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ABSTRACT

Background Stress hyperglycemia is common

during percutaneous coronary intervention (PCl)

and is associated with worse outcomes. The stress
hyperglycemia ratio (SHR), which standardizes acute
glucose levels to chronic glycemic status, may provide
superior prognostic information compared with
admission glucose alone.

Objective To systematically evaluate the association
between SHR and clinical outcomes in PCI patients and to
quantify the exposure—response relationship.

Data sources PubMed, Embase, Cochrane Library, Web of
Science, Scopus, and ClinicalTrials.gov were searched from
inception to August 5, 2025.

Study selection Observational studies reporting SHR prior
to PCl and subsequent clinical outcomes were included.
Data extraction Two investigators independently extracted
study characteristics, SHR definitions, and adjusted effect
estimates. Risk of bias was assessed using ROBINS-| (Risk
Of Bias In Non-randomized Studies of Interventions), and
certainty of evidence was evaluated with the Grading of
Recommendations Assessment, Development and Evaluation
framework.

Data synthesis Thirteen studies comprising 41096 PCI
patients were included. Elevated SHR was associated

with increased risks of all-cause mortality, major adverse
cardiac and cerebrovascular events (MACCE), cardiovascular
mortality, recurrent myocardial infarction, and stroke, but not
with repeat revascularization. Sensitivity analyses yielded
consistent results. The dose—response analysis suggested an
approximately linear dose—response pattern between SHR
and MACCE.

Limitations Most studies were observational, SHR
definitions varied, and residual confounding cannot be
excluded. The limited number of studies restricted the
interpretability of dose—response analyses.

Conclusions Elevated SHR was associated with an
increased risk of adverse outcomes after PCI. The dose—
response analysis suggested an approximately linear
dose—response pattern between SHR and MACCE. However,
these findings should be interpreted cautiously given the
observational nature of the evidence and the limited number
of studies for certain analyses.

PROSPERO registration number CRD420251045853.

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Stress hyperglycemia has been associated with
adverse outcomes in patients with cardiovascular
disease.

= However, evidence regarding the prognostic value
of the stress hyperglycemia ratio (SHR) in patients
undergoing percutaneous coronary intervention
(PCl) has been inconsistent, and the dose-response
relationship between SHR and clinical outcomes has
not been clearly quantified.

WHAT THIS STUDY ADDS

= This meta-analysis found that elevated SHR was as-
sociated with increased risks of all-cause mortality,
major adverse cardiac and cerebrovascular events
(MACCE), cardiovascular mortality, recurrent myo-
cardial infarction, and stroke in patients undergoing
PCI.

= The dose—response analysis suggested an approxi-
mately linear association between SHR and MACCE
within the observed range of data.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings suggest that SHR may have potential
as a marker for risk stratification after PCl, which
could help identify patients at higher risk of adverse
outcomes related to stress-induced dysglycemia.

= Future studies may consider incorporating SHR into
prognostic models in PCI populations.

= Further prospective research is needed to validate
these findings and to clarify the risks associated
with extreme low SHR values.

INTRODUCTION

Coronary atherosclerotic heart disease
remains one of the most prevalent cardiovas-
cular conditions worldwide, with persistently
high incidence and mortality rates. In partic-
ular, acute coronary syndrome (ACS) is char-
acterized by complex clinical presentations,
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a high burden of complications, and frequent delays
in treatment, collectively contributing to substantial
mortality and public health burden. As the cornerstone
of revascularization therapy, percutaneous coronary
intervention (PCI) restores coronary blood flow through
balloon angioplasty or stent implantation and has signifi-
cantly improved clinical outcomes in patients with coro-
nary artery disease." *

Inflammation plays a central role in the initiation
and progression of coronary artery disease. PCI itself
can induce procedurerelated vascular injury and
inflammatory activation, thereby promoting neointimal
hyperplasia, thrombosis, and restenosis.” * Notably, this
PCl-related inflammatory stress is often accompanied
by acute disturbances in glucose metabolism, suggesting
that procedure-related and disease-related metabolic
responses may carry prognostic significance beyond base-
line glycemic status.

Hyperglycemia occurring under acute disease-related
stress, termed stress hyperglycemia, has been well estab-
lished as an independent predictor of adverse outcomes
in patients with ACS, particularly those with acute
myocardial infarction.” Early studies primarily relied
on admission blood glucose (ABG) as the exposure of
interest; however, its prognostic value is limited because
ABG reflects both acute glycemic fluctuations and
chronic glycemic exposure. To address this limitation,
Roberts and colleagues proposed the stress hypergly-
cemia ratio (SHR), which standardizes admission glucose
to the estimated chronic glycemic level derived from
glycated hemoglobin (HbAlc), thereby more accurately
capturing the acute stress—related glycemic response.’
Recent studies suggest that SHR provides better prog-
nostic information compared with blood glucose alone
and is now widely used in ACS and PCI patients.”

To date, no meta-analysis has systematically evaluated
the association between SHR and clinical outcomes after
PCI. Therefore, we conducted this systematic review and
meta-analysis to address this gap. Previous studies have
predominantly dichotomized SHR into high and low
categories, an approach that overlooks its nature as a
continuous variable and relies on arbitrarily defined cut-
off values. In this study, we treated SHR as a continuous
variable and performed dose-response meta-analyses to
further explore its potential prognostic implications in
patients undergoing PCI.

MATERIALS AND METHODS

Protocol and registration

This systematic review and meta-analysis was conducted
in accordance with the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines (online supplemental table S1) and was
prospectively registered in the PROSPERO database
(CRD420251045853). The full registration record is
available at: https://www.crd.york.ac.uk/PROSPERO/
view/CRD420251045853.

Search strategies

We systematically searched PubMed, Embase, the
Cochrane Library, Web of Science, Scopus, and Clinical-
Trials.gov from inception to August 5, 2025. Reference
lists of relevant reviews were also screened manually to
identify additional eligible studies. No language restric-
tions were applied. A comprehensive search strategy
combining Medical Subject Headings (MeSH) terms and
free-text keywords was used. Key terms included ‘stress
hyperglycaemia ratio’, ‘percutaneous coronary inter-
vention’, ‘major adverse cardiac and cerebrovascular
events’, ‘major adverse cardiovascular events’, ‘all-cause
mortality’, ‘cardiovascular mortality’, ‘recurrent myocar-
dial infarction’, ‘stroke’, and ‘revascularisation’. The
complete search strategy is provided in online supple-
mental table S2.

Study selection
Studies were included if they met the following criteria:
(1) retrospective or prospective cohort studies with full-
text availability; (2) >80% of the study population under-
going PCI; (3) reporting at least two categories of SHR;
(4) reporting at least one clinical outcome, including
major adverse cardiovascular events (MACEs), major
adverse cardiac and cerebrovascular events (MACCEs),
all-cause mortality, cardiovascular mortality, recurrent
myocardial infarction, stroke, or revascularization.
Studies reporting MACE were included if definitions
aligned with our MACCE composite endpoint.
Exclusion criteria are as follows: (1) reviews, meta-
analyses, animal studies, abstracts, or letters; (2) absence
of baseline SHR or irrelevant exposure definition; (3)
missing outcome data; (4) duplicate publications.

Outcome definitions

The primary outcomes were all-cause mortality and
MACCE. MACCE was defined as a composite of all-cause
mortality, cardiovascular mortality, non-fatal myocar-
dial infarction, stroke (ischemic, hemorrhagic, or tran-
sient ischemic attack), and coronary revascularization.??
Studies that originally reported MACE were included if
their reported events were consistent with this composite
definition. This ensured consistency in outcome defi-
nitions across studies. Secondary outcomes included
cardiovascular mortality, recurrent myocardial infarction,
stroke, and repeat revascularization. Detailed outcome
definitions for each study are provided in online supple-
mental table S3.

Data extraction

Two investigators independently screened studies and
extracted data using a standardized form. After dupli-
cates were removed, titles and abstracts were screened,
followed by full-text review. Reference lists were also
examined to identify additional eligible studies. Extracted
information included: (1) author, year of publication,
and country/region; (2) study design; (3) patient char-
acteristics, including sample size, age, sex, baseline SHR,

BMJ Open Diab Res Care 2026;14:e005656. doi:10.1136/bmjdrc-2025-005656

'salbojouyoal Jejiwis pue ‘Buluresy |y ‘Buiuiw elep pue 1xa) 01 parejal sasn 1o} Buipnjour ‘ybLAdod Ag pajoslold
1senB Ag 920z Jaquiaidas ¢ uo wod fwg-alp//:sdny wolj papeojumod '9Z0Z 1SnNBny TE U0 959G00-G20Z-24pIWa/9eTT 0T Sk paysiignd 1s.1y :a1ed % yoreasay salaqeld uado CING


https://dx.doi.org/10.1136/bmjdrc-2025-005656
https://www.crd.york.ac.uk/PROSPERO/view/CRD420251045853
https://www.crd.york.ac.uk/PROSPERO/view/CRD420251045853
https://dx.doi.org/10.1136/bmjdrc-2025-005656
https://dx.doi.org/10.1136/bmjdrc-2025-005656
https://dx.doi.org/10.1136/bmjdrc-2025-005656
https://dx.doi.org/10.1136/bmjdrc-2025-005656

8 Cardiovascular and metabolic risk

proportion of ACS, proportion of PCI, prevalence of
diabetes, outcome events, comorbidities, and medical
history; (4) raw outcome event counts and/or effect esti-
mates with 95% CI; (5) follow-up duration; and (6) defi-
nitions of SHR and clinical outcomes.

Effect estimates from multivariable models adjusted
for cardiovascular risk factors (eg, hypertension, dyslip-
idemia, diabetes, sex, smoking) were prioritized. If data
were missing and could not be obtained from other
publications by the same research group, corresponding
authors were contacted for additional information.
Discrepancies were resolved through discussion or
consultation with a third reviewer.

Statistical analysis

Definitions of SHR varied across studies. SHRI1 was
defined as admission blood glucose (mg/dL or mmol/L)
divided by HbAlc-derived estimated chronic glucose,
whereas SHR2 used fasting plasma glucose as the numer-
ator with the same denominator. Although admission
and fasting glucose reflect acute stress-related hyper-
glycemia and basal metabolic status, respectively, both
capture peri-procedural stress responses during PCI and
share similar pathophysiological mechanisms. For the
primary analysis, a linear relationship was assumed. To
improve statistical power and precision, SHR1 and SHR2
were pooled and analyzed as SHR, with prespecified
subgroup and sensitivity analyses conducted to assess the
robustness of this approach.

All analyses were performed using Stata V.18.0, with
two-sided p<0.05 considered statistically significant. Rela-
tive risks (RRs) and their 95% Cls were calculated based
on the number of outcome events in the highest versus
lowest SHR categories in each study. Heterogeneity
was assessed using Cochran’s Q test and the I? statistic,
and random-effects models were applied throughout.
Potential sources of heterogeneity were explored using
subgroup, sensitivity, and leave-one-out analyses.

Subgroup analyses were prespecified for primary
outcomes only (MACCE and all-cause mortality) and
stratified by SHR definition, clinical presentation (ACS
vs non-ACS or mixed populations), and PCI proportion
(100% vs <100%). Subgroup interactions were assessed
using interaction tests, and outcomes with insufficient
studies were not analyzed to avoid unstable estimates.

To explore potential sources of heterogeneity for
MACCE and all-cause mortality, study-level meta-
regression and subgroup analyses were performed.
Randome-effects meta-regression models were fitted using
restricted maximum likelihood, with the natural loga-
rithm of the risk ratio (InRR) as the dependent variable. "’
Diabetes mellitus (DM) prevalence was modeled as a
continuous moderator per 10% increment. The regres-
sion coefficient () represents the change in InRR per
10% increase in DM prevalence. Categorical variables
were analyzed using indicator variables. Given substan-
tial variation in DM prevalence across studies and the
limited number of studies within certain strata, subgroup

analyses were conducted descriptively where appropriate.
Meta-regression was additionally used to assess potential
effect modification at the study level. Sensitivity analyses
were performed by excluding studies with extreme DM
prevalence (0% or 100%) to evaluate the robustness of
the findings. Meta-regression results reflect study-level
associations rather than individual-level effects. Given
the limited number of included studies, meta-regression
analyses were exploratory in nature.

Dose-response meta-analyses were conducted when
>3 studies reported outcomes across >2SHR categories,
including all-cause mortality and MACCE. Adjusted HRs
with 95% CIs were preferentially extracted to ensure
comparability. Studies reporting ORs with low event
rates were considered approximate HRs'' '* (online
supplemental table S4). ORs from low event studies were
included only in sensitivity analyses to explore consis-
tency of effect direction rather than to represent direct
HRs. Dose-response reconstruction was performed using
the Greenland and Longnecker approach, assuming
log-normal risk distributions.”” Restricted cubic spline
models with three knots placed at the 10th, 50th, and 90th
percentiles were used to explore potential non-linear
dose-response relationships. Sensitivity analyses using
alternative knot specifications were performed to eval-
uate robustness.'* For open-ended exposure categories,
midpoints were estimated using standard methods: the
lowest category midpoint was set as the upper boundary
minus half the adjacent interval width, and the highest
category midpoint as the lower boundary plus half the
adjacent interval width. When fewer than three studies
remained for a given outcome, dose-response analyses
were interpreted descriptively rather than as formal
spline models. All statistical analyses and interpretation
were reviewed by a trained biostatistician.

Risk of bias and certainty of evidence

Risk of bias and certainty of evidence were independently
assessed by two investigators, with disagreements resolved
by a third reviewer. Risk of bias in non-randomized studies
was evaluated using the Risk Of Bias In Non-randomized
Studies of Interventions (ROBINS-I) tool, assessing seven
domains: (1) confounding; (2) participant selection; (3)
intervention classification; (4) deviations from intended
interventions; (5) missing data; (6) outcome measure-
ment; and (7) selection of the reported result.

Study quality was additionally assessed using the
Newcastle-Ottawa Scale (NOS), evaluating three domains:
selection of study groups, comparability between groups,
and outcome assessment, with a maximum score of 9
points. Studies scoring >7 were considered high quality.
NOS was used as a complementary assessment, while
ROBINS-I was prioritized for evidence grading within the
Grading of Recommendations Assessment, Development
and Evaluation (GRADE) framework. Results from both
tools are presented in the online supplemental materials.

Publication bias was assessed using funnel plots when
appropriate, with asymmetry interpreted cautiously due
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Figure 1 Study selection process.

to the limited number of included studies. Egger’s and
Begg’s tests were additionally performed when applicable.

The certainty of evidence was graded as high, moderate,
low, or very low using the GRADE framework. In addition
to the I? statistic, assessment of inconsistency considered
effect size consistency, CI overlap, number of studies, and
clinical plausibility, rather than relying solely on I thresh-
olds. Summary of Findings tables were generated using
GRADEpro software.

RESULTS
Figure 1 summarizes the study selection process. A total
of 768 records were identified through database searches.
After removal of duplicates, 259 records remained, of
which 57 articles underwent full-text assessment. Two
studies were excluded due to unclear SHR definitions'
or failure to meet prespecified criteria.'® Ultimately, 13
cohort studies' were included in the final analysis.
The 13 studies involved 41 096 PCI patients: 10 studies'” '~
used SHR1 (n=35611), 2 studies® ** used SHR2 (n=4386),
and 1 study” reported both SHRI and SHR2 (n=1099),
classified as SHRI for analysis. Eight studies reported all-
cause mortality, nine reported MACCE, three reported
cardiovascular mortality, four reported recurrent myocardial

Total participants from identified records (n = 768)
178 in PubMed
S 60 in Embase
:g 202 in Web of Science
RS) 243 in Scopus
= 14 in the Cochrane Library
S 3 in ClinicalTrials.gov
° 68 in previous reviews
< 259 duplicates records removed before screening
Y
o
£
% Records after duplicates removed (n=509)
o
(5}
w Records excluded (n=400)
e reviews, systematic reviews, meta-analyses, animal
P experiments, conference abstracts, or letters.
)
o studies not reporting baseline SHR values.
() o studies without relevant outcomes.
E A 4 o literature unrelated to the research topic.
e
=2 Records screened (titles and abstracts)
w (n=109)
—
Records excluded after full text scan (n=96)
- ¢ No effictive end points
= o Insufficient data
% v o Studies or with definitions inconsistent with this study.
=
8 Studies included in the analysis
(n=13)
——

infarction, three reported stroke, and three reported repeat
revascularization. The brief table 1 is as follows, and the full
table is presented in the supplementary file (online supple-
mental table S5). Studies that originally reported MACE were
included if their outcomes were consistent with the MACCE
definition used in this meta-analysis.

Meta-analysis results

All-cause mortality

Eight studies (nine datasets), including 17694 patients,
were analyzed. Seven datasets used SHRI1, and two used
SHR2. Overall, higher SHR was associated with increased
risk of all-cause mortality following PCI (RR=2.085, 95% CI
1.451 to 2.996; p<0.001), although substantial heteroge-
neity was observed (12=92.2%) (figure 2). Subgroup analyses
by SHR definition showed significant associations for both
SHR1 (RR=1.984, 95% CI 1.304 to 3.018; p=0.001) and SHR2
(RR=2.432, 95% CI 1.648 to 3.587; p<0.001; P for interac-
tion=0.492). Similar associations were observed in ACS-only
cohorts (RR=2.077, 95%CI 1.302 to 3.313; p=0.002) and
non-ACS/mixed populations (RR=2.126, 95%CI 1.095 to
4.127; p=0.026), with no evidence of significant interaction
(p=0.948). Studies with 100% PCI populations showed a
higher pooled effect estimate (RR=2.734, 95%CI 1.717 to

17-24

4
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Table 1 Characteristics for included patients and relevant outcomes
Proportion

Author Participants Age (years) Vascular Proportion of index Proportion Outcomes
(year) Nation (n) (meanz=SD) lesion type of ACS (%) PCI (%) of DM (%)
Jie Yang China 5562 58.0+10.1 ACS 100 100 39.3 )
(2022)%
Haozhang Huang  China 874 64.1+10.8  CAD 37.1 100 39.6 )
(2024)%°
Shigiang Xiong China 373 66.5+11.3  ACS 100 100 59.8 DB
(2017) @®6®
Shogo Okita Japan 2386 68.0+12.5 STEMI; 100 100 37.3 0
(2025)"® NSTEMI @®
Omer Furkan Demir Turkey 223 69.6+9.7 ACS 100 100 44.8 ©)
(2024)*"
Zehuo Lin China 2841 62.3x12.2  STEMI 100 100 31.0 )
(2023)*
Yanjun Song China 2740 58.5+10.5 Angina 50.9 100 46.7 DB

patients wit
(2023)?® i ith

CTO
Yeoree Yang Korea 4362 63.1+10.7 ACS; non- 54 100 451 DR®
(2017)"° ACS ®®
Qu-Cheng Wei China 1099 62.6+13.6  STEMI 100 100 271 OR®
(2023)%°
Wang Liao China 1643 62.5£12.6  STEMI 100 100 33.8 @
(2023)%*
Jin Liu China 2171 62.9+12.1 AMI 100 89.3 421 @
(2023)?"
Takayuki Ojima 1 Japan 3882 65.9+12.6 STEMI 100 94.4 0 @
(2018)
Takayuki Ojima2  Japan 2405 65.3+10.8 STEMI 100 93.4 100 @
(2018)
Zheng Qiao China 10532 60.6+9.9 CTVD 63.6 100 38.5 ®®
(2024)*°

Note: (1) all-cause mortality; (2) major adverse cardiac and cerebrovascular events; (3) cardiovascular mortality; (4) recurrent myocardial

infarction; (5) stroke; (6) repeat revascularization.

NSTEMI, Non-ST-segment elevation myocardial infarction; STEMI, ST-segment elevation myocardial infarction.

4.355; p<0.001) compared with studies including <100% PCI
(RR=1.304, 95%CI 0.954 to 1.780; p=0.096; P for inter-
action=0.003). Excluding studies with extreme diabetes
prevalence (0% or 100%) did not materially change the
pooled estimate (RR=2.365, 95% CI 1.453 to 3.850; p=0.001)
(figure 3 and online supplemental table S6.1).

Major adverse cardiac and cerebrovascular events

Nine studies,”_20 23 2528 including 14564 patients, reported
MACCE. Higher SHR was overall associated with an
increased risk of MACCE (RR=1.902, 95%CI 1.406 to
2.574; p<0.001), with substantial heterogeneity (1>=89.2%)
(figure 2). Subgroup analyses by clinical presentation showed
significant associations in ACS-only (RR=2.073, 95%CI
1.310 to 3.279; p=0.002) and non-ACS/mixed populations
(RR=1.683, 95%CI 1.145 to 2.474; p=0.008; P for interac-
tion=0.552). Restricting to SHRI studies produced similar

results (RR=1.810, 95% CI 1.314 to 2.494; p<0.001) (figure 3
and online supplemental table S6.1).

Cardiovascular mortality

Three studies'” * % (n=12734) reported cardiovascular
mortality. Higher SHR was associated with increased risk
of cardiovascular mortality (RR=2.414, 95%CI 1.409 to
4.136; p=0.001), with moderate heterogeneity (I?=42.9%)
(figure 2). SHR1-only analyses were consistent (RR=1.904,
95% CI 1.340 to 2.706; p<0.001). Given the limited number
of studies, these findings should be interpreted cautiously.

Recurrent myocardial infarction

Four studies,' "% including 17653 patients, showed higher
SHR increased risk of recurrent MI (RR=2.250, 95% CI 1.663
to 3.044; p<0.001), with no heterogeneity observed (I’=0%;

p=0.517) (figure 2).
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All-Cause Mortality

Study %
D RR(95% Cl)  Weight
P
Shigiang Xiong (2017) —:—o—) 3.34(1.42,7.86) 7.51
1

Shogo Okita (2025) —s— 5.16(3.88,6.86) 11.96

Yeoree Yang (2017) —— 1.61(1.30, 1.99) 12.37

Qu-Cheng Wei (2023) —é—s— 2.47 (1.63,3.74) 11.05

Jin Liu (2023) . : 1.08(0.91,1.28) 12.55

Takayuki Kojima 1 (2018) —‘—é- 1.76 (1.39,2.23) 12.24

Takayuki Kojima 2 (2018) -t i 1.17(0.87,1.58) 11.88
|

Yanjun Song (2023) 3.18(1.72,5.88) 9.43

Wang Liao (2023) 2.10(1.38, 3.20) 11.00

Overall (I-squared = 92.2%, p = 0.000) 2.08 (1.45, 3.00) 100.00

NOTE: Weights are from random effects analysis

MACCE

Study %
D RR(95%Cl)  Weight
Jie Yang (2022) == i 1.29(1.05, 1.59) 13.34
Yeoree Yang (2017) EJ' 158 (1.31,1.90) 13.49
Qu-Cheng Wei (2023) = 1.61(1.26,2.04) 13.05
Haozhang Huang (2024) = E 1.20(0.94, 1.52) 13.05
Shigiang Xiong (2017) - 152(1.12,2.06) 12.44
Shogo Okita (2025) —:—z— 241(1.22,4.75) 828
Omer Furkan Demir (2024) E = 4.02(3.16,5.12) 13.04
Zehuo Lin (2023) ' 7.95(1.03, 61.41)1.89
Yanjun Song (2023) i—.’?— 2.79(1.88,4.16) 11.42
Overall (I-squared = 89.2%, p = 0.000) @ 1.90(1.41,2.57) 100.00

'
NOTE: Weights are from random effects analysis :

T T
A27 7.86

Cardiovascular Mortality

Study %

D RR(O5%C)  Weight

Zheng Qizo (2024) = 181(138,238) 5986
i

Shigiang Xiong (2017) o 367(099,1361) 1362
‘

Yanjun Song (2023) — e 371(162,848) 2652
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<>

NOTE: Weights are from random effects analysis |
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Stroke
Study %
D RR(95%Cl)  Weight
Shigiang Xiong (2017) T 224(0.95,526) 21.83
Shogo Okita (2025) ——s——— 263(1.45,475) 34.18
Yeoree Yang (2017) —_ 1.31(0.84,2.04) 43.99

Overall (I-squared = 47.0%, p = 0.152) 1.87 (1.15,3.02) 100.00

NOTE: Weights are from random effects analysis '
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Recurrent Myocardial Infarction

Study %

D RR (95% Cl) Weight
Zheng Qiao (2024) —;-:“— 2.55(1.62,4.01) 44.31
Shigiang Xiong (2017) 1.10(0.30, 4.03) 542
Shogo Okita (2025) —%—E— 2.63 (1.45,4.75) 26.07
Yeoree Yang (2017) —z—*— 1.78 (0.96,3.29) 24.20

Overall (I-squared =0.0%, p = 0.517) 2.25(1.66,3.04) 100.00

NOTE: Weights are from random effects analysis
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Repeat Revascularisation

Study %

D RR(95%Cl)  Weight
|

Shigiang Xiong (2017) + 1.08 (0.60, 1.93) 18.99

Yeoree Yang (2017) | 0.91(0.77,1.07) 50.38
|

Qu-Cheng Wei (2023) T+ 1.43(0.97,2.10) 30.63
|

Overall (I-squared = 56.7%, p = 0.099) <

1.08 (0.79, 1.46) 100.00

NOTE: Weights are from random effects analysis

T T
477 21

Figure 2 This figure presents the overall meta-analysis results of 13 included studies, evaluating the association between
stress hyperglycemia ratio (SHR) and major adverse cardiac and cerebrovascular events (MACCEs), all-cause mortality,
cardiovascular mortality, recurrent myocardial infarction, stroke, and repeat revascularization. Higher SHR was significantly
associated with increased risks of MACCE and all-cause mortality, but not with repeat revascularization. The figure shows the
weighted effect sizes and 95% Cls for each study. RR, relative risk.

Stroke

Three studies (n=7121) demonstrated increased
stroke risk with higher SHR (RR=1.866, 95% CI 1.154 to
3.019; p=0.011), with moderate heterogeneity (I>=47.0%)

(figure 2).

17-19

Repeat revascularization

Three studies'” ' 2 (n=5284) showed no significant asso-
ciation (RR=1.077, 95%CI 0.791 to 1.465; p=0.639), with

moderate heterogeneity (I<56.7%) (figure 2). These results
should be interpreted cautiously due to the limited number
of studies.

Dose-response relationship between SHR and clinical
outcomes

SHR and MACCE

Five studies**™ evaluated the dose-response relationship
between SHR and MACCE. In the primary analysis, which
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ACM by ACS Status ACM by Index PCI
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Yanjun Song (2023) —1—0— 3.18 (1.72, 5.88) 9.43 Takayuki Kojima 2 (2018) —— ' 1.17 (0.87, 1.58) 11.88
Subtotal (I-squared = 76.9%, p = 0.038) _ 2.13(1.10, 4.13) 21.80 Subtotal (I-squared = 81.6%, p = 0.004) <> 1.30 (0.95, 1.78) 36.67
H
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ACM by SHR Categories ACM (sensitivity analysis)
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Subtotal (I-squared = 84.5%, p = 0.002) <> 1.68 (1.14, 2.47) 37.96 Subtotal (I-squared =.%, p =) <> 2.79(1.88, 4.16) 11.42

Overall (I-squared = 89.2%, p = 0.000) <> 1.90 (1.41, 2.57) 100.00 Overall (I-squared = 89.2%, p = 0.000) O 1.90 (1.41, 2.57) 100.00
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Figure 3 The subgroup analysis results for all-cause mortality (ACM) and major adverse cardiac and cerebrovascular
events (MACCEs) across different clinical characteristics. The analysis includes the following: Subgroup analysis for all-cause
mortality and MACCE, stratified by the proportion of patients with acute coronary syndrome (ACS) and the proportion of
index percutaneous coronary intervention (PCI) patients. Index PCI refers to PCI performed during the index hospitalization/
presentation as reported in each study; sensitivity analysis of the association between stress hyperglycemia ratio (SHR) and
all-cause mortality after excluding studies with extreme diabetes prevalence (0% or 100%); subgroup analysis based on SHR
definition categories (SHR1 and SHR2).

included only three HR studies, no statistically signifi-
cant evidence of non-linearity was observed (nonlinear
test p value=0.586) (figure 4). A 0.1-unit increase in SHR
was associated with a 17.4% increase in MACCE risk
(HR=1.174; 95% CI 0.984 to 1.400; p=0.074), suggesting
a potential approximately linear dose-response pattern.
A sensitivity analysis incorporating all five studies (three

HR studies and two OR studies) yielded similar findings
(non-linear test p value=0.602; HR=1.173; 95% CI 1.037
to 1.328; p=0.011). Alternative knot specifications showed
similar patterns. Descriptive analyses of OR-based studies
demonstrated a consistent directional association (online
supplemental table S6.2 and online supplemental figures
S1 and S2).
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Figure 4 The figure shows the linear and spline models of
the HR for major adverse cardiac and cerebrovascular events
(MACCEs) across stress hyperglycemia ratio (SHR) values,
based on three studies reporting HRs. The dashed line
represents the linear model, which was used as the primary
analysis. The solid line represents the spline model, and
the shaded area indicates the 95% CI of the spline model.
No significant evidence of non-linearity was observed (p for
non-linearity=0.586), indicating a possible approximately
linear association between SHR and risk of MACCE within
the observed range of SHR values. HRs are plotted on the
y-axis, and SHR values on the x-axis.

SHR and all-cause mortality

Only two HR studies® ** were available for formal spline
modeling; therefore, the dose-response analysis was
primarily exploratory. An additional analysis including
one OR study”’ suggested a potential approximately
linear trend between SHR and all-cause mortality (p
for non-linearity=0.142). Given the limited number of
studies and approximate effect estimates, these findings
should be interpreted cautiously (online supplemental
table 56.2 and online supplemental figures SI and S3).

Sensitivity analyses, publication bias, and meta-regression
Leave-one-out analyses (online supplemental figure S4)
indicated that exclusion of any single study did not mate-
rially change the pooled effect estimates for MACCE,
all-cause mortality, cardiovascular mortality, recurrent
myocardial infarction, stroke, or repeat revascularization,
suggesting that the overall results were stable.

Potential publication bias was assessed using funnel
plots (online supplemental figure S5). Due to the limited
number of studies for several outcomes, formal assess-
ment of funnel plot asymmetry was limited; however,
visual inspection did not suggest substantial asymmetry.
Statistical tests, including Begg’s and Egger’s tests, did not
indicate statistically significant publication bias for any of
the analyzed outcomes (online supplemental table S7),
although these findings should be interpreted cautiously
given the small number of studies.

Study-level meta-regression was conducted to explore
whether the proportion of patients with diabetes was asso-
ciated with effect estimates. For MACCE, no evidence of

a significant association was observed (=0.010per 10%
increase; 95% CI -0.355 to 0.376; p=0.955). Similarly, for
all-cause mortality, no evidence of an association was iden-
tified (B=-0.047; 95% CI -0.185 to 0.091; p=0.505). Sensi-
tivity analyses excluding studies with extreme diabetes
prevalence yielded consistent results. Overall, no statisti-
cally significant association was observed between study-
level diabetes prevalence and effect estimates for MACCE
or all-cause mortality. However, given the limited number
of included studies and the substantial between-study
heterogeneity, these analyses were considered under-
powered and exploratory. Therefore, the absence of
statistical significance does not exclude potential effect
modification at the individual patient level.

Certainty of evidence

According to the GRADE classification criteria and
primarily based on the ROBINS-I assessment results, the
certainty of evidence for the primary outcomes (all-cause
mortality and MACCE) was rated as very low. For cardio-
vascular mortality, recurrent myocardial infarction, and
stroke, the certainty of evidence was rated as low, whereas
for repeat revascularization it was rated as very low
(online supplemental table S8). Downgrading was mainly
driven by residual confounding inherent in observa-
tional studies, heterogeneity in outcome definitions, and
inconsistency due to substantial between-study variability.
While the Newcastle-Ottawa Scale (NOS) was applied as
a supplementary tool, most outcomes were rated as low to
moderate quality, reflecting its less conservative nature.
In contrast, ROBINS-I-based GRADE assessments were
generally more stringent, particularly for MACCE and
all-cause mortality, due to greater sensitivity to residual
confounding and outcome heterogeneity (online
supplemental tables S8-512). Although a dose—response
pattern was observed for all-cause mortality and MACCE,
this should be interpreted cautiously given the limited
number of studies and residual methodological limita-
tions. Overall, the combined use of ROBINS-I, NOS,
and GRADE provides a transparent and comprehensive
assessment of risk of bias and certainty of evidence.

DISCUSSION

In this systematic review and meta-analysis, we evaluated
the association between SHR and clinical outcomes in
patients undergoing PCI. Elevated SHR was associated
with increased risks of all-cause mortality and MACCE, as
well as higher risks of cardiovascular mortality, recurrent
myocardial infarction, and stroke, while no significant
association was observed for repeat revascularization.
Dose-response analyses using restricted cubic spline
models suggested a potential linear relationship between
SHR and adverse clinical outcomes, with no evidence of
statistically significant non-linearity (P for non-linearity
>0.05). In sensitivity analyses, a linear trend was observed
in the overall pooled dataset. These findings suggest
that SHR may have prognostic value as a continuous
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8 Cardiovascular and metabolic risk

biomarker for risk stratification in PCI patients, although
the strength of evidence is limited by the observational
nature of the included studies and the relatively small
number of datasets.

We explored the potential mechanisms linking stress
hyperglycemia to adverse cardiovascular outcomes.
Stress hyperglycemia is commonly observed in coro-
nary artery disease, particularly in ACS, and reflects
neuroendocrine activation, systemic inflammation,
and insulin resistance. Acute hyperglycemia activates
nuclear factor kappa-light-chain-enhancer of activated
B cells, increases reactive oxygen species production,
and promotes inflammatory mediators, exacerbating
vascular inflammation and accelerating atheroscle-
rosis.”** High glucose levels also enhance oxidative
stress, reduce nitric oxide bioavailability, and impair
endothelial function, leading to compromised coro-
nary perfusion and exacerbated reperfusion injury.”
Additionally, hyperglycemia disrupts the coagulation-
fibrinolysis balance, increasing thrombin generation
and promoting a prothrombotic state.”™™ Collectively,
these mechanisms may underpin the adverse prog-
nostic implications of elevated SHR in PCI patients. PCI
itself causes endothelial injury and amplifies inflamma-
tory responses, promoting neointimal hyperplasia and
thrombosis.” * This procedure-related inflammatory
stress may contribute to adverse outcomes, particularly
in patients with pre-existing vascular inflammation.
Gach et al reported that elevated high-sensitivity C-re-
active protein within 24 hours before and after PCI
independently predicted short- and long-term MACE.*’
Moreover, heightened peri-procedural inflammation
has been associated with increased risk of subsequent
heart failure or heart failure-related hospitalization.*!
These mechanisms provide biological plausibility for
the prognostic utility of SHR, which integrates acute
and chronic glycemic states, potentially reflecting rela-
tive risk more accurately than absolute glucose values.

Coronary artery disease and DM frequently coexist and
are associated with more diffuse coronary lesions and
poorer clinical outcomes. Although oxidative stress is
more closely related to acute glucose fluctuations than
sustained chronic hyperglycemia,” whether the prog-
nostic impact of stress hyperglycemia differs by diabetes
status remains controversial. Previous evidence indi-
cates that stress hyperglycemia predicts higher in-hos-
pital mortality after myocardial infarction regardless
of diabetes status, with additional risks of congestive
heart failure or cardiogenic shock in patients without
diabetes.” Among patients with STsegment elevation
myocardial infarction undergoing PCI, admission hyper-
glycemia independently predicts early and late mortality
in both patients with and without known diabetes.”
Similarly, stress hyperglycemia has been identified as an
independent marker of adverse outcomes irrespective
of diabetes status.** These findings underscore the value
of SHR as a refined metric for evaluating stress-related
glycemic dysregulation.

Since stratified analyses by individual diabetes status
were not feasible in most included studies, we performed
study-level meta-regression using diabetes prevalence
and sensitivity analyses excluding cohorts with extreme
diabetes prevalence (0% or 100%). These analyses
showed no evidence of effect modification by diabetes
prevalence on the associations between SHR and MACCE
or all-cause mortality (B close to 0, p>0.5). While these
findings should be interpreted cautiously due to limited
statistical power, the SHR—-outcome association appeared
broadly consistent across populations with different
diabetes prevalence levels. Importantly, all analyses were
conducted at the study level and reflect ecological rather
than individual-level associations; thus, the absence of
significant moderation does not exclude potential effect
modification at the patient level. Meta-regression results
should not be interpreted as individuallevel effects.
Furthermore, the limited number of included studies
and substantial residual heterogeneity may reduce statis-
tical power to detect modest moderating effects. Further
individual participant-level analyses are warranted.

Experimental and clinical evidence suggests that mild-
to-moderate stress hyperglycemia under acute ischemic
conditions may exert adaptive or protective effects, such
as enhancing cellular energy supply or limiting apop-
tosis. In contrast, excessive hyperglycemia promotes
oxidative stress, endothelial dysfunction, and a procoagu-
lant state, exacerbating myocardial injury and impairing
microvascular perfusion, particularly in patients with
acute myocardial infarction.'® It is noteworthy that within
the SHR framework adopted in this study, the observed
linear relationship is limited to the range of SHR values
included, and relatively lower SHR values may not neces-
sarily indicate lower clinical risk. Low SHR could result
from chronically elevated glycated hemoglobin (HbAlc)
or relatively low blood glucose levels at admission; in the
context of acute cardiovascular disease, such situations
may reflect severe illness, hemodynamic instability, or
multiorgan dysfunction rather than effective glycemic
control.” * ** SHR may therefore reflect underlying
disease burden or limited metabolic reserve, which could
be associated with higher risk. These findings highlight
the importance of careful glycemic management in PCI
patients, although any suggestion of an optimal SHR
range should be interpreted with caution. Based on
prior literature reporting J-shaped or U-shaped relation-
ships, extremely low SHR may be associated with higher
risk under certain conditions® 47; however, this was not
directly supported by the present analysis and remains
hypothesis-generating.

Previous studies primarily used admission or fasting
glucose as indicators of stress hyperglycemia, with varying
thresholds influenced by baseline glycemic status.* *
Capes et al noted that admission hyperglycemia reflects
disease severity and counter-regulatory responses rather
than true stress-related glycemic deviation.* SHR stan-
dardizes acute glucose levels to chronic glycemic expo-
sure estimated by HbAlc, offering a more consistent
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framework for assessing stress-related dysglycemia.® Accu-
mulating evidence indicates that SHR offers superior
prognostic performance compared with absolute glucose
levels for predicting adverse events, although potential
modification by diabetes status remains debated.” *"*

Although diabetes is a well-recognized cardiometabolic
risk factor, the interaction between acute stress-induced
hyperglycemia and chronic glycemic status is complex.
SHR reflects relative hyperglycemia by combining acute
glucose levels with background glycemic control, and its
predictive value may vary according to individual diabetes
status.” For patients without diabetes, elevated SHR
more clearly reflects an acute stress response, whereas in
patients with diabetes, chronic hyperglycemia may atten-
uate relative changes in SHR and reduce its discriminative
ability. Importantly, the present analyses were conducted
at the study level and should be interpreted as ecological
associations rather than individual-level effects. Thus, the
absence of significant moderation by diabetes prevalence
does not exclude potential differences at the patient
level. Finally, the limited number of included studies and
substantial residual heterogeneity may reduce statistical
power to detect modest moderating effects. Further indi-
vidual participant-level analyses are warranted to better
characterize the interaction between SHR and diabetes
status.

The substantial heterogeneity observed likely reflects
differences in ACS versus non-ACS populations, PCI
proportions, SHR thresholds, covariate adjustments, and
follow-up durations. Subgroup analyses for ACS versus
non-ACS populations showed consistently elevated risk
associated with higher SHR, with no significant inter-
action between groups (P for interaction=0.948). In
patients with ACS, elevated SHR may reflect heightened
neurohormonal activation and inflammatory burden
during acute ischemic events, which could exacerbate
myocardial injury, impair microvascular perfusion, and
increase susceptibility to thrombotic complications.”
Subgroup analyses by PCI proportion indicated a
stronger association in studies with 100% PCI compared
with <100%PCI (P for interaction=0.003), which may
partly explain heterogeneity across studies. Funnel plot
asymmetry was limited by the small number of studies,
but visual inspection did not suggest substantial publica-
tion bias, and statistical tests did not indicate significant
bias for primary outcomes.

Strengths and limitations

All included studies were observational, and residual
confounding cannot be fully excluded despite the use
of ROBINS-I. Substantial heterogeneity was observed
in MACCE and all-cause mortality analyses. Although
subgroup, sensitivity, and dose-response analyses showed
generally consistent patterns, the sources of hetero-
geneity were not fully explained. The limited number
of studies precluded robust reconstruction of dose—
response relationships for certain outcomes. In addition,
analyses were restricted to the observed range of SHR

values; extrapolation beyond this range is not supported.
Overall, the dose-response findings should be consid-
ered exploratory and hypothesis-generating.

Strengths of the study include the integration of data
from multiple cohorts and the use of dose-response
meta-analysis, providing a comprehensive overview of the
association between SHR and adverse outcomes in PCI
patients. Consistency of results across SHR definitions
was observed. Subgroup, sensitivity, and meta-regression
analyses across clinically relevant categories further
supported the stability of the findings. Additionally, the
use of ROBINS-I and GRADE frameworks enhanced
transparency in assessing risk of bias and certainty of
evidence.

CONCLUSION

In patients undergoing PCI, elevated preoperative SHR
was associated with an increased risk of adverse outcomes.
Dose-response analysis suggested a possible approx-
imately linear association within the observed range of
SHR values. SHR may serve as a practical marker for
post-PCI risk stratification; however, prospective studies
are required to determine clinically relevant thresholds
and validate its clinical utility.
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