 W/m3 

(C). 
CT-FFR = CT fractional flow reserve. 
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%) showed functional progression (ΔCT-FFR ≥0.05) (Table 2). Vessels 
with functional progression had lower baseline CT-FFR values than the 
remaining vessels (0.80 ± 0.14 vs. 0.87 ± 0.15, p = 0.04). The median 
EL in vessels with functional progression was higher than that without 
functional progression in proximal (11.5 W/m3 [interquartile range 
(IQR): 8.5, 19.9] vs. 3.7 W/m3 [IQR: 1.8, 9.6], p < 0.001), middle (38.9 
W/m3 [IQR: 13.6, 51.5] vs. 7.2 W/m3 [IQR: 3.5, 16.3], p < 0.001), distal 
(27.6 W/m3 [IQR: 15.0, 53.0] vs. 5.7 W/m3 [IQR: 2.3, 10.1], p < 0.001), 
and entire stenosis (31.0 W/m3 [IQR: 11.9, 39.3] vs. 6.1 W/m3 [IQR: 
2.6, 12.6], p < 0.001). Pearson's correlation analysis showed a positive 
relationship between ELdis and CT-FFR decrease in 2 years (Fig. 3). 

Increase in EL after 2 years was larger in vessels with functional 
progression than in the remaining vessels in proximal (3.5 W/m3 [IQR: 
8.8, 62.6] vs. − 0.2 W/m3 [IQR: − 4.0, 2.9], p < 0.001), middle (24.9 W/ 
m3 [IQR: 8.8, 62.6] vs. − 0.2 W/m3 [IQR: − 2.7, 3.2], p < 0.001), distal 
(5.7 W/m3 [IQR: − 1.6, 39.8] vs. 0.0 W/m3 [IQR: − 2.7, 3.2], p < 0.001), 
and entire stenosis (18.6 W/m3 [IQR: 5.7, 36.8] vs. − 0.3 W/m3 [IQR: 
− 3.2, 2.2], p < 0.001) (Supplemental Table 1). 

Interobserver intraclass correlation coefficients of CT-FFR and EL of 
proximal, middle, distal, and entire stenosis were 0.96 (95 % CI: 
0.91–0.98), 0.88 (95 % CI: 0.77–0.94), 0.97 (95 % CI: 0.94–0.99), 0.96 
(95 % CI: 0.92–0.98), and 0.96 (95 % CI: 0.93–0.98), respectively, 
indicating good agreement. 

3.3. Logistic regression analysis 

Univariable logistic regression analysis showed that EL of proximal 
(per unit ln(EL); OR, 4.75; 95 % CI: 2.43–9.27; p < 0.001), middle (OR, 
2.57; 95 % CI: 1.55–4.28; p < 0.001), distal (OR, 6.05; 95 % CI: 
3.06–12.0; p < 0.001), and entire stenosis (OR, 3.60; 95 % CI: 
2.01–6.45; p < 0.001) were predictors of functional progression, while 
DS and baseline CT-FFR were not significant predictors (Table 3). When 
DS, baseline CT-FFR, and EL at distal stenosis were included in the 
multivariable analysis, baseline CT-FFR (per 0.05 decrease; OR, 0.78; 
95 % CI: 0.60–0.99; p = 0.04) and EL at distal stenosis (OR, 11.8; 95 % 

Table 1 
Patient demographics.  

No. of patients 61 
Male 43 (71 %) 

Age (y) 60.6 ± 8.6 
Body mass index (kg/m2) 26.6 ± 4.7 
Cardiac risk factors  

Hypertension 24 (39 %) 
Diabetes mellitus 61 (100 %) 
Dyslipidemia 39 (64 %) 
Smoking, current/ex 21/22 (34 %/36 %) 
Family history 16 (27 %) 

Medication  
Statin 40 (66 %) 
Oral hypoglycemic agents 49 (80 %) 
Insulin 20 (33 %) 

Numbers are reported as mean ± SD or number of patients with percent-
ages in parentheses. 

Table 2 
Lesion characteristics.  

Parameter All 
vessels 

Functional no 
progression (ΔCT- 
FFR < 0.05) 

Functional 
progression (ΔCT- 
FFR ≥ 0.05) 

p 

Vessel 94 69 25  
Left anterior 
descending 

50 (53 
%) 

18 (72 %) 32 (46 %)  0.08 

Left 
circumflex 

17 (18 
%) 

2 (8 %) 15 (22 %)  

Right 
coronary 

27 (29 
%) 

5 (20 %) 22 (32 %)  

DS (%) 31.6 ±
9.6 

30.6 ± 10.0 34.6 ± 7.8  0.07 

Baseline CT- 
FFR 

0.85 ±
0.15 

0.87 ± 0.15 0.80 ± 0.14  0.04* 

Energy loss 
(W/m3)a     

Proximal 
stenosis 

5.3 (2.4, 
11.4) 

3.7 (1.8, 9.6) 11.5 (8.5, 19.9)  <0.001* 

Middle 
stenosis 

11.2 
(4.4, 
31.4) 

7.2 (3.5, 16.3) 38.9 (13.6, 51.5)  <0.001* 

Distal 
stenosis 

8.5 (3.1, 
20.0) 

5.7 (2.3, 10.1) 27.6 (15.0, 53.0)  <0.001* 

Entire 
stenosis 

9.7 (3.2, 
23.0) 

6.1 (2.6, 12.6) 31.0 (11.9, 39.3)  <0.001* 

Numbers are reported as mean ± SD or number of patients with percentages in 
parentheses, unless otherwise noted. 
DS = diameter stenosis, FFR = fractional flow reserve. 

* Statistically significant, p < 0.05. 
a Numbers are reported as median with interquartile range in parentheses. 

Fig. 3. Scatter plot showing the relationship between ELdis and CT-FFR 
decrease in 2 years. Although the relationship was weak (R2 = 0.084), the 
relationship was significant (p = 0.005). 
CT-FFR = CT fractional flow reserve; ELdis = energy loss at distal stenosis. 

Table 3 
Logistic regression analysis to predict functional progression (ΔCT-FFR ≥0.05).  

Parameter Univariable  Multivariable  

Odds ratio (95 
% CI) 

p Odds ratio (95 
% CI) 

p 

DS (per 5 %) 1.24 
(0.98–1.57)  

0.08 0.93 
(0.62–1.38)  

0.72 

Baseline CT-FFR 
(per 0.05 
decrease) 

1.16 
(0.99–1.35)  

0.06 0.78 
(0.60–0.99)  

0.04* 

EL (per unit ln(EL))     
Proximal 4.75 

(2.43–9.27)  
<0.001*   

Middle 2.57 
(1.55–4.28)  

<0.001*   

Distal 6.05 
(3.06–12.0)  

<0.001* 11.8 (4.0–34.9)  <0.001* 

Entire 3.60 
(2.01–6.45)  

<0.001*   

DS = diameter stenosis, EL = energy loss, FFR = fractional flow reserve. 
* Statistically significant, p < 0.05. 
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CI: 4.0–34.9; p < 0.001) were predictors of functional progression. 

3.4. ROC curve analysis and diagnostic performance 

In the ROC curve predicting functional progression, the AUC of EL at 
distal stenosis (0.89; 95 % CI: 0.82–0.96) was higher than those of DS 
(0.66; 95 % CI: 0.55–0.77) and baseline CT-FFR (0.71; 95 % CI: 
0.59–0.83; p < 0.001) (Fig. 4). The best cutoff values for DS, baseline CT- 
FFR, and EL at distal stenosis were 27 %, 0.87, and 19.0 W/m3, 
respectively. 

We found no evidence of difference in sensitivity to predict func-
tional progression between models including DS, baseline CT-FFR, and 
EL at distal stenosis (Table 4). The specificity of DS and baseline CT-FFR 
were 48 % (33 out of 69 vessels; 95 % CI: 36–60) and 77 % (53 out of 69 
vessels; 95 % CI: 65–86), respectively, which improved to 91 % (63 out 
of 69 vessels; 95 % CI: 82–97; p < 0.001) with EL at distal stenosis. The 
diagnostic accuracy of EL at distal stenosis (86 %; 81 of 94 vessels; 95 % 
CI: 78–92) was higher than those of DS (59 %; 55 out of 94 vessels; 95 % 
CI: 48–69; p < 0.001) and baseline CT-FFR (74 %; 70 of 94 vessels; 95 % 
CI: 64–83; p = 0.007). 

4. Discussion 

Patients who are admitted for diabetes education program often have 
poor glycemic control and are at risk for rapid progression of coronary 
artery disease [23]. Our study showed that EL was higher in vessels with 
functional progression than in the remaining vessels. The AUC of the 
ROC curve to predict functional progression in a model including EL at 
distal stenosis was higher than that of DS and baseline CT-FFR. The 
predictive value of EL at distal stenosis was higher than that of DS and 
baseline CT-FFR mainly by increasing the specificity. A previous study 
showed that coronary flow vorticity could predict progression of coro-
nary plaques [21]. Since EL assessed in this study is an index to directly 
assess the transfer of fluid energy into the plaque, EL would be an ideal 
marker to investigate the progression of coronary plaques. 

It is well known that the prognosis of patients with obstructive cor-
onary artery disease is worse than patients without [24]. However, there 
is a lack of evidence of morphological parameters such as DS to predict 
lesion specific progression. This is in line with the present study that the 
positive predictive value of DS was low. Therefore, CFD parameters have 
been studied to predict plaque progression. Longitudinal studies of CT- 
FFR have shown that lower CT-FFR values are associated with 
increased cardiovascular events [4,5,25]. However, these studies have 
not investigated lesion-specific outcomes, and Lee et al. conducted a 
case-control study to investigate whether hemodynamic characteristics 
could be responsible for subsequent acute coronary syndromes [26]. 
They showed that factors such as CT-FFR, wall shear stress, and axial 
plaque stress were shown to be predictors of future plaque rupture, but 
the AUC of the ROC curve in a model including these parameters was 
moderate (c-index 0.79). The sensitivity and specificity were approxi-
mately 70–80 %, similar to the values in our study in a model using CT- 
FFR. Therefore, the inclusion of EL would further strengthen the clinical 
impact of hemodynamic parameters to predict lesion-specific 
progression. 

The presence of coronary stenosis causes disturbed flow, resulting in 
increased vorticity [27]. In this state, kinetic energy is partially con-
verted to acoustic and thermal energy due to friction, viscosity, and 
turbulence [8,9]. High EL is related to increased wall shear stress [28], 
which induces platelet dysfunction that exacerbates the local thrombotic 
propensity [29]. High wall shear stress is associated with proin-
flammatory pathway which results in plaque progression [30]. From 
these findings, EL could be an ideal predictor for plaque progression. 

Four-dimensional flow MRI is commonly used to directly examine 
blood flow [8,31]. The strength of MRI is that the blood flow is the actual 
value, and no ionizing radiation is necessary for acquisition [31]. 
However, the spatial resolution of MRI is inferior to CT and MRI might 
be difficult to reproduce small structures such as coronary plaques. Also, 
MRI acquisitions are performed for multiple heartbeats and the results 
are influenced by heartbeat variations. Although the acquisition of CT is 
quick, simulation of the cardiac flow might be time consuming. 
Conversely, the MRI results are available at the end of the scan. 
Therefore, the appropriate modality for analysis depends on the anat-
omy to analyze. When the structure is small and complex, CT might be 
superior to MRI for CFD analysis. 

Our study had limitations. First, this was a single-center study using a 
single CT system. Multi-center study using various CT vendors is 
necessary to confirm the results of this study. Second, the results might 
change when other CFD methods are used. The CFD system we used is 
based on the Navier-Stokes equation, and the FFR values derived from 
this method has been verified against invasive FFR [20]. Third, only 
patients with type 2 diabetes mellitus was included in this study because 
diabetes mellitus is a stronger factor for plaque distribution and pro-
gression than other cardiovascular risk factors such as hypertension and 

Fig. 4. Comparison of receiver operating characteristic curves to predict 
functional plaque progression. The areas under the receiver operating charac-
teristic curve of models including DS and baseline CT-FFR were 0.66 (95 % CI: 
0.55–0.77) and 0.71 (95 % CI: 0.59–0.83), respectively, which increased to 0.89 
(95 % CI: 0.82–0.96; p < 0.001) with ELdis. Shaded areas represent 95 % 
confidence band. 
AUC = area under the curve; CT-FFR = CT fractional flow reserve; DS =
diameter stenosis; ELdis = energy loss at distal stenosis. 

Table 4 
Diagnostic performance to predict functional progression (ΔCT-FFR ≥0.05).   

DS Baseline CT-FFR ELdis 

Sensitivity 88 (22/25) 
[69–97] 

68 (17/25) 
[46–85] 

72 (18/25) 
[51–88] 

Specificity 48 (33/69) 
[36–60] 

77 (53/69) 
[65–86] 

91 (63/69) 
[82–97]*,†

Positive predictive 
value 

38 (22/58) 
[26–52] 

52 (17/33) 
[34–69] 

75 (18/24) 
[53–90]* 

Negative predictive 
value 

92 (33/36) 
[78–98] 

87 (53/61) 
[76–94] 

90 (63/70) 
[80–96] 

Accuracy 59 (55/94) 
[48–69] 

74 (70/94) 
[64–83]* 

86 (81/94) 
[78–92]*,†

Data in parentheses are numbers of patients, with 95 % CIs in brackets. 
DS = diameter stenosis, ELdis = energy loss at distal stenosis, FFR = fractional 
flow reserve. 

* Statistically significant (vs. DS), p < 0.05. 
† Statistically significant (vs. baseline CT-FFR), p < 0.05. 
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dyslipidemia [14,15]. Further study is necessary to investigate whether 
EL is a factor to predict functional progression in different patient 
characteristics. Fourth, this study did not aim to investigate factors to 
improve the prognosis of patients. Studies to focusing on therapeutic 
methods using CFD data would enhance the results of this study. Finally, 
the high drop-out rate of this study due to the coronary virus disease 
2019 pandemic might have resulted in selection bias. 

In conclusion, EL at distal stenosis was a better predictor than 
baseline CT-FFR in predicting functional progression of coronary ste-
nosis. Assessing EL of coronary stenosis using coronary CT data calcu-
lated by CFD could non-invasively predict functional progression in 
patients with type 2 diabetes mellitus. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ahjo.2023.100328. 
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