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Abstract
Background

Ramus intermedius (RI) changes the left main (LM) coronary division from bifurcation to trifurcation, but
its associations with LM geometry, CT-derived fractional flow reserve (CT-FFR), and adjacent-vessel
atherosclerotic features remain incompletely characterized.

Methods

In this retrospective single-center study, consecutive adults who underwent clinically indicated coronary
computed tomography angiography between December 2024 and April 2025 were screened. The final
age-matched cohort included 300 patients (150 with Rl and 150 without RI). LAD-LCX angle, vessel
diameter and cross-sectional area (CSA), plaque features, stenosis severity, and CT-FFR were evaluated.
RI-specific analyses by ostial location, diameter, and functional status were exploratory. Benjamini-
Hochberg false-discovery-rate correction was applied within prespecified outcome families. Because sex
distribution differed between groups, the primary LAD-LCX angle comparison was supplemented by an
aggregate tipping-point sensitivity analysis.

Results

Patients with Rl had a wider LAD-LCX angle than patients without Rl (99.35° + 25.61° vs. 69.22° + 17.83°;
P <0.001), with a mean difference of 30.13° (95% Cl, 25.11°-35.15°), and had larger LM diameter and
CSA. Diseased-segment analyses showed no significant between-group differences in plaque
composition or stenosis severity. Within the RI group, proximal-LAD RI origin remained associated after
multiplicity correction with smaller LAD CSA (q < 0.008) and more frequent LAD CT-FFR positivity (q =
0.009), whereas nominal anatomic stenosis signals were attenuated (q = 0.051). Only 10 patients had RI
CT-FFR < 0.80; findings stratified by Rl CT-FFR status were therefore presented descriptively. In the
aggregate sensitivity analysis, a male-female LAD-LCX angle difference of approximately 105.1° would
be required for the observed sex imbalance alone to reduce the primary group contrast to zero, but this
calculation does not replace patient-level adjustment.

Conclusions

Rl presence was associated with a wider LM bifurcation angle and larger LM dimensions on CCTA.
Selected Rl ostial-location associations persisted after multiplicity correction. These observational
findings do not establish causality, and residual confounding and the sparse Rl CT-FFR-positive subgroup
warrant cautious interpretation and external validation.
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1. Introduction

Coronary artery disease (CAD) remains a leading cause of morbidity and mortality worldwide [1, 2].
Beyond systemic risk factors, local vascular geometry has been associated with the development and
progression of coronary atherosclerosis [3]. Coronary branch points are common sites of plaque
formation [3]. A shift from bifurcation to trifurcation anatomy may alter local coronary geometry, but the
clinical relevance of this common anatomic variant has not been fully defined [4-15].

The left main coronary artery (LM) bifurcation is a major anatomic site because it supplies most of the
left ventricular myocardium [4-8]. In standard anatomy, the LM divides into the left anterior descending
(LAD) and left circumflex (LCX) arteries [4-8]. In a proportion of individuals, a ramus intermedius (RI)
arises between the LAD and LCX and forms a true trifurcation [5—12]. This variant is associated with a
different local geometry, most visibly by widening the LAD-LCX take-off angle [10—17]. Previous studies
have linked bifurcation geometry with plaque distribution and lesion burden [10, 13-26]. Coronary
computed tomography angiography (CCTA) is widely used for noninvasive anatomic assessment of CAD,
and CT-FFR adds functional assessment of lesion-specific ischemia from the same imaging dataset
[27-33].

Several questions remain unresolved despite the recognized prevalence of the RI [5-15]. First, whether
RI presence alone corresponds to measurable differences in LM bifurcation geometry is uncertain [10-
15]. Second, Rl ostial location within the trifurcation, including a take-off closer to the LAD or to the LCX,
has not been adequately characterized [9-15]. Third, the relationship of RI-specific anatomic features
with CT-FFR abnormalities and with plaque or stenosis in adjacent vessels remains unclear [10-15, 26,
31-36]. We therefore conducted a retrospective single-center CCTA study to compare LM bifurcation
geometry between patients with and without an RI. Within the RI subgroup, we also assessed the
associations of Rl ostial location, Rl diameter, and Rl CT-FFR with vessel dimensions, CT-FFR findings,
and local atherosclerotic features. We hypothesized that Rl-related anatomy would be associated with
geometric and functional differences, while treating RI-specific subgroup analyses as exploratory.

2. Methods
2.1 Study design and setting

This retrospective observational CCTA study was performed at the Department of Diagnostic CT,
Cangzhou Central Hospital, China. Consecutive adults who underwent clinically indicated CCTA between
December 2024 and April 2025 were screened to define the source population. The final analytic cohort
was assembled after eligibility assessment and selection of the non-RI comparison group by 1:1 age
matching. Thus, “consecutive” refers to screening of the source population rather than to a simple
consecutive sample of the final 300 participants. The study compared patients with an Rl with patients
without an Rl and included prespecified Rl subgroup analyses based on RI-specific anatomic and
functional features.
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2.2 Participants
2.2.1 Eligibility criteria

Patients were assigned to the Rl group if they were 18 years of age or older and had an Rl with a
diameter of =2 mm on CCTA [5-12]. The comparison group was drawn from eligible patients without an
Rl who underwent CCTA during the same study period and was selected by 1:1 age matching. Exclusion
criteria were: (1) nondiagnostic or poor-quality CCTA images that prevented reliable measurement; (2)
previous coronary stenting, coronary artery bypass grafting, or other cardiac surgery; (3) congenital
coronary anomalies [5—8]; and (4) severe coronary calcification or other imaging features that prevented
reliable lumen assessment or CT-FFR processing [30, 37-41]. Baseline clinical variables included age,
sex, body mass index, smoking status, alcohol consumption, hypertension, hyperlipidemia, and diabetes
mellitus [1, 2, 28, 29].

2.2.2 Handling of incomplete data

Primary group assignment was based on evaluable CCTA examinations [30, 37-39]. The final matched
cohort contained 150 patients with an Rl and 150 age-matched patients without an RI. For analyses
requiring RI-specific variables, only patients with available measurements for the relevant variable were
included. RI ostial location analyses were therefore restricted to the 150 patients in the Rl group, RI CT-
FFR analyses were restricted to the Rl group, and Rl diameter subgroup analyses were performed in the
subset with complete RI diameter and plaque data (n =111). Missing data were handled by complete-
case analysis for each prespecified comparison [42-44].

2.2.3 Sample size

The sample size was estimated for the primary comparison of LAD-LCX angle between the Rl and non-RI
groups. Assuming a between-group difference of 15° and a standard deviation of 20°, with a two-sided
alpha of 0.05 and 80% power, at least 142 patients per group were required. To account for unusable
studies and incomplete measurements, 150 patients were included in each group.

2.2.4 Group definitions

The final cohort included 300 patients: 150 in the RI group and 150 in the non-RI group. Within the RI
group, patients were further categorized by RI ostial location as proximal to the LAD (n = 82) or proximal
to the LCX (n = 68). Rl CT-FFR positivity was defined as CT-FFR < 0.80 [31-36, 40, 45-50].

2.3 CCTA acquisition

CCTA examinations were performed with either a Toshiba Aquilion ONE 320-slice CT scanner or a
Siemens SOMATOM Force dual-source CT scanner [4, 27-30, 37-39]. Scanning parameters were
adjusted according to scanner type and patient habitus and included tube voltage of 80—120 kV, tube
current of 300—400 mAs, gantry rotation time of 0.4-0.6 seconds, and slice thickness of 0.5 or 0.75 mm
[4, 30, 37-39]. The scan range extended from 1 cm below the carina to the cardiac diaphragm. Patients
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fasted for 4-6 hours and received breath-hold training before image acquisition. When needed, heart
rate was controlled with oral beta-blockers (target < 75 beats/min for 320-slice CT and < 90 beats/min
for dual-source CT) [37]. lopromide contrast medium (350 mg I/mL) was injected intravenously at 1.5
mL/kg and 4.5-5.0 mL/s, followed by 40 mL saline at the same rate. Image acquisition was triggered by
bolus tracking in the ascending aorta during a single end-inspiratory breath-hold [37].

2.4 Image analysis

2.4.1 Coronary anatomy and vessel measurements

DICOM datasets were first reviewed on a GE AW 4.6 workstation to identify Rl presence. Quantitative
analyses were then performed with dedicated coronary analysis software (Shukun-FFR, version 1.11.1)
[31, 32, 34-36, 38, 45]. The LAD-LCX angle was defined as the take-off angle between the proximal LAD
and LCX at the LM bifurcation [16-26]. Vessel diameter and cross-sectional area (CSA) were measured
at standardized locations: within 5 mm of the ostium for the LM, LAD, and LCX, and at the RI origin for
the RI [38, 39].

Plaque within 5 mm of the distal LM and at the LAD and LCX ostia was classified as calcified,
noncalcified, or mixed according to accepted CCTA criteria [30, 38, 39, 51—55]. Stenosis severity was
visually assessed and classified as < 50% or > 50% diameter stenosis [30, 38, 39]. Because a single
patient could have more than one diseased segment, plaque type and stenosis burden are summarized
at the diseased-segment level where appropriate. Lesion-based counts may therefore exceed the
number of patients in a group.

2.4.2 CT-FFR analysis

CT-FFR values were calculated from the CCTA datasets with the same software platform, Shukun-FFR,
version 1.11.1 [31, 32, 34—-36, 41, 45, 56—62]. Cross-platform validation and independent interobserver or
intraobserver reproducibility testing were not performed in this cohort. Semi-automated centerlines were
generated for the LM, LAD, LCX, and RI [34, 35]. CT-FFR measurements were obtained 2 cm distal to the
ostium of each vessel, in line with prior methodological recommendations [34, 35]. A CT-FFR value < 0.80
was considered functionally significant [31-36, 40, 45-50].

2.4.3 Blinding

The observer who performed anatomic measurements and CT-FFR analysis was blinded to recorded
clinical variables during image processing. RI-specific subgroup classification was based on anatomic
findings from the CCTA dataset.

2.5 Statistical analysis

Continuous variables were assessed for normality with the Shapiro-Wilk test. Normally distributed
variables are presented as mean * standard deviation and were compared with the independent-samples
t test. Non-normally distributed variables are presented as median (interquartile range) and were
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compared with the Mann-Whitney U test. Categorical variables are reported as n/N (%). Rl CT-FFR values
were compared between Rl diameter categories with the Mann-Whitney U test; the Rl diameter cutoff
was based on the cohort mean of 2.48 mm. Primary comparisons between the Rl and non-RI groups
were performed at the patient level for geometric measures. Plaque and stenosis summaries were
analyzed separately as diseased-segment-level comparisons. Analyses of Rl ostial location, Rl diameter,
and RI CT-FFR were restricted to the Rl subgroup because these variables are not defined in patients
without an RI. All tests were two sided, and P < 0.05 was considered statistically significant for the
primary geometric comparison [42-44]. Baseline imbalance was additionally described with
standardized mean differences (SMDs); BMI was used as the available body-size metric, and age was
controlled at the design stage by 1:1 matching. Because only 10 patients had RI CT-FFR < 0.80,
comparisons that stratified patients by RI CT-FFR-positive versus Rl CT-FFR-negative status (Table 10)
were summarized descriptively with absolute counts and percentages and were not used for inferential
claims.

Table 4

Plague composition and stenosis severity in diseased LM, LAD, and LCX segments by Rl status.
Variable Rl group Non-RI group Test statistic P value
Diseased segments, n 208 189 - -
Plaque composition: calcified ~ 71/208 (34.1%)  72/189 (38.1%)  x2=4.371* 0.112*
Plaque composition: 48/208 (23.1%) 28/189 (14.8%) — -
noncalcified
Plagque composition: mixed 89/208 (42.8%) 89/189 (47.1%) — —
Stenosis severity: <50% 166/208 145/189 x2=0.556t1 0.456%1
diameter stenosis (79.8%) (76.7%)
Stenosis severity: 250% 42/208 (20.2%)  44/189 (23.3%) — -

diameter stenosis

Note. This is a lesion-based summary of combined diseased LM, LAD, and LCX segments rather than
a patient-level analysis; therefore, the number of diseased segments may exceed the nhumber of
patients. Percentages are based on the number of diseased segments in each group (RI group, n =
208; non-RI group, n = 189). *P values for plaque composition compare the overall 3-category
distribution ?calciﬂed, noncalcified, mixed). TP values for stenosis severity compare the 2-category
distribution of diameter stenosis (< 50% vs = 50%).

3.3 Rl ostial location and associated anatomic and functional findings

Among the 150 patients in the RI group, 82 had an RI ostium proximal to the LAD and 68 had an RI
ostium proximal to the LCX. Rl location corresponded to different geometric and lesion patterns. On
nominal testing, the RI-LAD subgroup had smaller LM, LAD, and LCX CSA values than the RI-LCX
subgroup. After Benjamini-Hochberg FDR correction across the eight geometry/dimension
comparisons, only the LAD CSA difference remained below q =0.05 (P <0.001; q < 0.008); the LM and
LCX CSA findings were attenuated to q = 0.056 (Table 5). Sex distribution also differed between the
RI-location subgroups (absolute SMD = 0.37) and is summarized in Table 6. Representative anatomic
and CT-FFR images according to Rl ostial location are shown in Fig. 2.
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Table 6
Sex distribution according to Rl ostial location among patients with an RI.

Variable RI-LAD subgroup (n = 82) RI-LCX subgroup (n = 68) P value
Male 58/82 (70.7%) 36/68 (52.9%) 0.025
Female 24/82 (29.3%) 32/68 (47.1%) —

Note. Values are presented as n/N (%). The reported P value corresponds to the overall comparison
of sex distribution between the two RI-location subgroups. Values are unadjusted subgroup
comparisons. Sex distribution differed between RI-location subgroups (absolute SMD =0.37) and
may have introduced residual confounding.

Page 7/29




Table 10
Descriptive plague and stenosis findings according to Rl CT-FFR status among patients with an RI.

Variable RI CT-FFR positive (< 0.80; n = RI CT-FFR negative (>0.80; n =
10) 140)

LM plaque positive 7/10 (70.0%) 47/140 (33.6%)

LM stenosis positive 1/10 (10.0%) 0/140 (0.0%)

LAD plaque positive 10/10 (100.0%) 99/140 (70.7%)

LAD stenosis positive 6/10 (60.0%) 26/140 (18.6%)

LCX plaque positive 5/10 (50.0%) 40/140 (28.6%)

LCX stenosis positive 3/10 (30.0%) 9/140 (6.4%)
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Variable RI ;3T—FFR positive (<0.80; n= RI C)T-FFR negative (>0.80; n=
10 140

Note. This table is descriptive because only 10 patients had RI CT-FFR positivity. Values are
presented as n/N (%). No hypothesis tests, P values, or multiplicity-adjusted q values are reported for
this CT-FFR-positive versus CT-FFR-negative comparison, and the observed numerical differences
should not be interpreted as confirmatory associations. All CT-FFR values were generated using the
same soétware platform described in the Methods; measurement reproducibility was not separately
assessed.

4. Discussion

This retrospective single-center study observed that RI presence was associated with a wider LAD-
LCX angle and larger LM dimensions on CCTA [10—17, 24—-26]. The primary LAD-LCX angle contrast
was large (mean difference, 30.13° 95% Cl, 25.11°-35.15°). Because the groups differed markedly in
sex distribution, we added a summary-data tipping-point analysis: under the specified additive model,
sex imbalance alone would reduce the observed angle contrast to zero only if the male-female
difference in LAD-LCX angle were approximately 105.1°. Age was controlled by matching and BMI
imbalance was small (absolute SMD = 0.07). This aggregate calculation indicates that a very large
sex-related angle difference would be required under the specified model, but it does not establish
covariate-adjusted robustness and cannot replace patient-level multivariable analysis. Within the RI
subgroup, FDR correction materially narrowed the set of findings remaining below q = 0.05: proximal-
LAD RI origin retained associations with smaller LAD CSA and higher LAD CT-FFR positivity, whereas
several other nominal CSA and stenosis signals were attenuated. Findings based on the 10 RI CT-
FFR-positive cases were presented descriptively and were not treated as inferential evidence. Taken
together, the data support a cautious imaging-based interpretation and do not establish a causal
mechanism [4, 10—-15, 27-41, 45].

The primary anatomic observation was the wider LAD-LCX angle and larger LM dimensions in
patients with an Rl [10—-17, 24-26]. Previous studies have linked LM bifurcation geometry with
plaque distribution and lesion assessment [10, 13—26]. In the present study, Rl anatomy
corresponded to a trifurcation pattern, and CCTA quantified the associated widening of the LAD-LCX
angle and enlargement of the LM luminal profile [4-15, 24—-26]. These findings are most
appropriately framed as CCTA-detectable anatomic variation rather than evidence of a specific
hemodynamic pathway [3—26]. Recent data also suggest an association between Rl anatomy and
plaque deposition in the LM bifurcation region [10—15], but the present study measured imaging
associations only.

The Rl ostial location analyses add information beyond RI presence or absence [9—15]. On nominal
testing, patients with an Rl arising proximal to the LAD had smaller LM, LAD, and LCX CSA values and
higher frequencies of CT-FFR abnormality and stenosis than patients with an Rl arising proximal to
the LCX [10-15, 26, 31-36]. After Benjamini-Hochberg correction within the relevant outcome
families, the LAD CSA difference (q < 0.008) and LAD CT-FFR positivity (q = 0.009) remained below g
=0.05. The Rl and LAD/LCX anatomic stenosis comparisons were attenuated to q =0.051, and the
sparse-event Rl CT-FFR positivity comparison to q = 0.069. These corrected results support a
narrower interpretation than the nominal P values alone. Because local hemodynamic parameters
were not measured and computational fluid dynamics was not performed, the RI-location findings
should be interpreted as exploratory anatomic-functional associations rather than mechanistic
validation [3, 16—26].

The descriptive Rl CT-FFR-status analysis is particularly limited by subgroup size [31-36, 45, 59, 60].
Only 10 RI CT-FFR-positive cases were available, so plaque and stenosis frequencies in Table 10 were
summarized with absolute counts and percentages without hypothesis testing. Numerically higher
frequencies in the positive subgroup may be sensitive to the classification of only one or two patients
and therefore do not provide stable effect estimates or confirmatory evidence. These observations
flre retained on]Iy to describe the cohort and to generate hypotheses for validation in larger samples
31-36, 51-55].
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Variable RI ;3T—FFR positive (<0.80; n= RI C)T-FFR negative (>0.80; n=
10 140

From an imaging perspective, Rl ostial location, especially origin proximal to the LAD, may be worth
describing in CCTA reports because selected associations with LAD geometry and LAD CT-FFR
positivity persisted after FDR correction in this cohort [9-15, 24-26, 30, 37-39]. Other nominal
associations, particularly the anatomic stenosis comparisons, were weakened after multiplicity
adjustment. CT-FFR provided complementary functional information to anatomic assessment in this
study [31-36, 45, 59, 60]. These observations may have exploratory value for image-based
phenotyping, but they should not be read as evidence that the Rl directly remodels the LM bifurcation
or independently causes atherosclerosis [3—-26, 51-55].

Future work should test these findings in larger, multicenter prospective cohorts and use
standardized lesion- or segment-level reporting with complete absolute counts [30, 38, 39, 42-44].
Additional imaging studies should assess whether Rl ostial location and RI diameter improve CCTA-
based description of LM trifurcation anatomy and whether CT-FFR provides incremental functional
information beyond morphology [9-15, 24-26, 31-36]. Studies integrating CCTA, CT-FFR, and
intravascular imaging, such as optical coherence tomography, could further evaluate plaque
characteristics in patients with proximal-LAD RI or low RI CT-FFR [51-55, 64-66].

5. Conclusions

In this retrospective CCTA study, ramus intermedius presence was associated with a wider LM
bifurcation angle and larger LM dimensions. The large unadjusted LAD-LCX angle difference was not
readily explained by the specified aggregate sex-imbalance sensitivity model, but no patient-level
multivariable or sex-stratifled model was available and residual confounding cannot be excluded.
Within the RI subgroup, FDR correction narrowed the findings: proximal-LAD RI origin remained
associated with smaller LAD CSA and more frequent LAD CT-FFR positivity, while several other
nominal subgroup associations were attenuated. Findings among the 10 RI CT-FFR-positive patients
were reported descriptively only. These data support a cautious imaging-based conclusion and do
not prove a direct causal remodeling effect.

6. Limitations

This study has several limitations. First, it was retrospective and conducted at a single center.
Although patients were matched by age and BMI imbalance between the Rl and non-RI groups was
small, sex distribution differed substantially between groups and also between Rl-location
subgroups. A summary-data tipping-point analysis was added for the primary LAD-LCX angle
comparison, but no patient-level multivariable or sex-stratiflied model was performed; the primary
estimate should therefore be interpreted as an unadjusted association supplemented by an
aggregate sensitivity calculation, and residual confounding by sex and other covariates cannot be
excluded [42-44]. Second, RI-specific analyses were exploratory and included small subgroups. In
particular, only 10 patients had RI CT-FFR =< 0.80; comparisons stratified by this status were therefore
limited to descriptive counts and percentages rather than inferential testing. Third, Benjamini-
Hochberg FDR correction was applied within clinically coherent RI-specific outcome families for
Tables 5 and 7-9, but multiplicity remains relevant because the analyses were exploratory and some
families contained sparse events; q values should not be interpreted as confirmatory evidence.
Fourth, CT-FFR was generated with a single software platform, and interobserver/intraobserver
reproducibility or cross-platform consistency of CT-FFR measurements was not assessed [31-36, 45,
59, 60]. Fifth, lesion analyses were partly diseased-segment based, whereas geometric analyses
were patient based; this distinction matters when lesion counts exceed patient counts in the tables
[30, 38, 39]. Sixth, RI diameter analyses were limited to patients with complete RI-specific data and
used a cohort-derived diameter cutoff [42-44]. Seventh, BMI was the body-size metric available in
the baseline analysis; body-surface-area or other anthropometric adjustment was not modeled.
Eighth, the study assessed conventional plaque classification and stenosis severity but did not
evaluate high-risk plaque markers or directly quantify local hemodynamic parameters [3, 16-26, 51—
55]. Finally, medication use, interval treatment information, and other unmeasured clinical factors
were not incorporated into subgroup analyses and may have influenced the observed associations [1,
2,28, 29, 63]. These constraints indicate that the observed associations should be validated in larger,
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Variable RI ;3T—FFR positive (<0.80; n= RI C)T-FFR negative (>0.80; n =
10 140

multicenter prospective cohorts with patient-level multivariable analysis, standardized patient-level
and lesion-level reporting, reproducibility testing of CT-FFR, and integration of hemodynamic and
high-risk plaque assessments.

Abbreviations

BMI: body mass index; CAD: coronary artery disease; CCTA: coronary computed tomography
angiography; CSA: cross-sectional area; CT-FFR: computed tomography-derived fractional flow
reserve; LAD: left anterior descending artery; LCX: left circumflex artery; LM: left main coronary
artery; RIl: ramus intermedius.

Because sex distribution differed substantially between the Rl and non-RI groups, a summary-data
tipping-point sensitivity analysis was added for the primary LAD-LCX angle comparison. Under a simple
additive bias model, the observed group mean difference was expressed as Aobs = ARI + (pmale,RI -
pmale,non-RI) x §sex, where 6sex denotes the unknown male-female mean difference in LAD-LCX angle.
We report the value of 6sex required to reduce the observed RI-group contrast to zero. This is an
aggregate sensitivity calculation only and does not substitute for patient-level multivariable regression or
establish a sex-adjusted treatment or exposure effect. For RI-specific subgroup analyses other than the
descriptive Table 10 comparison, Benjamini-Hochberg FDR correction was applied separately within
clinically coherent outcome families: coronary geometry and vessel dimensions (Table 5), CT-FFR
positivity by territory (Table 7), anatomic stenosis positivity by territory (Table 8), and RI-diameter-related
outcomes (Table 9). Endpoints with no estimable between-group test were excluded from the
corresponding FDR family. Both nominal P values and FDR-adjusted q values are reported for these
inferential subgroup families. For categorical comparisons, Pearson’s chi-square test was used when
expected cell counts were adequate; continuity-corrected chi-square testing or Fisher’s exact test was
used for sparse 2x2 tables, as appropriate. When both groups had zero events for a given endpoint, no
between-group test was performed and the P value was reported as not estimable. Analyses were
performed using IBM SPSS Statistics, version 26.0 (IBM Corp., Armonk, NY, USA); FDR q values and
summary-data sensitivity calculations were derived from the reported test results and aggregate
summaries.
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Table 5
Coronary geometry and vessel dimensions according to Rl ostial location among patients with an RI.

Parameter RI-LAD subgroup RI-LCX subgroup Test statistic = Nominal P; BH-
(n=82) (n=68) FDR q

LM diameter 4.42+0.75 4.45+0.84 t=-0.221 0.825;0.973
(mm)

LM CSA (mm?) 11.67 (9.00,14.84)  13.91 (10.19, Z=-2.305 0.021; 0.056

16.35)

Rl diameter (mm)  2.47 (2.16,2.77) 2.29 (2.16,2.79) Z =-0.566 0.571;0.914

RI CSA (mm?) 2.28 (1.53, 3.04) 2.12 (1.60, 2.98) Z=-0.140 0.889; 0.973
LAD diameter 3.48 (3.04, 3.91) 3.43 (3.06, 3.93) Z=-0.034 0.973;0.973
(mm)

LAD CSA (mm?) 5.76 (4.69,7.76) 7.70 (6.27,9.98) Z=-3.798 <0.001; <0.008
LCX diameter 3.00 (2.55, 3.35) 3.10 (2.58, 3.44) Z=-0.714 0.476;0.914
(mm)

LCX CSA (mm?2) 4.89 (3.56, 6.57) 6.02 (3.91, 8.77) Z=-2.360 0.018; 0.056

Note. This table is restricted to patients with an RI. RI-LAD denotes an RI ostium located proximal to
the LAD; RI-LCX denotes an Rl ostium located proximal to the LCX. Values are presented as mean +
SD or median (Q1, Q3), as appropriate. The final column reports the nominal P value followed by the
Benjamini-Hochberg FDR-adjusted q value, calculated across the eight geometry/dimension
comparisons in this table. Because the exact nominal P value for LAD CSA was reported only as P <
0.001, its q value is conservatively reported as q < 0.008. Abbreviations: CSA, cross-sectional area;
LAD, left anterior descending artery; LCX, left circumflex artery; LM, left main coronary artery; R,
ramus intermedius.

Table 7
CT-FFR positivity according to Rl ostial location among patients with an RI.

Territory RI-LAD subgroup (n=82)  RI-LCX subgroup (n=68)  Nominal P; BH-FDR q
LM 0/82 (0.0%) 0/68 (0.0%) NA; NA

RI 9/82 (11.0%) 1/68 (1.5%) 0.046; 0.069

LAD 19/82 (23.2%) 4/68 (5.9%) 0.003; 0.009

LCX 5/82 (6.1%) 0/68 (0.0%) 0.106; 0.106

Note. Values are presented as n/N (%). CT-FFR positivity was defined as CT-FFR < 0.80. P values were
calculated using Pearson'’s chi-square test, continuity-corrected chi-square test, or Fisher's exact test,
as appropriate. “NA” indicates that no between-group test was performed because both groups had
zero positive findings. The final column reports the nominal P value followed by the Benjamini-
Hochberg FDR-adjusted q value, calculated across the three estimable CT-FFR territory comparisons.
The RI-specific row is a sparse-event comparison because only 10 RI CT-FFR-positive cases occurred
overall and should be interpreted as exploratory rather than confirmatory. All CT-FFR values were
generated using the same software platform described in the Methods; measurement reproducibility
was not separately assessed.

Page 12/29




Table 8
Anatomic stenosis positivity according to Rl ostial location among patients with an RI.

Territory RI-LAD subgroup (n = 82) RI-LCX subgroup (n = 68) Nominal P; BH-FDR q
LM 1/82 (1.2%) 0/68 (0.0%) 1.000; 1.000
RI 16/82 (19.5%) 4/68 (5.9%) 0.015; 0.051
LAD 23/82 (28.0%) 9/68 (13.2%) 0.027; 0.051
LCX 10/82 (12.2%) 2/68 (2.9%) 0.038; 0.051

Note. Values are presented as n/N (%). Stenosis positivity was defined as luminal diameter stenosis
>50% on CCTA. P values were calculated using Pearson’s chi-square test, continuity-corrected chi-
square test, or Fisher’s exact test, as appropriate. For the LM row, Fisher’s exact test was used for the
comparison of 1/82 versus 0/68. The final column reports the nominal P value followed by the
Benjamini-Hochberg FDR-adjusted q value, calculated across the four stenosis territory comparisons.
The three nominal RI/LAD/LCX stenosis signals each yielded q = 0.051 and should therefore be
interpreted as borderline exploratory findings rather than FDR-supported associations.

3.4 Rl diameter and lesion patterns

RI CT-FFR values were nominally lower in the small-RI subgroup than in the large-RI subgroup (0.96
[0.93, 0.97] vs. 0.97 [0.95, 0.98], P = 0.043). In the subset with complete Rl diameter and plaque data
(n=111), patients were categorized as small Rl (< 2.48 mm; n=71) or large RI (= 2.48 mm; n = 40).
LCX plaque was nominally more common in the small-RIl subgroup than in the large-RI subgroup
(17/71 [23.9%)] vs. 3/40 [7.5%], P = 0.030). After Benjamini-Hochberg FDR correction across the six
estimable comparisons in this outcome family, neither signal remained below q = 0.05 (both q =
0.129); the remaining comparisons were also not FDR-supported (Table 9).
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Table 9
RI CT-FFR and lesion findings by Rl diameter category in complete cases.

Variable Small Rl (<2.48 mm; n Large Rl (=2.48 mm; n Nominal P; BH-FDR
Rl CT-FFR value 0.96 (0.93,0.97) 0.97 (0.95,0.98) 0.043;0.129

LM plaque positive 22/71 (31.0%) 11/40 (27.5%) 0.700; 0.809

LM stenosis positive ~ 0/71 (0.0%) 0/40 (0.0%) NA; NA

LAD plaque positive 46/71 (64.8%) 25/40 (62.5%) 0.809; 0.809

LAD stenosis 8/71 (11.3%) 2/40 (5.0%) 0.446; 0.719
positive

LCX plaque positive 17/71 (23.9%) 3/40 (7.5%) 0.030;0.129

LCX stenosis 3/71 (4.2%) 0/40 (0.0%) 0.479;0.719
positive

Note. This analysis is restricted to the subset with complete RI diameter and plaque data (n=111).
Values are presented as median (Q1, Q3) for RI CT-FFR and as n/N (%) for categorical outcomes. The
Rl diameter cutoff of 2.48 mm corresponds to the cohort mean. “NA” indicates that no between-
group test was performed because both groups had zero events. The final column reports the
nominal P value followed by the Benjamini-Hochberg FDR-adjusted q value, calculated across the six
estimable RI-diameter-related comparisons. This subgroup analysis remains exploratory because it
was restricted to patients with complete Rl diameter and plaque data and the cutoff was cohort-
derived. All CT-FFR values were generated using the same software platform described in the
Methods; measurement reproducibility was not separately assessed.

3.5 Descriptive exploratory findings according to Rl CT-FFR positivity

Only 10 of the 150 patients in the Rl group had RI CT-FFR < 0.80. Because this positive subgroup was
too small to support stable inferential estimates, comparisons stratified by RI CT-FFR status are
presented descriptively only. LM plaque was present in 7/10 (70.0%) RI CT-FFR-positive patients and
47/140 (33.6%) RI CT-FFR-negative patients; LAD stenosis was present in 6/10 (60.0%) and 26/140
(18.6%), respectively; and LCX stenosis was present in 3/10 (30.0%) and 9/140 (6.4%), respectively.
These numerical differences were not treated as statistically supported associations and should be
regarded solely as hypothesis-generating observations (Table 10).

2.6 Use of artificial intelligence-assisted technology

Artificial intelligence-assisted technology was used only for language editing and manuscript-revision
support after the study analyses had been completed. It was not used for image generation, data

collection, statistical analysis, or interpretation of the study data. All Al-assisted edits were reviewed and
approved by the authors, who take responsibility for the final manuscript.

2.7 Ethics approval

The study was approved by the Ethics Committee of Cangzhou Central Hospital (approval number: 2023-
329-01) and was conducted in accordance with the Declaration of Helsinki. Written informed consent
was waived because of the retrospective design.
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3. Results
3.1 Cohort characteristics

Consecutive CCTA examinations were screened as described in the Methods, and the final matched
analytic cohort included 300 patients, with 150 patients in the RI group and 150 age-matched patients in
the non-RI group. The overall mean age was 60.71 + 11.77 years, and 145 patients were male. Baseline
clinical characteristics other than age and sex are shown in Table 1; sex distribution is presented
separately in Table 2 because of the marked between-group imbalance, and imaging-derived vessel
dimensions are reported with the geometric outcomes in Table 3. Body mass index, smoking status,
alcohol consumption, hypertension, hyperlipidemia, and diabetes mellitus did not differ significantly
between groups (all P> 0.05). Age was controlled by the 1:1 matching design. BMI showed only small
imbalance between groups (25.26 + 2.85 vs. 25.47 + 3.19 kg/m? absolute SMD = 0.07), whereas sex
distribution differed substantially (male, 62.7% vs. 34.0%; absolute SMD = 0.60) (Table 2).

Baseline clinical characteristics other than a;aeb;en:i sex according to ramus intermedius status.

Variable Overall cohort (N=  Rlgroup (n= Non-RI group (n P value
300) 150) =150)

BMI (kg/m?) 25.37+3.02 25.26+2.85 25.47£3.19 0.542
Smoking 40/300 (13.3%) 24/150 (16.0%)  16/150 (10.7%) 0.174
Alcohol consumption 22/300 (7.3%) 14/150 (9.3%) 8/150 (5.3%) 0.184
Hypertension 175/300 (58.3%) 94/150 (62.7%)  81/150 (54.0%) 0.128
Hyperlipidemia 156/300 (52.0%) 77/150 (51.3%)  79/150 (52.7%) 0.817
Diabetes mellitus 76/300 (25.3%) 42/150 (28.0%)  34/150 (22.7%) 0.288

Note. Values are presented as mean + SD or n/N (%), as appropriate. P values compare the Rl and
non-RI groups. Age is summarized in the text because the comparison group was selected by 1:1 age
matching; sex is reported separately in Table 2 because of the marked imbalance. Imaging-derived
vessel diameter and cross-sectional area measurements are reported in Table 3. For BMI, the
absolute standardized mean difference between groups was 0.07.
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Table 2
Sex distribution according to ramus intermedius status in the study cohort.

Sex RI group (n = 150) Non-RI group (n =150) P value
Male 94/150 (62.7%) 51/150 (34.0%) <0.001
Female 56/150 (37.3%) 99/150 (66.0%) -

Note. Values are presented as n/N (%). Percentages are column-based, using the number of patients
in each group as the denominator. The reported P value corresponds to the overall comparison of
sex distribution between the Rl and non-RI groups. Sex distribution differed substantially despite age
matching (absolute SMD = 0.60). The resulting potential confounding was explored only with an
aggregate tipping-point sensitivity calculation for the primary LAD-LCX angle comparison; no patient-
level sex-adjusted model was available.

3.2 Comparison of LM bifurcation geometry between Rl and non-RI groups

Patients with an Rl had a larger LAD-LCX angle than patients without an Rl (99.35° + 25.61° vs.
69.22° +17.83° t=11.825, P < 0.001). The unadjusted mean difference was 30.13° (95% ClI,
25.11°-35.15°). The RI group also had larger LM diameter (median 4.38 mm vs. 4.08 mm, P <0.001)
and LM CSA (median 12.58 mm?2vs. 10.82 mm?, P <0.001). LAD and LCX diameter and CSA did not
differ significantly between the two groups (all P > 0.05) (Table 3). In the sex-imbalance tipping-point
analysis, the male proportion differed by 28.7 percentage points (62.7% vs. 34.0%); under the
specified additive model, a male-female mean difference of approximately 105.1° in LAD-LCX angle
would be required for sex imbalance alone to reduce the observed 30.13° RI-group contrast to zero.
This aggregate sensitivity calculation does not provide patient-level adjustment, and residual
confounding by sex or other covariates cannot be excluded. Representative examples of LM
bifurcation geometry according to RI status are shown in Fig. 1.

Comparison of left main bifurcation geometry an-lc-ia\t/)éi:el dimensions between the Rl and non-RI groups.
Parameter RI group (n =150) 2\1;3)—RI group (n = Test statistic P value
LAD-LCX angle (°) 99.35+25.61 69.22+17.83 t=11.825 <0.001
LM diameter (mm) 4.38 (3.92,4.94) 4.08 (3.65, 4.58) Z=-3.296 <0.001
LM CSA (mm?) 12.58 (9.51, 10.82 (8.65, 13.35) Z=-3.458 <0.001

15.93)
LAD diameter (mm) 3.46 (3.06, 3.92) 3.33(3.03, 3.68) Z=-1.865 0.062
LAD CSA (mm?) 6.68 (4.93,8.93) 6.50 (5.14, 8.62) Z=-0.054 0.957
LCX diameter (mm) 3.02 (2.56, 3.40) 2.95(2.64, 3.29) Z =-0.541 0.588
LCX CSA (mm?) 5.30 (3.79, 7.65) 5.52 (3.80, 7.00) Z =-0.467 0.641

Note. Values are presented as mean + SD or median (Q1, Q3), as appropriate. Abbreviations: CSA,
cross-sectional area; LAD, left anterior descending artery; LCX, left circumflex artery; LM, left main
coronary artery; Rl, ramus intermedius.

4. Discussion
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This retrospective single-center study observed that RI presence was associated with a wider LAD-LCX
angle and larger LM dimensions on CCTA [10—17,24—-26]. The primary LAD-LCX angle contrast was large
(mean difference, 30.13°; 95% Cl, 25.11°-35.15°). Because the groups differed markedly in sex
distribution, we added a summary-data tipping-point analysis: under the specified additive model, sex
imbalance alone would reduce the observed angle contrast to zero only if the male-female difference in
LAD-LCX angle were approximately 105.1°. Age was controlled by matching and BMI imbalance was
small (absolute SMD = 0.07). This aggregate calculation indicates that a very large sex-related angle
difference would be required under the specified model, but it does not establish covariate-adjusted
robustness and cannot replace patient-level multivariable analysis. Within the Rl subgroup, FDR
correction materially narrowed the set of findings remaining below q = 0.05: proximal-LAD RI origin
retained associations with smaller LAD CSA and higher LAD CT-FFR positivity, whereas several other
nominal CSA and stenosis signals were attenuated. Findings based on the 10 RI CT-FFR-positive cases
were presented descriptively and were not treated as inferential evidence. Taken together, the data
support a cautious imaging-based interpretation and do not establish a causal mechanism [4,10-15,27-
41,45].

The primary anatomic observation was the wider LAD-LCX angle and larger LM dimensions in patients
with an RI [10-17,24-26)]. Previous studies have linked LM bifurcation geometry with plaque distribution
and lesion assessment [10,13-26]. In the present study, Rl anatomy corresponded to a trifurcation
pattern, and CCTA quantified the associated widening of the LAD-LCX angle and enlargement of the LM
luminal profile [4-15,24—-26]. These findings are most appropriately framed as CCTA-detectable
anatomic variation rather than evidence of a specific hemodynamic pathway [3-26]. Recent data also
suggest an association between RI anatomy and plaque deposition in the LM bifurcation region [10—15],
but the present study measured imaging associations only.

The Rl ostial location analyses add information beyond RI presence or absence [9—15]. On nominal
testing, patients with an Rl arising proximal to the LAD had smaller LM, LAD, and LCX CSA values and
higher frequencies of CT-FFR abnormality and stenosis than patients with an Rl arising proximal to the
LCX [10-15,26,31-36]. After Benjamini-Hochberg correction within the relevant outcome families, the
LAD CSA difference (q < 0.008) and LAD CT-FFR positivity (q = 0.009) remained below q = 0.05. The RI
and LAD/LCX anatomic stenosis comparisons were attenuated to q = 0.051, and the sparse-event Rl CT-
FFR positivity comparison to q = 0.069. These corrected results support a narrower interpretation than
the nominal P values alone. Because local hemodynamic parameters were not measured and
computational fluid dynamics was not performed, the RI-location findings should be interpreted as
exploratory anatomic-functional associations rather than mechanistic validation [3,16—-26].

The descriptive RI CT-FFR-status analysis is particularly limited by subgroup size [31-36,45,59,60]. Only
10 RI CT-FFR-positive cases were available, so plaque and stenosis frequencies in Table 10 were
summarized with absolute counts and percentages without hypothesis testing. Numerically higher
frequencies in the positive subgroup may be sensitive to the classification of only one or two patients
and therefore do not provide stable effect estimates or confirmatory evidence. These observations are
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retained only to describe the cohort and to generate hypotheses for validation in larger samples [31-
36,51-55].

From an imaging perspective, Rl ostial location, especially origin proximal to the LAD, may be worth
describing in CCTA reports because selected associations with LAD geometry and LAD CT-FFR positivity
persisted after FDR correction in this cohort [9-15,24-26,30,37—-39]. Other nominal associations,
particularly the anatomic stenosis comparisons, were weakened after multiplicity adjustment. CT-FFR
provided complementary functional information to anatomic assessment in this study [31-36,45,59,60].
These observations may have exploratory value for image-based phenotyping, but they should not be
read as evidence that the Rl directly remodels the LM bifurcation or independently causes
atherosclerosis [3—-26,51-55].

Future work should test these findings in larger, multicenter prospective cohorts and use standardized
lesion- or segment-level reporting with complete absolute counts [30,38,39,42—-44]. Additional imaging
studies should assess whether Rl ostial location and RI diameter improve CCTA-based description of LM
trifurcation anatomy and whether CT-FFR provides incremental functional information beyond
morphology [9-15,24-26,31-36]. Studies integrating CCTA, CT-FFR, and intravascular imaging, such as
optical coherence tomography, could further evaluate plaque characteristics in patients with proximal-
LAD Rl or low RI CT-FFR [51-55,64-66)].

5. Conclusions

In this retrospective CCTA study, ramus intermedius presence was associated with a wider LM
bifurcation angle and larger LM dimensions. The large unadjusted LAD-LCX angle difference was not
readily explained by the specified aggregate sex-imbalance sensitivity model, but no patient-level
multivariable or sex-stratified model was available and residual confounding cannot be excluded. Within
the RI subgroup, FDR correction narrowed the findings: proximal-LAD RI origin remained associated with
smaller LAD CSA and more frequent LAD CT-FFR positivity, while several other nominal subgroup
associations were attenuated. Findings among the 10 Rl CT-FFR-positive patients were reported
descriptively only. These data support a cautious imaging-based conclusion and do not prove a direct
causal remodeling effect.

Limitations

This study has several limitations. First, it was retrospective and conducted at a single center. Although
patients were matched by age and BMI imbalance between the Rl and non-RI groups was small, sex
distribution differed substantially between groups and also between Rl-location subgroups. A summary-
data tipping-point analysis was added for the primary LAD-LCX angle comparison, but no patient-level
multivariable or sex-stratified model was performed; the primary estimate should therefore be
interpreted as an unadjusted association supplemented by an aggregate sensitivity calculation, and
residual confounding by sex and other covariates cannot be excluded [42-44]. Second, RI-specific
analyses were exploratory and included small subgroups. In particular, only 10 patients had RI CT-FFR
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<0.80; comparisons stratified by this status were therefore limited to descriptive counts and percentages
rather than inferential testing. Third, Benjamini-Hochberg FDR correction was applied within clinically
coherent RI-specific outcome families for Tables 5 and 7-9, but multiplicity remains relevant because
the analyses were exploratory and some families contained sparse events; q values should not be
interpreted as confirmatory evidence. Fourth, CT-FFR was generated with a single software platform, and
interobserver/intraobserver reproducibility or cross-platform consistency of CT-FFR measurements was
not assessed [31-36,45,59,60]. Fifth, lesion analyses were partly diseased-segment based, whereas
geometric analyses were patient based; this distinction matters when lesion counts exceed patient
counts in the tables [30,38,39]. Sixth, Rl diameter analyses were limited to patients with complete RI-
specific data and used a cohort-derived diameter cutoff [42—-44]. Seventh, BMI was the body-size metric
available in the baseline analysis; body-surface-area or other anthropometric adjustment was not
modeled. Eighth, the study assessed conventional plaque classification and stenosis severity but did not
evaluate high-risk plaque markers or directly quantify local hemodynamic parameters [3,16-26,51-55].
Finally, medication use, interval treatment information, and other unmeasured clinical factors were not
incorporated into subgroup analyses and may have influenced the observed associations [1,2,28,29,63].
These constraints indicate that the observed associations should be validated in larger, multicenter
prospective cohorts with patient-level multivariable analysis, standardized patient-level and lesion-level
reporting, reproducibility testing of CT-FFR, and integration of hemodynamic and high-risk plaque
assessments.
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BMI: body mass index; CAD: coronary artery disease; CCTA: coronary computed tomography
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LAD: left anterior descending artery; LCX: left circumflex artery; LM: left main coronary artery; Rl: ramus
intermedius.
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Figure 1

Left main bifurcation geometry according to ramus intermedius status. (A) Representative CCTA image
showing a widened LAD-LCX angle in a patient with an RI. (B) Representative CCTA image showing a
narrower LAD-LCX angle in a patient without an RI. (C) Representative cross-sectional image showing
larger LM diameter and CSA in a patient with an RI. (D) Representative cross-sectional image showing
smaller LM diameter and CSA in a patient without an RI. These panels are illustrative and do not
represent group means or medians.
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Figure 2

Anatomic and functional findings according to RI ostial location. (A) CT-FFR map showing no CT-FFR-
defined LAD functional abnormality in a patient with an Rl arising proximal to the LCX. (B-D)
Representative cross-sectional images showing relatively larger LM, LAD, and LCX CSA values in the RI-
LCX configuration. (E) CT-FFR map showing a CT-FFR-defined LAD functional abnormality in a patient
with an Rl arising proximal to the LAD. (F-H) Representative cross-sectional images showing relatively
smaller LM, LAD, and LCX CSA values in the RI-LAD configuration. These panels are illustrative and do
not represent group means or medians.
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