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Deferred vessels with FFR > 0.80 harboring HRP and/or
HRV have a prognosis comparableto that of deferred
vessels with functional significance (FFR < 0.80)

In patientswith DM, both lesion-level (HRP) and vessel-level (HRV) characteristics provided incremental prognostic

Conclusion

particularly for those with functionally insignificant lesions.
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Background/Aims: We investigated the prognostic value of high-risk plaque (HRP) and high-risk vessel (HRV) characteris-
tics on coronary computed tomography angiography (CCTA) alongside fractional flow reserve (FFR) in patients with diabetes
mellitus (DM).

Methods: We analyzed 307 vessels from 184 diabetic patients who underwent both CCTA and invasive FFR. HRP was de-
fined as the presence of > 3 high-risk features (minimal lumen area < 4 mm?, plaque burden > 70%, low-attenuation plaque,
positive remodeling, spotty calcification, or napkin-ring sign). HRV was defined as the presence of > 1 quantitative volumetric
parameter above the optimal cutoff. The primary endpoint was target vessel failure (TVF). HRs were adjusted for FFR, HRP,
HRV, and the number of clinical risk factors.

Results: Functional significance (FFR < 0.80; adjusted HR 2.56; 95% Cl 1.07-6.12; p = 0.034), HRP (adjusted HR 2.29; 95%
C11.10-4.77; p = 0.028), and HRV (adjusted HR 2.37; 95% Cl 1.12-5.01; p = 0.025) were independent predictors of TVF.
Notably, deferred vessels with FFR > 0.80 harboring HRP and/or HRV had a significantly higher risk of TVF compared to the
deferred low-risk group (HR 4.78; 95% Cl 1.68-13.57; p = 0.003), and their prognosis was comparable to that of deferred
vessels with functional significance (FFR < 0.80; HR 5.57; 95% Cl 1.70-18.24; p = 0.005).

Conclusions: In patients with DM, both lesion-level (HRP) and vessel-level (HRV) characteristics provided incremental prog-
nostic value beyond FFR. Integrating these anatomical risk features may refine risk stratification for diabetic patients, particu-
larly for those with functionally insignificant lesions.

Keywords: Coronary artery disease; Diabetes mellitus; Fractional flow reserve, myocardial; Computed tomography angiog-

raphy; Plaque, atherosclerotic

INTRODUCTION

Diabetes mellitus (DM) is one of the major prognostic fac-
tors in patients with coronary artery disease (CAD) confer-
ring a two- to fourfold higher risk of adverse cardiovascular
events compared with individuals without diabetes [1-3]. Di-
abetic patients exhibit a more extensive burden of coronary
atherosclerosis and a rapid plaque progression, as well as a
greater prevalence of high-risk plaque (HRP) features, rela-
tive to non-diabetic patients [4-7]. Notably, endothelial dys-
function, microvascular impairment, and reduced coronary
flow reserve have been demonstrated to occur in diabetic
patients even before the development of significant epicar-
dial coronary stenosis [8-10]. Despite advances in contem-
porary percutaneous coronary intervention (PCl) strategies,
including intravascular imaging or coronary physiological
assessment, diabetic patients remain at higher residual risk
of adverse cardiac events [11,12], which underscores the
need for refined risk stratification in diabetic patients with
CAD. We therefore hypothesized that an integrated ap-
proach combining lesion- and vessel-level plague character-
istics with functional significance could provide incremental
prognostication, which has not yet been fully elucidated.
Accordingly, the present study aimed to evaluate the com-
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prehensive prognostic implications of coronary computed
tomography angiography (CCTA)-based assessment, incor-
porating lesion-level plague characteristics and overall ves-
sel-level disease burden, and functional significance deter-
mined by fractional flow reserve (FFR) in patients with DM.

METHODS

Study population and design

The study population was derived from the CCTA-FFR regis-
try (NCT04037163), which comprises a total of 872 vessels
in 538 patients and has been described elsewhere [13]. In
brief, the registry enrolled patients with suspected CAD who
underwent CCTA followed by invasive FFR measurement
within 90 days. In the current study, only vessels in which
invasive FFR was measured and for which CCTA analysis
by the core laboratory (Severance Cardiovascular Hospital,
Seoul, Korea) was feasible were included. Patients were
excluded if they had a reduced ejection fraction (< 35%),
presented with an acute ST-elevation myocardial infarction
(MI) within 72 hours, had a prior history of coronary artery
bypass graft surgery, had chronic kidney disease, showed
thrombolysis in Ml flow < 3, or were scheduled to undergo
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coronary artery bypass graft surgery after angiography. For
the current analysis, a total of 307 vessels from 184 patients
with DM were included. Decisions regarding PCl were made
at the discretion of the treating physician. The study was
conducted in accordance with the principles of the Declara-
tion of Helsinki, and the study protocol was approved by the
institutional review board of each participating center, in-
cluding Seoul National University Hospital (IRB No. H-1907-
094-1048).

CCTA analysis and plaque characterization
Qualitative and quantitative plaque assessment was per-
formed on a per-lesion and per-vessel basis using CCTA
data analyzed at an independent core laboratory by an in-
dependent investigator blinded to all clinical characteristics
and invasive angiographic findings, and FFR data. All CCTA
acquisitions followed the Society of Cardiovascular Comput-
ed Tomography guidelines. Quantitative plaque analysis was
conducted using semi-automated software (QAngioCT Re-
search Edition version 2.1.9.1; Medis Medical Imaging Sys-
tems, Leiden, the Netherlands), with manual adjustments
applied as needed. When multiple lesions were present in
a vessel, the most stenotic lesion was designated as the in-
dex lesion for plaque characterization. Plaque burden was
defined as the ratio of plague area to vessel area at the seg-
ment with the minimum lumen area (MLA). For vessel-level
analysis, volumetric quantitative parameters were measured
across the entire vessel, encompassing all atherosclerotic le-
sions within the vessel. Per-vessel volumetric plague analysis
included measurement of total plaque volume (TPV), per-
cent atheroma volume (PAV), calculated as plaque volume
normalized to vessel volume, and non-calcified plaque vol-
ume (NCPV; < 130 Hounsfield units [HU]).

Definitions of HRP characteristics (HRPC) and
high-risk vessel characteristics (HRVC)

For lesion-level assessment, HRPC were defined as the pres-
ence of any of the following features: (1) MLA < 4 mm?, (2)
plaque burden > 70%, (3) low attenuation plaque (mean
density < 30 HU), (4) positive remodeling (remodeling in-
dex > 1.1), (5) spotty calcification (average density > 130
HU with diameter < 3 mm in any direction, calcium length
< 1.5 times the vessel diameter, and width < two-thirds of
the vessel diameter), or (6) napkin-ring sign (ring-like attenu-
ation with peripheral high-density tissue encircling a central
low-density core). A lesion was classified as HRP if > 3 HRPC
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were present, in line with prior literature [14]. For vessel-lev-
el assessment, HRVC was defined as (1) PAV > 32.5%, (2)
TPV > 358.2 mm?3, and (3) NCPV > 102.3 mm3, based on
binary classification using optimal thresholds for predicting
the primary endpoint. A vessel was defined as a high-risk
vessel (HRV) if any one of the HRVC were present [4].

Invasive coronary angiography and FFR
measurement

Invasive coronary angiography and FFR measurements were
conducted using standard protocols. Following engage-
ment of a guide catheter, a pressure-monitoring guidewire
was advanced distal to the target lesion. Maximal hyperemia
was induced by continuous intravenous infusion of adenos-
ine (140 pg/kg/min) or adenosine triphosphate (160 ug/kg/
min). FFR was defined as the ratio of mean distal coronary
pressure to mean aortic pressure during hyperemia. All FFR
tracings were independently validated by a core laboratory
(Seoul National University Hospital, Seoul, Korea). For pa-
tients undergoing PCl, post-PCl FFR was obtained and con-
sidered the final FFR value for the corresponding vessel.

Clinical outcomes and event adjudication
Clinical follow-up data were collected through scheduled
outpatient visits or telephone interviews. All clinical events
were adjudicated by an independent committee blinded to
clinical, angiographic, and physiologic information. The pri-
mary endpoint was target vessel failure (TVF), a vessel-ori-
ented composite endpoint consisting of cardiac death,
target-vessel M, or ischemia-driven target vessel revascu-
larization. Event definitions followed the criteria of the Ac-
ademic Research Consortium. All deaths were considered
cardiac unless a clearly documented non-cardiac cause was
established. Ml was defined according to the Third Universal
Definition of MI [15], with periprocedural Ml excluded from
outcome assessment. Ischemia-driven revascularization was
defined as any repeat revascularization prompted by at least
one of the following: (1) recurrent angina symptoms, (2) a
positive non-invasive test, or (3) a positive invasive physio-
logic test [15].

Statistical analysis

Categorical variables were expressed as counts and percent-
ages, while continuous variables were reported as mean
+ standard deviation or median with interquartile range
(Q1-Q3), depending on their distribution assessed by the
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Kolmogorov-Smirnov test. All analyses were conducted on risk factors calculated as the sum of age > 65 years, DM,
a per-vessel basis. For between-group comparisons of clini- hypertension, dyslipidemia, and smoking. Optimal cut-off
cal outcomes, event rates were estimated using the Kaplan— values of quantitative plaque parameters for predicting TVF
Meier method and presented as cumulative incidence. In were determined using maximally selected log-rank statistics
assessment of the significance of trends, the chi-square test within the DM population. The plots for determining these
for trend in proportions was conducted. Hazard ratios (HRs) cut-off values are presented in Supplementary Figure 1.
with 95% confidence intervals (Cls) were calculated using In all outcome analyses, the final post-PCI FFR value was
marginal Cox proportional hazards regression by account- applied. All statistical tests were two-sided, with p < 0.05
ing for per-vessel correlation within the patients. To prevent considered statistically significant. Analyses were performed
model overfitting given the limited number of events, mul- using R software, version 4.3.3 (R Foundation for Statistical
tivariable models were adjusted using the number of clinical Computing, Vienna, Austria).
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Figure 1. Association of FFR with number of HRPC and HRVC. Bar graphs showing the distribution of the number of (A) HRPC and (B)
HRVC stratified by FFR categories. FFR, fractional flow reserve; HRPC, high-risk plaque characteristics; HRVC, high-risk vessel characteris-
tics.
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Figure 2. Cumulative TVF rate according to functional significance, HRP, and HRV. Kaplan-Meier curves for TVF. The curves are stratified
by (A) functional significance (FFR < 0.80 vs. FFR > 0.80), (B) presence of HRP, and (C) presence of HRV. HRP was defined as the presence
of > 3 HRPC, and HRV was defined as the presence of > 1 HRVC. TVF, target vessel failure; FFR, fractional flow reserve; HRP, high-risk
plaque; HRV, high-risk vessel.
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Table 1. Baseline patient and lesion characteristics
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Table 1. Continued

Clinical characteristic Value Clinical characteristic Value
Age (yr) 66.2 + 9.5 HRVC
Male 137 (74.5) Percent atheroma volume (%) 23.4+144
Cardiovascular risk factors Total plaque volume (mm?3) 177.5 + 158.2
Hypertension 138 (75.0) Non-calcified plague volume (mm?) 371 +59.3
Dyslipidemia 127 (69.0) HRV 93 (30.3)
Current smoking 47 (25.5) Percent atheroma volume > 32.5% 76 (24.8)
Chronic kidney disease 0(0.0) Non-calcified plaque volume > 102.3 31 (10.1)
Prior MI 9(4.9) mm?
Left ventricular ejection fraction 63.3+8.2 Total plague volume > 358.2 mm” 32(104)
Clinical presentation Coronary physiological assessment
Acute coronary syndrome 35 (19.0) Pre-PCI FFR 0.83+0.11
STEMI 0(0.0) Final FFR 0.88 +0.07
NSTEMI 9(4.9) Values are presented as mean + standard deviation for
) continuous variables and number (%) for categorical variables.
Unstabl 26 (141
ns é e angina (WD) Total of 307 vessels in 184 patients.
Chronic coronary syndrome 110 (59.8) MI, myocardial infarction; STEMI, ST-segment elevation
Others 39 (21.2) myocardial infarction; NSTEMI, non-ST-segment elevation
Procedural findings myocardial infarction; PCI, percutaneous coronary intervention;
P 83 (45.1) C.CTA,. coronary computeq ’Fomography angiography; HRPC,
Total ber/total  oati 0.6+ 0.8 high-risk plaque characteristics; HRP, high-risk plaque; HRVC,
otal stent number/total no. of patients (n) o= high-risk vessel characteristics; HRV, high-risk vessel; FFR,
Total stent length/total no. of patients 15.0 £20.8 fractional flow reserve.
(mm)
Location
Left anterior descending artery 153 (49.8) RESULTS
Left circumflex artery 70 (22.8)
Right coronary artery 84 (27.4) Baseline characteristics
Quantitative coronary angiographic findings Among a total of 872 vessels in 538 patients, 307 vessels
Reference diameter (mm) 20406 from 184 pgtients with DM were inclgded, and these showed
Minimum lumen diameter (mm) 16+07 a higher risk of TVF compared with the non-DM group
0, 0, | 1
Diameter stenosis (%) 467 + 175 (15.9‘/0 Vs, 5.2 %) as shovvn in Supplelmentary Flgyre 2
. Baseline patient and lesion characteristics are detailed in
Lesion length (mm) 403 +221
o Table 1. The mean age was 66.2 + 9.5 years, and 74.5%
CCTA findings . . .
HRPC of patients were male. The majority presented with chron-
ic coronary syndrome (59.8%), with a mean FFR of 0.83 =
Plague burden (%) 63.6 + 18.3 .
= , 23220 0.11. In plague analysis, the mean plaque burden was 63.6
+ .
Minimal lumen area (mm°) T + 18.3%, MLA was 3.3 + 2.2 mm?, and HRP was present in
nil? —— 32.2% of lesions. On a per-vessel basis, the mean PAV was
Plaque burden 2 70% 131427 234+ 14.4%, TPV was 177.5 + 158.2 mm3, and NCPV was
69 2 . .
Minimal lumen area <4 mm 219(71.3 37.1 + 59.3 mm3, with HRV observed in 30.3% of vessels.

Low attenuation plaque
Positive remodeling
Spotty calcification
Napkin-ring sign

64 (20.8
122 (39.
52 (16.
2(07

https://doi.org/10.3904/kjim.2026.005

The prevalence of HRP and HRV increased progressively with
decreasing FFR values: 10.3%, 30.7%, 50.7%, and 54.3%
for HRP and 20.7%, 28.1%, 39.4%, and 42.9% for HRV in
FFR categories of > 0.90, 0.81-0.90, 0.71-0.80, and < 0.70,
respectively (p for trend < 0.001 for HRP and p for trend =
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0.002 for HRV) (Fig. 1). There was a positive correlation be-
tween the number of HRPC and PAV (r = 0.378; p < 0.001),
TPV (r=0.261; p<0.001), and NCPV (r = 0.286; p < 0.001)
(Supplementary Fig. 3).

Prognostic implications of functional
significance, HRP and HRV

During a median follow-up of 4.25 years (IQR, 2.38-4.82),
33 TVF events were observed (Kaplan—-Meier cumulative
incidence, 15.9%) (Supplementary Table 1). The cumula-
tive incidence of TVF according to physiological and plaque
characteristics is shown in Figure 2. The presence of FFR <
0.80, HRP or HRV was each associated with a higher risk of
TVF (13.3% vs. 35.8% for FFR > 0.80 vs. FFR < 0.80; p =
0.008, 25.3% vs. 12.0% for HRP vs. non-HRP; p = 0.014,
29.3% vs 10.7% for HRV vs. non-HRV; p = 0.005, respec-
tively) (Fig. 2). In multivariable analysis, FFR < 0.80 (adjusted
HR 2.56, 95% CI 1.07-6.12; p = 0.034), HRP (adjusted HR
2.29,95% Cl 1.10-4.77; p = 0.028), and HRV (adjusted HR
2.37,95% C11.12-5.01; p = 0.025) were each identified as
independent predictors of TVF (Table 2).

The Korean Journal of Internal Medicine Vol. 41, No. 5, September 2026

Association of HRP and HRV with TVF in
vessels with high FFR

When the prognostic impact of HRP and HRV was examined
in 266 vessels with FFR > 0.80, the presence of HRP and
HRV remained associated with a higher risk of TVF (22.8%
vs. 9.2% for HRP vs. non-HRP; p = 0.009, 28.3% vs. 8.0%
for HRV vs. non-HRV; p = 0.007). In multivariable analysis,
HRP (adjusted HR 2.80, 95% Cl 1.15-6.79; p = 0.023) and
HRV (adjusted HR 2.95, 95% CI 1.21-7.20; p = 0.017) were
independent predictors of TVF (Table 3). A stepwise increase
in the cumulative rate of TVF was observed across groups
with neither, either, and both HRP and HRV (p for trend
< 0.001) (Fig. 3). In a sensitivity analysis restricted to de-
ferred vessels to minimize the confounding effect of revas-
cularization, deferred vessels with FFR > 0.80 accompanied
by HRP and/or HRV (HR 4.78, 95% Cl| 1.68-13.57; p =
0.003) and deferred vessels with FFR < 0.80 (HR 5.57, 95%
Cl 1.70-18.24; p = 0.005) were associated with a higher
risk of TVF as compared to deferred vessels with FFR > 0.80
without HRP or HRV (Supplementary Fig. 4).

Table 2. Independent relationship of functional significance, HRP, and HRV with TVF

Cumulative incidence of TVF (%)

Unadjusted HR Adjusted HR

Characteristic present (+) Characteristic absent (-)

p value p value

(95% Cl) (95% ClI)

FFR <0.80 9/41 (35.8) 24/266 (13.3)
HRP 16/99 (25.3) 17/208 (12.0)
HRV 17/93 (29.1) 16/214.(10.7)

2.99 (1.33-6.74) 0.008
2.57 (1.22-5.42) 0.013
2.85(1.37-5.94) 0.005

2.56 (1.07-6.12) 0.034
2.29 (1.10-4.77) 0.028
2.37 (1.12-5.01) 0.025

Values are presented as number of events/number of vessels (Kaplan—Meier estimate, %).
HRP, high-risk plaque; HRV, high-risk vessel; TVF, target vessel failure; HR, hazard ratio; Cl, confidence interval; FFR, fractional flow

reserve.

HRs with 95% Cls were derived from marginal Cox proportional hazards models.
Adjusted HRs were calculated using a multivariable model that included FFR < 0.80, HRP, HRV characteristics, and the number of
clinical risk factors (age > 65 years, hypertension, dyslipidemia, current smoking, and diabetes mellitus).

Table 3. Prognostic significance of HRP and HRV in vessels with FFR > 0.80

Cumulative incidence of TVF (%)

Unadjusted HR Adjusted HR

Characteristic present (+) Characteristic absent (-)

p value p value

(95% Cl) (95% ClI)

HRP 13/83(22.8)
HRV 13/75 (28.3)

117183 (9.2)
117191 (8.0)

3.29(1.35-8.02) 0.009
3.44 (1.41-8.41) 0.007

2.80(1.15-6.79) 0.023
2.95(1.21-7.20) 0.017

Values are presented as number of events/number of vessels (Kaplan—Meier estimate, %).
HRP, high-risk plaque; HRV, high-risk vessel; FFR, fractional flow reserve; TVF, target vessel failure; HR, hazard ratio; Cl, confidence

interval.

Adjusted HRs were derived from a multivariable marginal Cox proportional hazards model including both HRP, HRV characteristics,
and the number of clinical risk factors (age > 65 years, hypertension, dyslipidemia, current smoking, and diabetes mellitus).
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Clinical outcomes according to functional
significance, HRP, HRV, and treatment types
Vessels stratified according to the presence of HRP, HRV,
FFR < 0.80 and treatment types (deferred or revascularized)
showed the cumulative event TVF rate of 10.6%, 5.9%,
32.6%, and 31.9% in revascularized vessels achieving post-

709 p-for-trend < 0.001

60 59.1
50 +
40 -

30 H

Cumulative rate (%)

20 22.6

59
0 T T T T

HRP (-) and HRP (+) and HRP (-) and HRP (+) and
HRV (-) HRV () HRV (+) HRV (+)

Figure 3. TVF trends according to the presence of HRP and HRV
in vessels with FFR > 0.80. Kaplan—-Meier curves for TVF in the
subgroup of vessels with FFR > 0.80. Patients were classified
based on the combined presence of HRP and HRV (neither, either,
or both). TVF, target vessel failure; FFR, fractional flow reserve;
HRP, high-risk plaque; HRV, high-risk vessel.

HR (95% CI) pvalue
3.00 (0.94-9.51)  0.062
= Deferred vessels with FFR > 0.80 & HRP (+) and/or HRV (+)  2.55 (1.00-6.49)  0.049
= Deferred vessels with FFR > 0.80 & HRP (-) and HRV (-) 0.54 (0.15-1.91)  0.339
= Revascularized vessels & Post-PCl FFR > 0.80 Reference NA

Deferred vessels with FFR < 0.80

40
32.6%

30 H J
20 H

Il

Cumulative incidence (%)

10 T 10.6%
— H_,—'_,'——'i 500
0 — ot
T T T T T T
0 365 730 1,095 1,460 1,825
Days
Number at risk
- 112 101 91 76 57 19
- 71 57 45 38 27
33 24 20 15 1
— 83 77 67 56 47 22

Figure 4. Cumulative TVF rate according to functional signifi-
cance, HRP, HRV, and treatment types. Kaplan—Meier curves for
TVF stratified into four groups according to treatment strategy
and plaque characteristics: (1) Revascularized vessels (post-PCl
FFR > 0.80; reference group); (2) Deferred vessels with FFR > 0.80
without HRP or HRV; (3) Deferred vessels with FFR > 0.80 with
HRP and/or HRV; and (4) Deferred vessels with FFR < 0.80. TVF,
target vessel failure; FFR, fractional flow reserve; PCl, percutane-
ous coronary intervention; HRP, high-risk plaque; HRV, high-risk
vessel; HR, hazard ratio; Cl, confidence interval.
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PCI FFR > 0.80, deferred vessels with FFR > 0.80 and with-
out HRP or HRV, deferred vessels with FFR > 0.80 and with
HRP and/or HRV, and deferred vessels with FFR < 0.80, re-
spectively. Using revascularized vessels with post-PCl FFR
> 0.80 as the reference, deferred vessels with FFR > 0.80
that harbored HRP and/or HRV had a significantly higher risk
of TVF (HR 2.55, 95% CI 1.00-6.49; p = 0.049), comparable
to that of deferred vessels with FFR < 0.80 (HR 3.00, 95%
C10.94-9.51; p = 0.062). In contrast, deferred vessels with
FFR > 0.80 and without HRP or HRV showed the lowest risk
of TVF (Fig. 4).

DISCUSSION

The present study evaluated the prognostic significance of
coronary lesion- and vessel-level plaque in conjunction with
functional significance among patients with DM and CAD.
The main findings can be summarized as follows. First, al-
though both HRPC and HRVC were correlated with FFR,
each demonstrated an independent association with an in-
creased risk of TVF. Second, even among vessels with FFR
> 0.80, the presence of HRP and HRV remained a significant
and independent predictor of TVF. Third, medically treated
non-ischemic vessels with HRP and/or HRV exhibited a high-
er risk of TVF compared with revascularized vessels achiev-
ing post-PCI FFR > 0.80.

Independent prognostic contributions of
physiological and plaque characteristics in
diabetes

DM is a major risk factor for CAD and cardiovascular events
[16,17]. Coronary arteries in patients with DM are typically
characterized by diffuse narrowing and multivessel disease
[18,19]. Moreover, patients with DM exhibit extensive cor-
onary artery calcium [20] along with higher non-calcified,
low attenuation and total plaque burdens compared with
non-diabetic patients [5,7]. CCTA studies investigating the
natural history of diabetic coronary atherosclerosis have also
shown that DM is associated with accelerated plaque pro-
gression, particularly involving the accumulation of adverse
plaque features [4]. Simultaneously, non-invasive physiolog-
ical studies have consistently demonstrated impaired coro-
nary flow reserve and coronary microvascular dysfunction
in this population [8,9,21]. Furthermore, a comparison with
the non-diabetic cohort (Supplementary Fig. 2) demonstrat-
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ed that the cumulative incidence of TVF was significantly
higher in the DM group compared to the non-DM group.
Thus, multiple distinct aspects of CAD may be attributed
to adverse cardiac events in patients with DM [6]. Given
that substantial residual risk persists despite optimal medical
therapy and contemporary PCl strategies [10-12], whether
an integrated assessment combining physiological severity,
lesion-specific plague characteristics, and vessel-level plaque
burden can provide superior risk stratification remains to be
further elucidated. Building upon the CCTA-FFR registry,
which showed the prognostic implications of comprehen-
sive CCTA-based plaque characteristics and FFR on future
coronary events [13], we sought to evaluate the indepen-
dent and incremental prognostic value of HRPC, HRVC, and
FFR specifically within a diabetic cohort. In this analysis, FFR
values tended to decrease as the number of HRPC and HRVC
increased, consistent with previous studies [14,22-24].
Despite this correlation, functional significance, HRP, and
HRV were each independently associated with a higher risk
of TVF in diabetic patients. These findings are supported
by the complex interaction among plaque quantity, plaque
quality, and hemodynamics to adverse cardiac events in pa-
tients with CAD [13,25], and our results further confirm that
this distinct prognostic contribution of each domain remains
valid specifically within the high-risk diabetic population.
Thus, integrating functional significance with lesion- and
vessel-level plague characteristics may allow for refined risk
stratification, capturing high-risk phenotypes that remain
undetected when relying on a single domain alone.

Prognostic value of plaque characteristics in

functionally insignificant lesions in diabetes

Diabetic patients in whom revascularization were deferred
based on high FFR have shown a higher incidence of ad-
verse cardiac events compared with non-diabetic patients
[26-29]. In particular, the presence of adverse plaque char-
acteristics, including positive remodeling and plaque burden
> 70% on intravascular ultrasound (IVUS), was associated
with a higher risk of adverse cardiac events in patients with
high FFR, beyond clinical risk factors like DM [30]. Given that
diabetic coronary arteries are characterized by diffuse ath-
erosclerosis, greater lipid burden, and a higher prevalence of
thin-cap fibroatheromas (TFCA) across the entire vessel tree
independent of focal stenosis severity [31,32], we explored
the prognostic implications of HRP and HRV in functionally
insignificant vessels in diabetic patients. In the current study,
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the presence of HRP was independently associated with an
approximately 2.8-fold higher risk of TVF in vessels with
FFR > 0.80, paralleling the results of the COMBINE OCT-
FFR trial, which showed that optical coherence tomography
(OCT)-detected TFCA was related to an increased risk of ad-
verse events in diabetic patients with FFR-negative lesions
[6]. Moreover, in our study, HRV also emerged as an inde-
pendent predictor, and a synergistic prognostic impact be-
tween HRP and HRV was evident: the TVF risk was lowest in
vessels with neither characteristic, intermediate in those with
either, and highest when both HRP and HRV were present.
Expanding the prognostic relevance of adverse plagque char-
acteristics in non-flow limiting lesions, our findings illustrate
the additive prognostic value of focal HRPC as well as whole
atherosclerotic burden across the vessel in diabetic patients
with functionally insignificant lesions. Therefore, in patients
with DM, comprehensive plaque assessment at both the le-
sion and vessel level may provide better risk stratification,
even in vessels without functional significance.

Clinical implications of an integrated
physiological and plaque assessment along
with treatment types

Although FFR-guided deferral of revascularization is gener-
ally associated with favorable outcomes [33], plaque char-
acterization-based treatment decision-making also holds
clinical relevance, as shown in the PREVENT trial, which
showed that PCl for non-flow limiting vulnerable plaques
may reduce future cardiac events compared with medical
treatment alone [34]. In this context, we stratified vessels
according to functional significance, HRP, and HRV in con-
junction with treatment types, and we observed that de-
ferred vessels with HRP and/or HRV had more than a 2.5-
fold higher risk of TVF compared with revascularized vessels
achieving post-PCl FFR > 0.80 and a TVF risk comparable
to that of deferred vessels with FFR < 0.80. These findings
align with prior observations that deferred vessels with FFR
> 0.80 with HRPC portended a numerically higher risk than
revascularized vessels with FFR < 0.80 [14]. While meticu-
lous guideline-directed medical therapy remains the cor-
nerstone of management for non-flow limiting lesions, our
results suggest that substantial residual risk persists despite
standard medical therapy in morphologically HRP and HRV
profiles, in some cases exceeding the risk observed in revas-
cularized vessels with high post-PCl FFR. This result is con-
sistent with a subgroup analysis of the PREVENT trial that
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confirmed that PCI for vulnerable plaques with high FFR
was associated with a lower cardiac event in patients with
DM [35]. To expand upon these findings, future large-scale
studies are needed to determine how the presence of HRP
and HRV influences the optimal treatment strategy between
PCl and medical therapy, as HRP may favor plaque sealing
with PCl whereas HRV may attenuate the clinical benefit
of focal revascularization. Collectively, these findings imply
that in carefully selected patients in whom an optimal PCI
result and high post-PCI FFR can reasonably be anticipated,
a hybrid strategy combining intensive medical therapy with
lesion-specific revascularization of morphologically high-risk
but physiologically insignificant lesions might be beneficial
to improve clinical outcomes in diabetic patients with CAD.

Limitations

Several limitations of the current study should be noted.
First, this is a retrospective analysis focusing exclusively on a
specific subgroup of patients with DM. While this selection
allows for a focused analysis of a high-risk phenotype, it may
limit generalizability of our result to the broader population,
and the findings should be considered hypothesis-gener-
ating. Second, the study population included both revas-
cularized and deferred vessels based on real-world clinical
practice. Although we adjusted for treatment strategies and
performed sensitivity analyses, the observational nature of
the registry implies that treatment decisions were influenced
by both physiological severity and plague morphology. Con-
sequently, the observed outcomes may reflect the combined
effect of plague biology and therapeutic interventions rath-
er than the true natural history of coronary atherosclerosis.
Third, detailed diabetes-specific characteristics, including
hemoglobin A1c levels, duration of DM, and insulin usage,
were not available in the registry. Fourth, the cut-off values
for quantitative plague parameters (HRV) were derived from
our specific study cohort using maximally selected log-rank
statistics. This data-driven approach carries an inherent risk
of circular reasoning and overfitting. Furthermore, because
the definition of HRVs relies on the observed outcomes, a
potential for reverse causation exists, and a definitive caus-
al relationship cannot be fully established. Therefore, these
thresholds should be considered exploratory, and external
validation in an independent cohort is mandatory to confirm
the biological relevance of HRV. Fifth, the number of clinical
events is relatively small, which may limit statistical power
for some comparisons. Sixth, FFR values were not blinded to
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physicians during follow-up, and might have caused a po-
tential bias for revascularization events. However, all events
were adjudicated by a blinded, independent committee. Fi-
nally, invasive imaging modalities like IVUS or OCT were not
included, and external validation incorporating intravascular
imaging is warranted.

Conclusion

HRPC and HRVC provided independent prognostic value
beyond invasive FFR in patients with DM and CAD. In func-
tionally non-ischemic vessels, the presence of HRP and/or
HRV was associated with a higher TVF risk, exceeding that
of revascularized vessels. These findings support an inte-
grated approach that combines plaque characteristics and
physiological assessment to improve risk stratification and
optimize treatment selection in patients with DM.

KEY MESSAGE

1. CCTA-derived HRP and HRV characteristics provid-
ed independent prognostic value for TVF beyond
invasive FFR in patients with DM.

2. Even in diabetic patients with deferred vessels
with FFR > 0.80, the presence of HRP and HRV re-
mained independent predictors of TVF.

3. Deferred vessels with FFR > 0.80 harboring HRP
and/or HRV had a significantly worse prognosis
than revascularized vessels achieving optimal post-
PCI FFR (> 0.80), suggesting that a comprehensive
plaque assessment is crucial for risk stratification in
this high-risk population.
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Supplementary Table 1. Cumulative incidence for TVF and its components

Cumulative incidence of TVF (%)

TVF 33(15.9)
Cardiac death 6(2.6)
Target-vessel myocardial infarction 2(1.0
Ischemia-driven target-vessel revascularization 27 (13.6)

Values are presented as number of events/number of vessels (Kaplan—Meier estimate, %).
TVF, target vessel failure.

https://doi.org/10.3904/kjim.2026.005 www.kjim.org


www.kjim.org

KJIM™

Std. Log-rank

PAV (%)

L=

o e

Std. Log-rank

Total plaque volume (mm3)

B-o

e S T M DD

T
350

358.2

Std. Log-rank

The Korean Journal of Internal Medicine Vol. 41, No. 5, September 2026

Non-calcified volume (mm3)

102.3

Supplementary Figure 1. Determination of optimal cut-off values for quantitative plaque parameters. Maximally selected log-rank sta-
tistics were used to identify the optimal cut-off values for quantitative HRVC predicting TVF. The plots illustrate the standardized log-rank
statistics for (A) PAV, (B) TPV, and (C) NCPV across varying cut-points. The vertical dashed lines indicate the optimal cut-off points corre-
sponding to the maximum test statistic. HRVC, high-risk vessel characteristics; TVF, target vessel failure; PAV, percent atheroma volume;

TPV, total plague volume; NCPV, non-calcified plaque volume.
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Supplementary Figure 2. Cumulative incidence of TVF according to diabetes mellitus. Kaplan—-Meier survival curves comparing the cu-
mulative incidence of TVF between patients with DM and those without within the entire registry. TVF, target vessel failure; DM, diabetes

mellitus.
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Supplementary Figure 3. Correlation between lesion-level and vessel-level plague characteristics. Scatter plots demonstrating the rela-
tionship between the burden of lesion-level and vessel-level risk features. There was a significant positive correlation between the number
of HRPC (x-axis) and (A) PAV, (B) TPV, and (C) NCPV. Pearson’s correlation coefficients (R) and P-values are displayed for each comparison.
HRPC, high-risk plague characteristics; PAV, percent atheroma volume; TPV, total plaque volume; NCPV, non-calcified plaque volume.
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HR (95% Cl) pvalue
Deferred vessels with FFR < 0.80 5.57 (1.70-18.24) 0.005

— Deferred vessels with FFR > 0.80 & HRP (+) and/or HRV (+) 4.78 (1.68-13.57) 0.003

— Deferred vessels with FFR > 0.80 & HRP (-) and HRV (-) Reference NA
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Supplementary Figure 4. Cumulative incidence of TVF according to functional significance, HRP, HRV in deferred vessels. Kaplan-Meier
curves for TVF stratified into three groups of vessels treated medically: (1) Deferred vessels with FFR > 0.80 without HRP or HRV (reference
group); (2) Deferred vessels with FFR > 0.80 with HRP and/or HRV; and (3) Deferred vessels with FFR < 0.80. TVF, target vessel failure; HRP,
high-risk plaque; HRV, high-risk vessel; FFR, fractional flow reserve; HR, hazard ratio; Cl, confidence interval.
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