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Abstract
Coronary microvascular dysfunction (CMD) represent a crucial and often underdiagnosed cause of myocardial ischemia 
and dysfunction. It is closely linked to the prognosis of patients with coronary artery disease. Increased microvascular 
resistance (whether due to CMD or vascular rarefaction) is more frequent in the setting of coronary chronic total occlu-
sions (CTO). Whether recanalization contributes to the recovery of microvascular function and whether measures of 
microvascular resistance can potentially be used as prognostic parameter to predict long-term success of CTO recanaliza-
tion remains unknown. The aim of this study was to investigate CMD in patients with CTO and the effect of successful 
CTO recanalization. As well, we investigate whether CMD can be identified as a risk factor for restenosis after CTO 
recanalization. 119 patients underwent successful CTO recanalization at the University Medical Center in Mainz. After a 
follow-up period of 6 months, invasive control was carried out, in which 79 patients continued to have sufficient revas-
cularization and 40 presented with restenosis. Angiography-based microvascular resistance (Angio-IMR) measurements 
were performed directly after successful CTO recanalization and at 6 months follow-up offline using a software package 
(QAngio XA 3D; Medis Medical Imaging Systems). 64% of the patients were male with an average age of 62 ±  9 years. 
The mean follow-up period was 191 ± 80 days. Median J-CTO Score was 1.8 ± 0.7. The CTO was localized at the RCA 
in 60%, at the LAD in 20% and at the LCX in 24% of the patients. All included patients had a good result after CTO 
recanalization confirmed by Quantitative flow ratio (QFR) of 0.94 ± 0.04 directly after PCI. Angio-IMR values immedi-
ately after CTO recanalization were pathological (> 25) in 78% of the patients and showed a significant decrease at 6 
months follow-up (31.7 ± 7.1 vs. 28.6 ± 5.3¸ p = 0.0024). Post-procedural angio-IMR values did not predict restenosis at 
6-month follow-up (31.7 ± 8 vs. 29.8 ± 7.5, p = 0.173). CMD can be detected in a majority of patients after successful CTO 
PCI. At 6 months follow-up we found significant improved angio-IMR values; CMD was not a predictor of restenosis.

Keywords  Chronic total occlusion (CTO) · Coronary microvascular dysfunction (CMD) · Angiographic Index of 
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CT	� Computed tomography
CTO	� Chronic total occlusion
CFR	 �Coronary flow reserve
DM	� Diabetes mellitus
ECG	� Electrocardiogram
FFR	 �Fractional flow reserve
GFR	 �Glomerular filtration rate
IMR	� Index of microcirculatory resistance
IVUS	� Intravascular ultrasound
J-CTO Score	� Japanese chronic total occlusion score
LAD	� Left anterior descending artery
LCX	 �Left circumflex artery
LVEF	� Left ventricular ejection fraction
MACE	� Major adverse cardiovascular events
MI	� Myocardial infarction
MRA	� Mineralocorticoid receptor antagonist
MRI	� Magnetic resonance imaging
NYHA	� New York Heart Association
OCT	� Optical coherence tomography
PAD	� Peripheral artery disease
PCI	� Percutaneous coronary intervention
PET	� Positron emission tomography
QFR	 �Quantitative flow ratio
RCA	� Right coronary artery
STEMI	� ST-elevation myocardial infarction
TIMI	� Thrombolysis in myocardial infarction

Introduction

Despite advancements in risk stratification, diagnostics, 
and preventive measures, coronary artery disease (CAD) 
remains one of the most prevalent diseases and a leading 
cause of mortality worldwide [1]. Chronic total occlusion 
(CTO) of a coronary artery, defined as a complete steno-
sis with Thrombolysis In Myocardial Infarction (TIMI) 
grade 0 flow persisting for more than three months, is 
found in approximately 15–25% of patients undergoing 
coronary angiography [2].

Recanalization of CTOs is considered a complex pro-
cedure and poses significant challenges for interventional 
cardiologists [3, 4], but studies indicate that successful 
recanalization is associated with improved health status 
and quality of life due to symptom relief [5–9]. Nonethe-
less, the prognostic benefits and survival impact remain 
subjects of ongoing debate [10–14]. Additionally, com-
plication and restenosis rates for CTO recanalization 
exceed those observed in standard interventions, high-
lighting the critical importance of optimal patient selec-
tion to determine who may derive the greatest benefit 
from the procedure or alternative therapeutic approaches.

Coronary microvascular dysfunction (CMD) plays a 
pivotal role in the pathogenesis of cardiovascular diseases. 
CMD arises from multifactorial mechanisms, including 
impaired vasomotor function, microvascular obstruction, 
microvascular injury and capillary rarefaction. It can be 
evaluated through invasive and non-invasive modalities, 
with the invasive index of microcirculatory resistance 
(IMR) being the most widely used metric [15, 16]. The 
gold standard for CMD assessment involves invasive 
techniques utilizing pressure-wire-based and thermodi-
lution-derived indices. Recently, technological advance-
ments have facilitated the development of non-invasive 
methods to calculate IMR from angiographic images 
[15, 17, 18]. Studies have demonstrated that angiogra-
phy-derived IMR (angio-IMR) is a feasible and accurate 
approach for estimating coronary microcirculatory resis-
tance [18–22].

Currently, limited data exist regarding the presence of 
CMD in patients with CTO. Emerging evidence suggests 
that CMD is prevalent among patients with CTO [23–26]. 
The prognostic value of microvascular dysfunction has 
already been established in various cardiovascular con-
ditions, including CAD, Takotsubo cardiomyopathy, and 
heart failure [1, 20, 27, 28].

This study aims to evaluate the role of CMD in 
patients with CTO and investigate whether CMD serves 
as a risk factor for restenosis following successful CTO 
recanalization.

Methods

Study design

A retrospective, monocentric analyzation of the CTO 
database of the University Medical Center in Mainz was 
performed for patients that successfully underwent recan-
alization of a CTO lesion and surveillance coronary angi-
ography at 6-month follow-up. The database included 
demographic, clinical, angiographic, and periprocedural 
information, along with in-hospital and in part long-term 
outcomes. This research study was conducted retrospec-
tively from data obtained for clinical purposes The Ethics 
Committee of the University Medical Center Mainz has 
confirmed that no ethical approval is required.

In the period from 2018 to 2023, we identified 119 
patients to include in this study. Exclusion criteria were 
patients with prior cardiac bypass surgery or insufficient 
image quality e.g. low contrast medium flow.
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Angiographic IMR

CTO procedures were performed by experienced opera-
tors. The CTO hybrid algorithm was used in all cases [29]. 
Intracoronary nitrates were administered in all patients. 
Angio-IMR was assessed in the affected CTO vessel after 
successful recanalization and at an invasive 6 months fol-
low-up. CMD was defined as an IMR ≥ 25, in accordance 
with established validation studies and expert consensus in 
non-CTO populations. This threshold corresponds to the 
upper limit of the normal IMR distribution derived from 
reference cohorts with angiographically and functionally 
normal coronary arteries and has been consistently associ-
ated with adverse outcomes across multiple studies [30–33]. 
CTO-revascularization, dedicated validation of IMR thresh-
olds is limited; therefore, the same ≥ 25 cutoff was applied 
by extrapolation, consistent with prior CTO investigations 
[34–36].

Restenosis at 6 months was defined angiographically by 
experienced interventional cardiologists as a ≥ 50% diam-
eter stenosis. The angio-IMR analysis were performed by 
two independent, experienced and certified investigators 
with a validated software (QAngio XA 3D; Medis Medical 
Imaging Systems). The assessment of quantitative flow ratio 
(QFR) was performed following current practice described 
in the Favor II Europe-Japan study [37].

We performed Medis QFR® analysis offline choosing 
two angiographic projections at least 25° apart with suffi-
cient quality (good contrast agent flow, avoiding foreshort-
ening and overlap). The end-diastolic frame was selected 
automatically, was checked and corrected manually if nec-
essary. Anatomical landmarks (e.g. bifurcations) clearly vis-
ible in both projections were selected as reference points 
and proximal und distal points were marked. The contour 
of the vessel was automatically recognized based on the 
markers set and corrected manually if necessary. The frame 
where the contrast agent flows into the area of the proxi-
mally placed marker and the frame where the contrast agent 
reaches the area of the distally placed marker were assessed 
manually. As a final step a 3D vessel reconstruction is cre-
ated on the basis of the data and QFR/angio-IMR are cal-
culated by the software. The formulas implemented in our 
Software are described by Zhou et al. [22].

Statistical analysis

Statistical analyses were performed using SPSS (Version 
29, IBM SPSS Statistics) and GraphPad Prism software, 
version 10 (Graph Pad Software Inc., La Jolla, CA, USA). 
Normal distribution was assessed with the Kolmogorov–
Smirnov-Test. Categorial variables are presented as count 

and percentage and analysed by Chi Square test or Fisher 
exact test. Continuous variables with normal distribution 
are reported as mean and standard deviation and comparison 
between groups was performed using Student`s t test. Vari-
ables with non-normal distribution are presented as median 
with interquartile range and analysed by Mann–Whitney 
U-Test. In order to investigate the effect of microvascular 
dysfunction on the risk of restenosis, the cohort was divided 
into 2 groups (restenosis vs. no-restenosis). Angio-IMR 
mean and standard deviation between the two groups were 
performed by Student`s t test.

A p value < 0.05 was considered statistically significant 
(Fig. 1).

Results

Demographic and clinical baseline characteristics

Demographic parameters at baseline are shown in 
Table  1. In our cohort 62% were male with a median 
age of 62  ±  5 years. The mean follow-up period was 
191 ± 80  days. Median J-CTO Score was 1.8  ±  0.7 and 
most of the patients (70.6%) had Rentrop grade 2 of coro-
nary collateral circulation.

In order to detect possible differences in the patient 
cohorts with and without detected CMD, the base-
line characteristics were compared, which are shown 
in Table  2. We did not find any significant differences 
between the two groups with the same prevalence of car-
diovascular risk factors and comorbidities. There was 
a high proportion of patients with arterial hypertension 
and hypercholesterolemia in both groups. We were also 
unable to detect any differences in the medication of 
the patients with ACE inhibitors/AT1 receptor blockers/
ARNIs, beta blockers, calcium channel antagonists, min-
eralocorticoid receptor antagonists or statins that poten-
tially impact microvascular function.

Angiography-derived index of microcirculatory 
resistance

An elevated angio-IMR value (> 25) was found in 93 
patients (78%) immediately after successful revascu-
larization of a CTO vessel in our total cohort of 119 
patients. Elevated angio-IMR was present in 57 of 79 
(72%) patients with a long-term revascularized CTO ves-
sel at the 6-months follow-up with a significant decrease 
(from 31.7 ± 8 vs. 29.8 ± 7.5, p < 0.0024). The results are 
shown in Fig. 2.

In-depth analysis of the three coronary territories 
demonstrated a numerical reduction in angio-IMR across 
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follow-up, indicating partial recovery of microvascular 
function after CTO-PCI (Fig. 3).

Relationship between microvascular resistance and 
restenosis

At 6-month follow-up, 79 of 119 patients (66.4%) showed 
no angiographic restenosis, whereas 40 patients (33.6%) 
presented with binary restenosis. Immediately after suc-
cessful CTO-PCI, angio-IMR values were comparable 
between both groups (no restenosis: 31.7 ± 7.1 vs. resteno-
sis: 29.8 ± 7.5; p = 0.17; Fig. 4A). To further explore whether 
restenosis influenced microvascular function over time, 
we compared the change in angio-IMR (Δ IMR) between 
the two groups. The reduction in IMR from baseline to 
follow-up was numerically greater in the no-restenosis 
group (Δ IMR = 3.0 ± 6.6) than in patients with restenosis 
(Δ IMR = 1.4 ± 5.8), but this difference did not reach statisti-
cal significance (p = 0.11; Fig. 4B). Similarly, at follow-up, 
the proportion of patients with persistent CMD (angio-
IMR ≥ 25) was comparable between groups (no restenosis: 
27.8% vs. restenosis: 25.0%; Fig. 4C).

all vessels 6 month after persistent successful CTO-
PCI without restenosis. The decrease reached statisti-
cal significance in RCA CTOs only (Δ IMR: 3.1 ± 6.4; 
p = 0.0246), while reductions in LAD (Δ IMR: 2.7 ± 7.0; 
p = 0.283) and LCX (Δ IMR: 3.6 ± 7.5; p = 0.053) were 
of similar magnitude but did not reach statistical sig-
nificance, likely reflecting smaller sample sizes in these 
subgroups. When analysed categorically using the estab-
lished threshold of angio-IMR ≥ 25, the proportion of ves-
sels with abnormal microvascular resistance decreased 
from 83.6 to 72.1% in the overall cohort, with consistent 
numerical improvement across all coronary territories 
(RCA: 85.4 to 80.5%; LCX: 78.9 to 57.9%; LAD: 84.2 to 
68.4%). Notably, a successful revascularization was most 
frequently associated with an improvement from angio-
IMR > 25 to ≤ 25 in the left coronary arteries (LAD and 
LCX). This observation may reflect the larger myocardial 
perfusion territories and greater potential for microvas-
cular recovery in the left coronary circulation follow-
ing relief of long-standing ischemia. Overall, 32.9% 
of patients transitioned from angio-IMR > 25 to ≤ 25 at 

Fig. 1  Exemplary visualization of the study workflow. Top row: Successful recanalization of a CTO of the right coronary artery (RCA); Bottom 
row: Diagnostic Algorithm of the Angio-IMR analysis
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of patients demonstrated an improvement in Canadian Car-
diovascular Society (CCS) angina class, and 46% showed 
an improvement in New York Heart Association (NYHA) 
functional class at 6-month follow-up. Complete freedom 
from angina (CCS 0) was achieved in 71% of patients, and 
67% reported no limitation of physical activity (NYHA I), 
reflecting substantial symptomatic and functional recov-
ery after recanalization. When stratified by the presence of 

Collectively, these data indicate that microvascular resis-
tance and its longitudinal improvement are largely indepen-
dent of angiographic restenosis, suggesting that CMD and 
restenosis represent distinct pathophysiological processes 
after successful CTO revascularization.

Clinical impact of successful CTO recanalization

As illustrated in Fig. 5, successful CTO-PCI was associated 
with a marked improvement in clinical status. Overall, 55% 

Table 1  Baseline characteristics of the study population
All patients (n = 119)

Demographics characteristics
Age, yrs 62.45 ± 9.21
Male 76 (63.9)
BMI, kg/m2 27.68 (16.14- 35.64)
Diabetes mellitus 19 (16.0)
Hypertension 106 (89.1)
Hyperlipidemia 89 (74.8)
Current smoking 39 (32.8)
Multivessel CAD 93 (78.2)
GFR, ml/min 79.00 (36.00–114.00)
LVEF, % 55.00 (25.00–65.00)
Previous stroke 9 (7.6)
PAD 13 (10.9)
Previous MI 36 (30.3)
Previous PCI 84 (70.60)
Medication
ACE-I 65 (54.6)
AT1R-B 30 (25.2)
ARNI 9 (7.6)
BB 76 (63.9)
MRA 26 (21.8)
CCB 28 (23.5)
Statins 100 (100)
Procedural characteristics
CTO vessel
RCA 71 (59.7)
LAD 24 (20.2)
LCX 24 (20.2)
J-CTO Score 1.81 ± 0.73
Total stent length, mm 55.9 ± 22.01
QFR 0.94 ± 0.04
IMR baseline 31.09 ± 7.33
Values are represented as n (%), median (interquartile range), or 
mean ± SD
yrs, years; BMI, body mass index; CAD, coronary artery disease; 
GFR, glomerular filtration rate; LVEF, left ventricular ejection frac-
tion; PAD, peripheral artery disease; MI, myocardial infarction; PCI, 
percutaneous coronary intervention; ACE-I, angiotensin-converting 
enzyme inhibitor; AT1R-B, angiotensin II type-1 receptor blocker; 
ARNI, angiotensin receptor–neprilysin inhibitor; BB, beta-blocker; 
MRA, mineralocorticoid receptor antagonist; CCB, calcium channel 
blocker; CTO, chronic total occlusion; QFR, quantitative flow ratio; 
IMR, index of microcirculatory resistance

Table 2  Characteristics of patients with and without MVD
MVD (n = 93) No MVD (26) p value

Demographics characteristics
Age, yrs 62.12 ± 9.21 63.65 ± 9.33 0.46
Male 77 (82.8) 22 (84.6) 0.82
BMI, kg/m2 27.68 

(16.14–35.50)
28.01 
(21.60–34.64)

0.45

Diabetes mellitus 16 (17.2) 3 (11.5) 0.48
Hypertension 81 (87.1) 25 (96.2) 0.19
Hyperlipidemia 71 (76.3) 18 (69.2) 0.46
Current smoking 30 (32.3) 9 (34.6) 0.82
Multivessel CAD 74 (79.6) 19 (73.1) 0.47
GFR, ml/min 80.02 ± 15.77 77.46 ± 14.64 0.45
LVEF, % 55.00 

(25.00–65.00)
55.00 
(25.00–55.00)

0.97

Previous stroke 5 (5.4) 4 (15.4) 0.08
PAD 10 (10.8) 3 (11.5) 0.91
Previous MI 29 (31.2) 7 (26.9) 0.67
Previous PCI 66 (71) 18 (69.2) 0.86
Medication
ACE-I 53 (57.0) 12 (46.2) 0.32
AT1R-B 23 (24.7) 7 (26.9) 0.82
ARNI 6 (6.5) 3 (11.5) 0.39
BB 57 (61.3) 19 (73.1) 0.27
MRA 18 (19.4) 8 (30.8) 0.21
CCB 22 (23.7) 6 (23.1) 0.95
Statins 93 (100) 26 (100) 1.00
Procedural characteristics
CTO vessel
RCA 54 (58.1) 17 (65.4) 0.50
LAD 20 (21.5) 4 (15.4) 0.49
LCX 19 (20.4) 5 (19.2) 0.89
J-CTO Score 2 (1–3) 2 (0–3) 0.31
Total stent length, mm 56.37 ± 22.26 54.16 ± 21.40 0.65
QFR 0.98 

(0.73–1.00)
0.99 
(0.91–1.00)

0.29

IMR baseline 33.66 ± 6.10 21.89 ± 1.99  < 0.001
Values are represented as n (%), median (interquartile range), or 
mean ± SD. MVD, microvascular dysfunction; yrs, years; BMI, body 
mass index; CAD, coronary artery disease; GFR, glomerular filtra-
tion rate; LVEF, left ventricular ejection fraction; PAD, peripheral 
artery disease; MI, myocardial infarction; PCI, percutaneous coro-
nary intervention; ACE-I, angiotensin-converting enzyme inhibitor; 
AT1R-B, angiotensin II type-1 receptor blocker; ARNI, angiotensin 
receptor–neprilysin inhibitor; BB, beta-blocker; MRA, mineralo-
corticoid receptor antagonist; CCB, calcium channel blocker; CTO, 
chronic total occlusion; QFR, quantitative flow ratio; IMR, index of 
microcirculatory resistance
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improvement were predictive of restenosis after CTO-
PCI. In addition, we observed that successful CTO-PCI 
led to a highly significant improvement in both CCS and 
NYHA class, and that this clinical benefit occurred inde-
pendently of the presence of CMD (no difference in CCS 
or NYHA improvement between IMR > 25 and ≤ 25). 
These results suggest that while microvascular recovery 
accompanies revascularization, symptom relief is pri-
marily driven by epicardial flow restoration rather than 
baseline microvascular status.

CMD has been extensively studied in various clini-
cal conditions of CAD, particularly in acute myocar-
dial infarction (AMI). Elevated IMR values (> 40) have 
been identified as robust predictors of adverse outcomes, 
including increased major adverse cardiovascular events 
(MACE), following ST-elevation myocardial infarc-
tion (STEMI) [15, 19, 38–40]. Post-PCI risk stratifica-
tion using IMR can help identify patients at high risk of 
cardiac death upon discharge [41]. Furthermore, CMD 
is prognostically relevant in other conditions including 
Tako-Tsubo cardiomyopathy and dilated cardiomyopathy 
[27, 40, 42]. However, research on CMD in the context of 
stable CAD, particularly in patients with CTO, remains 
limited.

Microvascular dysfunction can be assessed through 
both non-invasive (e.g., echocardiography, cardiac mag-
netic resonance, PET, CT) and invasive methods (e.g., 
intracoronary Doppler or thermodilution techniques dur-
ing angiography). Thermodilution is widely used, allow-
ing simultaneous assessment of epicardial stenosis and 
microvascular dysfunction without requiring additional 
modalities. However, invasive techniques carry risks, 
are procedurally complex, and require significant time 
[43–46].

Angiographic IMR offers a promising alternative by 
simplifying CMD assessment and allowing its assess-
ment off-line. Validation studies have demonstrated 
strong correlation between angio-IMR and wire-based 
IMR (Fan et al.: r = 0.83, p < 0.001; diagnostic accuracy: 
87.2%; 95% CI 83.0–91.3%) [47]. Similarly, De Maria et 
al. confirmed the method’s reliability in STEMI patients 
pre- and post-PCI. Mejía-Rentería et al. [17] further 
validated the accuracy and feasibility of angio-IMR in 
patients with suspected myocardial ischemia and non-
obstructive coronary arteries [48]. Thus, angio-IMR rep-
resents a rapid, cost-effective, and convenient approach 
to CMD assessment without pressure-wire use.

Our study builds upon limited existing evidence 
regarding CMD in CTO lesions. Werner et al. highlighted 
the frequent association between CTO and CMD [7, 8, 
26]. Similarly, Keulards et al. demonstrated significant 
CMD in the myocardium supplied by CTO immediately 

CMD, improvement in both CCS and NYHA class did not 
differ between patients with or without microvascular dys-
function (p = 0.459 and p = 0.418, respectively), indicating 
that symptomatic benefit after successful CTO-PCI occurs 
largely independent of microvascular resistance status.

Discussion

We investigated the clinical significance of CMD in 
patients with CTO using non-invasive angio-derived 
IMR (angio-IMR) measurements. Our main findings 
were as follows: (I) patients with CTO lesions exhibit 
elevated IMR values indicative of CMD immediately 
after successful revascularization; (II) persistent reperfu-
sion of the CTO vessel results in a significant reduction 
of IMR values at the 6-month follow-up, accompanied 
by symptomatic improvement in NYHA and CCS classi-
fications; and (III) neither baseline IMR values nor their 

Fig.  2  Angio-IMR values immediately after successful CTO-PCI as 
well as after a 6-month follow-up (n = 79)
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inflammation, apoptosis, and vascular remodelling [50–
52]. These processes impair vasomotor responsiveness 
and endothelial barrier integrity—key factors in CMD 
pathogenesis [51, 53–55].

Comparing our two cohorts, we were unable to find 
any differences between the patients with regard to the 
baseline characteristics or medical therapy. These results 
are most likely due to the fact that CMD and CHD share 
the same risk factors. We also found no difference in 

post-recanalization, with notable improvement at two-
month follow-up [49]. These findings align with our 
observation that CMD was present in 76% of patients 
at baseline. CTO and CMD may share several patho-
physiological links, including shared cardiovascular risk 
factors, chronic ischemia, and histological myocardial 
changes. Persistent ischemia, reported in 85% of patients 
with CTO in the COURAGE trial, induces cellular-
level changes, such as immune cell activation, increased 

Fig. 4  Relationship between 
angiography-derived index of 
microcirculatory resistance (angio-
IMR) and restenosis at 6-month 
follow-up. A Angio-IMR values 
immediately after successful 
CTO-PCI stratified by restenosis 
status. B Change in angio-IMR 
(ΔIMR = follow-up—post-PCI) 
comparing no-restenosis and 
restenosis groups. C Proportion 
of patients with angio-IMR ≥ 25 
and ≤ 25 at follow-up, stratified 
by restenosis status. Bars and 
violin plots display mean ± SD and 
distribution; p-values correspond 
to unpaired comparisons between 
groups

 

Fig.  3  Angiography-derived index of microcirculatory resistance 
(angio-IMR) immediately after successful CTO-PCI and at 6-month 
follow-up in persistent revascularized CTO vessels. A Total patient 
cohort (n = 79); B RCA CTOs (n = 41); C LCX CTOs (n = 19); D LAD 
CTOs (n = 19). Mean angio-IMR values as well as Δ IMR + SD are 

shown below each panel, and p-values indicate paired comparisons 
between post-CTO-PCI and follow-up. Panels E–G depict the propor-
tion of vessels with angio-IMR ≥ 25 and ≤ 25 at each time point, strati-
fied by coronary territory
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suboptimal angiographic quality or inadequate views for 
three-dimensional vessel reconstruction. Furthermore, 
IMR was measured immediately post-PCI, a setting that 
may overestimate microvascular resistance due to pro-
cedure-related vascular trauma and altered flow dynam-
ics [57]. The definition of pathological IMR as ≥ 25 was 
originally validated in non-CTO settings. Although this 
cut-off is widely accepted for identifying coronary micro-
vascular dysfunction and has been adopted in several CTO 
studies, we acknowledge that its direct validation in the 
CTO context remains limited [34, 35, 49]. The absence of 
CFR data and unassessed factors such as residual dissec-
tions may also limit interpretation. Our findings should 
therefore be interpreted with this consideration in mind. 
In addition, the 6-month follow-up period may not be suf-
ficient to capture the full prognostic implications of CMD 
or restenosis, particularly regarding long-term clinical 
outcomes. Although CMD did not predict restenosis in 
our analysis, other clinically relevant endpoints such as 
target vessel failure, angina recurrence, or hospitalization 
were not assessed and may be more sensitive to CMD. 
Our findings are hypothesis-generating and warrant vali-
dation in a prospective study with a larger population.
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