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Beyond BMI: independent and
opposing effects of overweight
and obesity and triglycerides on
90-day functional outcomes after
acute ischemic stroke
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Chenrui Song?, Yuanyuan Wang?, Shi Wang?, Fei Zhou?* and
Qi Fang™

Department of Neurology, The First Affiliated Hospital of Soochow University, Suzhou, China,
2Department of Neurology, The Third Affiliated Hospital of Naval Medical University, Shanghai, China

Objective: To investigate whether the “obesity paradox” in acute ischemic stroke
(AIS) is a masking effect of metabolic lipid reserves. We evaluated the indepen-
dent and opposing associations of body weight status and admission triglycerides
(TG) with 90-day functional outcomes to distinguish the structural burden of
obesity from metabolic health.

Methods: This dual-center retrospective cohort study included 571 consecutive
AlS patients recruited between 2019 and 2024. Patients were categorized into
normal-weight (NW, n = 245; BMI| 18.5-23.9 kg/m? and overweight-or-obesity
(OW, n = 326; BMI > 24.0 kg/m?) groups. The primary endpoint was an excellent
functional outcome [modified Rankin Scale (mRS) 0—1] at 90 days. Multivariable
logistic regression and inverse probability weighting (IPW) were employed to iso-
late the independent effects of weight status and TG levels.

Results: At 90 days, the proportion of patients achieving an excellent outcome
was significantly higher in the NW group than in the OW group (60.4% vs. 50.6%;
p = 0.020). In univariable analysis, patients who achieved an excellent outcome
(MRS 0-1) had significantly higher admission TG levels than those who did not
[median 1.33 (IQR 0.97-1.92) vs. 1.13 (IQR 0.90-1.48) mmol/L; p < 0.001]. After
adjusting for comprehensive confounders including age, NIHSS, and other lipid
profiles, overweight-or-obesity was independently associated with lower odds
of an excellent outcome (adjusted OR = 0.611, 95% CI: 0.394-0.945; p = 0.027).
Conversely, higher admission TG levels were significantly associated with better
recovery (adjusted OR = 1405 per 1 mmol/L increase, 95% Cl: 1.057-1.867;
p = 0.019). These opposing associations remained robust in IPW sensitivity
analyses.

Conclusion: The “"obesity paradox” in AlS appears to be a masking effect driven by
TG reserves. Once disentangled from metabolic benefits, overweight and obesity
emerge as independent risk factors for poorer recovery. These findings support
a phase-specific metabolic management strategy: mitigating the physical and
systemic burdens of obesity while ensuring sufficient TG levels within the physi-
ological range to support neural repair during the acute window.

KEYWORDS

body mass index, ischemic stroke, modified Rankin Scale, obesity, overweight,
prognosis, triglycerides
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1 Introduction

The global rise in obesity constitutes a major public health chal-
lenge, with well-established links to cardiovascular and cerebrovascular
diseases (1). While obesity is a clear risk factor for stroke incidence, its
impact on post-stroke recovery remains controversial (2). Some studies
report an “obesity paradox,” where overweight or mildly obese patients
exhibit better survival or functional outcomes (3). However, others con-
tradict these findings, suggesting that excess weight impedes recovery
(4). These inconsistencies likely stem from the limitations of using body
mass index (BMI) as a sole metric, as it fails to capture the underlying
metabolic heterogeneity or nutritional status of individual patients.

Clinically, distinguishing between “structural burden” and “meta-
bolic health” is crucial for individualized management. BMI does not
differentiate between adiposity and muscle mass, nor does it reflect
metabolic reserves that may be vital during the catabolic stress of acute
stroke. Serum triglycerides (TG), traditionally viewed strictly as a vas-
cular risk factor, may also reflect the availability of essential energy and
structural lipid reserves during the acute phase of illness. We hypoth-
esize that the observed “obesity paradox” may, in fact, be a masking
effect, where the protective role of TG-mediated metabolic reserves
conceals the inherent detrimental impact of excess body weight.

To address this knowledge gap, we conducted a dual-center retro-
spective cohort study involving 571 Chinese AIS patients. Our pri-
mary objective was to isolate the independent effects of body weight
status and serum TG on 90-day functional outcomes. By applying
rigorous statistical adjustments and inverse probability weighting
(IPW), we sought to determine whether overweight and obesity—
once isolated from their associated metabolic benefits—independently
hinder recovery. We hypothesized that while higher BMI imposes a
physical and pro-inflammatory burden, higher TG levels signal a
metabolic reserve beneficial for neural repair, thereby exerting oppos-
ing influences on functional recovery.

2 Methods
2.1 Study population
2.1.1 Setting and timeframe

This study was conducted at the stroke centers of the First
Affiliated Hospital of Soochow University and the Third Affiliated
Hospital of Naval Medical University. The study period spanned
January 2019 to December 2024.

2.1.2 Participant selection

We performed a retrospective analysis of prospectively collected
data over the study period. A total of 571 eligible patients were
included from 597 screened cases according to predefined inclusion
and exclusion criteria.

2.1.3 Inclusion criteria
o Age >18 years;

o (2) Acute ischemic stroke (AIS) patients categorized by body mass

index (BMI) into two groups: normal weight (NW),
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18.5 < BMI < 23.9 kg/m* and overweight-or-obese (OW/OB;
BMI > 24.0 kg/m?

« (3) Neuroimaging confirmation of an acute ischemic lesion within
7 days of symptom onset by magnetic resonance imaging (MRI)
or computed tomography (CT).

2.1.4 Exclusion criteria

(1) Intracerebral hemorrhage or intracranial mass lesion (includ-
ing hemorrhagic transformation detected after admission
requiring urgent non-contrast head CT to exclude);

(2

(3

(4

(5

Severe infection or septic shock;

Malignancy with an expected survival <90 days;

Pregnancy.

Underweight status (BMI < 18.5 kg/m?), which did not meet
the predefined BMI eligibility criteria for the present analysis.

NSNS ENG NG

All patients (or their legally authorized representatives) provided
informed consent, and data were analyzed in de-identified form. The
study protocol was approved by the Ethics Committee of the First
Affiliated Hospital of Soochow University (approval No. 2021052) and
by the Ethics Committee of the Third Affiliated Hospital of Naval
Medical University (approval No. EHBHKY2025-K101-P001).

2.2 Data collection
2.2.1 Baseline clinical characteristics

From medical records we abstracted age, sex, smoking history, and
prior medical conditions (hypertension, diabetes mellitus, prior stroke,
and atrial fibrillation [including pre-existing AF or new-onset AF
during the index hospitalization]). Initial bedside measurements
included height, weight, body mass index (BMI), systolic blood pressure
(SBP), diastolic blood pressure (DBP), first (admission) blood glucose,
and the National Institutes of Health Stroke Scale (NTHSS) score.

2.2.2 Definitions of comorbidities
Hypertension was defined as a documented diagnosis or use of

SBP > 140 mmHg
DBP > 90 mmHg at admission. Diabetes mellitus was defined as a

antihypertensive medication, or and/or
documented diagnosis or use of glucose-lowering therapy, or admis-
sion fasting plasma glucose >7.0 mmol/L and/or HbAlc > 6.5%. BMI

was calculated as weight (kg) divided by height squared (m?).
2.2.3 Laboratory measurements

Laboratory variables included first-available triglycerides (TG)
drawn within 24 h of admission (primarily in a non-fasting state),
total cholesterol, high-density lipoprotein cholesterol (HDL-C), low-
density lipoprotein cholesterol (LDL-C), serum albumin, serum cre-
atinine, and fibrinogen.

2.2.4 Perfusion imaging processing and analysis
Multimodal CT, including CT perfusion (CTP) when available,
was used solely to support acute reperfusion decision-making accord-

ing to local protocols; CTP-derived parameters were not incorporated
into the statistical analyses of this study.
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2.3 Therapeutic interventions

For patients with suspected stroke within 24 h of onset (or last
known well), neurologists performed multimodal CT—non-contrast
CT (NCCT), CT angiography, and CT perfusion. Treatment deci-
sions—including intravenous thrombolysis (standard-dose alteplase
0.9 mg/kg or low-dose 0.6 mg/kg), endovascular thrombectomy,
bridging therapy, or standardized medical management without
reperfusion—were made by senior, experienced stroke neurologists.

2.4 Outcomes

Functional status at 90 days was assessed by trained personnel
using the modified Rankin Scale (mRS) via in-person visit or struc-
tured telephone interview. Good outcome was defined as mRS 0-2
and poor outcome as mRS 3-6; excellent outcome was defined as mRS
0-1 and non-excellent outcome as mRS 2-6 (5).

2.5 Statistical analysis

Normality of continuous variables was examined with the
Kolmogorov-Smirnov test. Non-normally distributed continuous
variables are presented as median (interquartile range, IQR) and com-
pared with the Mann-Whitney U test; normally distributed variables
are expressed as mean + standard deviation (SD) and compared with
independent-samples t tests. Categorical variables are summarized as
counts (percentages) and compared using the x> test or Fisher’s exact
test, as appropriate. Analyses were performed with SPSS (IBM SPSS
Statistics for Windows, version 26.0) and GraphPad Prism (version
9.0.0, GraphPad Software, San Diego, CA, United States). Two-sided
p values <0.05 were considered statistically significant.

A multivariable logistic regression model was constructed to iden-
tify independent predictors of excellent functional outcome (mRS
0-1) at 90 days. Age, sex, baseline NIHSS score, acute treatment
modality (intravenous thrombolysis, mechanical thrombectomy, con-
servative management), BMI group (normal weight vs. overweight-or-
obesity), and serum TG level (per 1 mmol/L increase) were entered as
covariates. In a sensitivity analysis, we additionally fitted an extended
multivariable model further adjusted for hypertension, diabetes mel-
litus, atrial fibrillation, smoking status, and admission random glucose.

To evaluate potential bias from loss to follow-up or missingness,
we conducted an inverse probability weighting (IPW) sensitivity anal-
ysis. A logistic regression model predicting inclusion in the primary
analysis (yes = 1, no = 0) was fitted with age, sex, and baseline NTHSS
as predictors to derive stabilized IPW (sIPW) for each patient.
Covariates were selected a priori based on coverage and relevance to
minimize row-wise deletion due to excessive missingness. The main
multivariable model was then re-estimated using these weights to
assess the robustness of the primary findings.

3 Results
3.1 Study flow

A total of 597 consecutive patients with acute ischemic stroke
were screened for eligibility. Of these, 571 (95.6%) completed the
90-day mRS assessment and were included in the final analysis.
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According to the Chinese BMI thresholds, patients were categorized
into the normal-weight group (NW, 18.5-23.9 kg/m? n = 245) and the
overweight-or-obesity group (OW, >24.0 kg/m? n = 326). Reasons for
exclusion (n =26, 4.4%) included incomplete medical records
(n=21), loss to follow-up (n=1), and underweight status
(BMI < 18.5 kg/m? n = 4) (Figure 1).

3.2 Baseline characteristics and outcomes

Compared with the NW group, patients in the OW group were
significantly younger [median 65.0 (IQR 54, 72) vs. 69.0 (IQR 61, 75)
years; p < 0.001] and had a higher proportion of males (72.1% vs.
64.1%, p = 0.041). While weight and BMI were markedly higher in the
OW group (p < 0.001), height also showed a slight difference (median
168 vs. 165 cm; p = 0.005).

Regarding vascular risk factors, the OW group exhibited a sig-
nificantly higher prevalence of hypertension (73.0% vs. 61.6%;
p =0.004) and current/ever smoking (28.8% vs. 20.0%; p = 0.016).
In contrast, atrial fibrillation (25.3% vs. 16.9%, p = 0.013) and car-
dioembolic etiology (TOAST classification; p = 0.140 for overall
subtype distribution) were more common in the NW group.
Baseline stroke severity was comparable between the two groups
[median NTHSS 6 (IQR 3, 11) in the OW group vs. 5 (IQR 3, 10)
in the NW group; p = 0.093]. Specifically, the distribution of stroke
severity—categorized as mild (NIHSS 0-4), moderate (5-15), and
severe (> 16)—was similar between the groups (p = 0.407), with
NW and OW patients showing mild (46.5% vs. 41.1%), moderate
(40.8% vs. 44.5%), and severe stroke (12.7% vs. 14.4%),
respectively.

In terms of metabolic profiles, the OW group demonstrated sig-
nificantly higher admission random glucose (p = 0.004) and serum
triglyceride levels [median 1.35 (IQR 1.00, 1.86) vs. 1.07 (IQR 0.86,
1.49) mmol/L; p = 0.001]. Other lipid parameters, including total cho-
lesterol, HDL-C, and LDL-C, did not differ significantly between
groups. Acute treatment strategies, such as intravenous thrombolysis
and endovascular thrombectomy, were well-balanced between the
NW and OW groups (p = 0.789) (Table 1).

3.3 Functional outcomes and multivariable
analyses

At 90 days, the overall distribution of mRS scores was statisti-
cally similar between the NW and OW groups (p = 0.088) (Table 1,
Figure 2). Overall, 313 (54.8%) patients in the entire cohort achieved
an excellent functional outcome (mRS 0-1) at 90 days. Regarding
the primary endpoint, the proportion of patients achieving an excel-
lent outcome (mRS 0-1) was significantly higher in the NW group
compared to the OW group (60.4% vs. 50.6%; p = 0.020). In univari-
able analysis, patients who achieved an excellent outcome (mRS
0-1) had significantly higher admission TG levels compared to
those with a poor outcome [median 1.33 (IQR 0.97-1.92) vs. 1.13
(IQR 0.90-1.48) mmol/L; p < 0.001]. The rate of good outcome
(mRS 0-2) was also higher in the NW group, although the difference
did not reach statistical significance (72.2% vs. 66.9%; p = 0.169)
(Table 1).

To evaluate the independent associations of body weight and TG
with outcomes, we constructed an extended multivariable logistic
regression model (Supplementary Table S1). After adjusting for age,
sex, baseline NTHSS score, medical history (hypertension, diabetes
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Initial screening at two stroke
centers, Jan 2019-Dec 2024
(n=597)
Eligibility
assessment
Included in
Ez:ll;%e)d analysis
/ \ (n=571)
Post hoc verification:
Incomplete records; 90-day| Lost to follow-up; unreachable . Grouped by
mRS unavailable (n=21 n=1 underweight (BMI < BMI
(n=21) (0=1) 18.5 kg/m2; n = 4) \
Normal weight (NW), Overweight/Obesity
n=245 (OW), n=326
Entered final statistical
analysis
FIGURE 1

during post hoc verification (n = 4).

Study flow diagram. A total of 597 consecutive patients with acute ischemic stroke were screened across two clinical centers from January 2019 to
December 2024. Following eligibility assessment, 571 patients met the inclusion criteria and were categorized by body mass index (BMI) into either the
normal-weight group (NW, n = 245) or the overweight-or-obesity group (OW, n = 326). Twenty-six patients were excluded based on the following
criteria: incomplete clinical records or missing 90-day modified Rankin Scale (mRS) scores (n = 21), loss to follow-up (n = 1), and ineligibility identified

mellitus, smoking, atrial fibrillation), treatment strategies, TOAST
subtypes, random glucose, albumin, and a comprehensive lipid profile
(total cholesterol, HDL-C, and LDL-C), overweight-or-obesity
remained independently associated with lower odds of an excellent
outcome (adjusted OR =0.611, 95% CI: 0.394-0.945; p = 0.027).
Conversely, higher admission TG levels were independently associ-
ated with better recovery (adjusted OR = 1.405 per 1 mmol/L increase,
95% CI: 1.057-1.867; p = 0.019) (Figure 3). Older age and higher base-
line NIHSS were also significant independent predictors of poor
outcome.

The robustness of these findings was confirmed through two sen-
sitivity analyses. First, using a good outcome (mRS 0-2) as an alterna-
tive endpoint, the associations remained consistent in direction, with
TG maintaining a positive trend for recovery (OR = 1.388, 95% CI:
0.980-1.967; p = 0.065) (Supplementary Table S2). Second, after
applying inverse probability weighting (IPW) to account for potential
selection bias, the results remained stable: OW status was significantly
associated with lower odds of excellent outcome (IPW-adjusted
OR =0.611; p = 0.021), while higher TG levels remained a significant
protective (IPW-adjusted OR=1.384; p= 0.010)
(Supplementary Table S3).

factor

4 Discussion

In this dual-center cohort, we observed that body weight status
and admission triglyceride (TG) levels exert independent and
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opposing effects on 90-day functional outcomes in acute ischemic
stroke (AIS) patients. Overweight or obesity (OW) was independently
associated with a lower likelihood of achieving an excellent functional
recovery (mRS 0-1), whereas higher TG levels demonstrated a signifi-
cant protective effect. The overall excellent outcome rate in our cohort
(54.8%) and the rate in the normal-weight subgroup (60.4%) fall
within the range of outcomes reported in recent Chinese stroke
cohorts, which vary from 49.4% in more severe subgroups to 86.7%
in optimally selected minor stroke patients (6, 7).

The “obesity paradox”—the observation that overweight patients
sometimes fare better after stroke—has been consistently reported, but
these studies predominantly focused on mortality rather than func-
tional recovery. Vemmos et al. found that overweight and obese
patients had significantly lower 10-year mortality (8), and a systematic
review confirmed this survival advantage across multiple studies (9).
In the Chinese population, Zhao et al. similarly reported that over-
weight was associated with favorable functional recovery at three
months (10). However, a closer examination of these studies reveals
that the relationship between BMI and post-stroke outcomes is more
complex than a simple “protective” effect. Liu et al. demonstrated that
while higher BMI linearly improves survival, its relationship with
favorable functional outcomes follows a U-shaped pattern—suggest-
ing that the determinants of mortality and disability after stroke are
fundamentally different (11).

Our study extends this line of inquiry by further dissecting func-
tional recovery into two distinct levels: functional independence (mRS
0-2) and excellent recovery (mRS 0-1). We found that the protective
effect of TG was specific to the higher threshold of excellent recovery,
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TABLE 1 Baseline characteristics and outcomes in normal-weight vs. overweight-or-obese patients.

Characteristic

Normal weight

(NW), n = 245

10.3389/fneur.2026.1782157

Overweight-or-Obesity
(OW), n = 326

Demographics

Frontiers in Neurology

05

Age, years, median (IQR) 69 (61, 75) 65.0 (54, 72) <0.001*
Male, n (%) 157 (64.1) 235 (72.1) 0.041*
Height, cm, median (IQR) 165 (160, 170) 168 (160, 172) 0.005*
Weight, kg, median (IQR) 60.0 (55.0, 65.0) 75.0 (69.0, 80.0) <0.001*
BMI, kg/m? mean + SD 220+1.4 269+2.3 <0.001*
BMI categories, n (%)
Normal weight (18.5-23.9) 245 (100.0) 0(0.0)
Overweight (24.0-27.9) 0(0.0) 245 (75.2)
Obesity (>28) 0(0.0) 81 (24.8)
Subgroup: BMI > 30.0 0(0.0) 31(9.5)
Clinical parameters
SBP, mmHg, median (IQR) 150 (133, 168) 152 (137,172) 0.023*
DBP, mmHg, median (IQR) 83 (74, 95) 87 (78, 100) <0.001*
Baseline NIHSS, median (IQR) 5(3,10) 6(3,11) 0.093
Subgroup: Stroke Severity, n (%) 0.407
Mild (0-4) 114 (46.5) 134 (41.1)
Moderate (5-15) 100 (40.8) 145 (44.5)
Severe (>16) 31(12.7) 47 (14.4)
Laboratory values
Random glucose, mmol/L, median (IQR) 6.5 (5.5, 8.3) 7.0 (5.9,9.3) 0.004%*
Fibrinogen (Fbg), g/L, median (IQR) 3.1(2.6,3.7) 3.1(2.6,3.7) 0.594
Creatinine, pmol/L, median (IQR) 67.0 (58.0, 84.0) 69.4 (58.9, 82.7) 0.555
Triglycerides, mmol/L, median (IQR) 1.07 (0.86, 1.49) 1.35(1.00, 1.86) 0.001*
Total cholesterol, mmol/L, median (IQR) 4.24 (3.64, 4.98) 4.22 (3.59,4.94) 0.542
HDL-C, mmol/L, median (IQR) 1.07 (0.89, 1.28) 0.97 (0.85, 1.15) 0.418
LDL-C, mmol/L, median (IQR) 2.67 (2.02,3.24) 2.68 (2.09, 3.32) 0.490
Albumin, g/L, mean + SD 40.22 £ 591 40.77 £5.28 0.235
Medical and personal history, n (%)
Hypertension 151 (61.6) 238 (73.0) 0.004%*
Diabetes mellitus 62 (25.3) 96 (29.4) 0.274
Current/ever smoking 49 (20.0) 94 (28.8) 0.016*
Atrial fibrillation 62 (25.3) 55(16.9) 0.013*
TOAST subtype, n (%) 0.140

LAA 115 (46.9) 168 (51.5)

CE 53 (21.6) 47 (14.4)

SAO 60 (24.5) 95(29.1)

ocC 11 (4.5) 11 (3.4)

SUE 6(2.4) 5(1.5)
Treatment strategy, n (%) 0.789

Intravenous thrombolysis 90 (36.7) 113 (34.7)

Endovascular thrombectomy 29 (11.8) 44 (13.5)

Standard medical therapy 126 (51.4) 169 (51.8)

(Continued)
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TABLE 1 (Continued)

Overweight-or-Obesity

Normal weight

Characteristic

(NW), n = 245 (OW), n = 326
Effectiveness
90-day mRS, median (IQR) 1(0,3) 1(0,3) 0.088
90-day excellent outcome (mRS 0-1), (%) 148 (60.4) 165 (50.6) 0.020%
90-day good outcome (mRS 0-2), n (%) 177 (72.2) 218 (66.9) 0.169

Data are presented as median (interquartile range, IQR), mean + standard deviation (SD), or 1 (%), as appropriate. NW, normal weight; OW, overweight/obesity; BMI, body mass index; SBP,
systolic blood pressure; DBP, diastolic blood pressure; NTHSS, National Institutes of Health Stroke Scale; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; Fbg, fibrinogen; TOAST, Trial of ORG 10172 in Acute Stroke Treatment; LAA, large-artery atherosclerosis; CE, cardioembolism; SAO, small-artery occlusion; OC, other
determined etiology; SUE, stroke of undetermined etiology; mRS, modified Rankin Scale.

mRS at 90 days
Normal weight (NW) ( N=245) 392 11.8 2 46
Overweight/Obesity (OW)(N=326) 32.8 16.3 - 34 52
1 L L 1 ]
0 20 40 60 80 100

Percentage of patients
mRS

O mm 1| 2 B3 a4 5 6

FIGURE 2

Distribution of 90-day modified Rankin Scale (mRS) scores by weight status. The stacked horizontal bar chart illustrates the proportions of patients in
each mRS category (0-6) at 90 days, comparing the normal-weight group (NW, n = 245) with the overweight-or-obesity group (OW, n = 326). Each
color-coded segment represents a distinct mRS score, with the gradient from lighter to darker blue indicating better to worse functional outcomes
(MRS 0-6, respectively). Numeric labels within each segment denote the percentage of patients in that specific category. While the overall ordinal
distribution across the full spectrum of mRS scores did not reach statistical significance between the two groups (p = 0.088 by Mann—-Whitney U test),
the proportion of patients achieving an excellent functional outcome (mRS 0-1) was significantly higher in the NW group compared to the OW group
(60.4% vs. 50.6%, p = 0.020). Vertical dashed gridlines at 20% increments are displayed to facilitate visual comparison.

Variable OR 95% CI p value
TG 1405 1.057-1.867 0.019 ——
OW vs NW 0.611 0.394-0945  0.027 ——
NIHSS 0.776  0.733-0.821 <0.001 -
Age 0975 0.956-0.995 0.012 "
Random Glucose 0975 0.907-1.048  0.483 ra
Albumin 0988  0.951-1.028  0.559 "
LDL-C 0.882  0.607-1.282  0.511 L
035 os 1 2 .

Odds ratio

FIGURE 3

Multivariable logistic regression for predictors of excellent 90-day outcome (MRS 0-1). The forest plot illustrates the independent and opposing associations
of body weight status and admission triglyceride (TG) levels with an excellent functional outcome (MRS 0—-1). Odds ratios (ORs, represented by squares) and
95% confidence intervals (Cls, represented by horizontal lines) are derived from the extended multivariable model. This model was rigorously adjusted for
age, sex, baseline NIHSS score, medical history (hypertension, diabetes mellitus, smoking, and atrial fibrillation), treatment strategies (IVT, MT, or medical
treatment), TOAST subtypes, random glucose, serum albumin, and a comprehensive lipid profile (total cholesterol, HDL-C, and LDL-C). The vertical dashed
line at OR = 1.0 represents the null value. Overweight or obesity (OW) was independently associated with a lower likelihood of an excellent outcome,
whereas higher admission TG levels (per 1 mmol/L increase) served as a significant independent predictor of better recovery.

a distinction that previous studies—which did not account for meta-
bolic reserves—could not capture. This suggests that what appeared as
an “obesity paradox” in earlier studies may reflect a confounding of
two separate phenomena: the survival benefit of higher BMI (possibly
driven by nutritional reserve) and the functional benefit of metabolic
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reserves (reflected by TG). Once these are disentangled, the detrimen-
tal impact of excess weight on high-quality neurological recovery
becomes apparent.

The mechanism underlying this phenomenon can be understood
as a statistical confounding effect. Overweight patients typically
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present with relatively higher TG levels, and when this metabolic trait
is not fully adjusted for in multivariable models, it may offset or even
conceal the vascular damage and pro-inflammatory risks inherent to
adipose tissue (2, 12). When these effects are separated through
regression models that include both weight and lipid factors, the det-
rimental impact of obesity on excellent functional recovery is
unmasked. These results suggest that in the prognostic evaluation
framework of stroke, it is essential to consider the patients “weight
load” and “metabolic reserve” as two relatively independent
dimensions.

The positive association between TG and stroke prognosis may
initially appear to stand in tension with conventional clinical wisdom,
as hypertriglyceridemia is a traditional risk factor for atherosclerosis.
However, during the acute phase following a stroke, its biological role
may undergo a stage-specific transition. Clinical observations show
that lower admission TG levels are often associated with more severe
neurological deficits (i.e., higher NTHSS scores) (13), indicating a cor-
relation between lipid reserves and initial stroke severity.

From a pathophysiological perspective, TG may serve as a critical
metabolic reserve during the acute stress phase. First, as a highly con-
centrated energy substrate, free fatty acids (FFAs) released from TG
hydrolysis can provide an emergency energy supply to the ischemic
penumbra, helping to delay the occurrence of early neurological dete-
rioration (END) (14). Second, recent prospective studies have shown
that higher TG levels are associated with a reduced risk of stroke-
associated pneumonia (SAP) (15, 16). The possible mechanism is that
lipid metabolism participates in maintaining immune cell function,
and sufficient lipid reserves help protect the integrity of the respiratory
mucosal barrier, thereby reducing the risk of infectious complications.
For stroke patients, a relatively stable early clinical course—an
uneventful recovery window—is a crucial prerequisite for subsequent
high-quality neurological reconstruction.

Another noteworthy finding in this study is that the supportive
effect of TG on prognosis is more pronounced at the level of “excellent
recovery” (mRS 0-1) than at “functional independence” (mRS 0-2).
This disparity may hold significant biological connotations.

We speculate that achieving functional independence primarily
depends on the success of early revascularization and the control of
core infarct volume—factors more related to acute management and
the initial degree of injury. In contrast, reaching a state of complete
asymptomatic recovery (mRS 0-1) requires a higher level of neuro-
logical repair, including axonal sprouting, synaptic remodeling, corti-
cal reorganization, and myelin repair (14). These processes demand
far more energy and structural lipids than what is required for basic
neuronal survival. In our study, the median TG level of patients
achieving an excellent outcome was 1.33 mmol/L (IQR 0.97-1.92),
significantly higher than that of the non-excellent outcome group
(1.13 mmol/L). This level represents a robust metabolic state within
the normal physiological range (<1.7 mmol/L) defined by latest 2026
ACC/AHA/AACVPR/ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/
PCNA Guideline on the Management of Dyslipidemia (17). These
findings suggest that sufficient triglyceride reserves within the physi-
ological range may serve as a vital metabolic buffer during the post-
stroke hypercatabolic phase, providing the essential substrates
necessary for high-quality neuroplasticity.

Mechanistically, the protective role of TG is not limited to energy
supply. PUFAs released from TG hydrolysis are substrates for mito-
chondrial #-oxidation and essential raw materials for the restructuring
of neuronal membranes. More importantly, these fatty acids serve as
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precursors for the synthesis of Specialized Pro-resolving Mediators
(SPMs) involved in the resolution of inflammation (18, 19). These
mediators can actively regulate the inflammatory microenvironment
around the infarct, inhibiting excessive inflammation and creating
favorable conditions for neural repair. Furthermore, TG metabolism
is regulated by the PPARs signaling pathway (20), the activation of
which has been confirmed to protect the neurovascular unit after isch-
emia by improving blood-brain barrier function and inhibiting
microglial overactivation. Collectively, the TG levels associated with
excellent outcomes in our cohort—with a median of 1.33 mmol/L and
an interquartile range of 0.97-1.92 mmol/L—were predominantly
concentrated between approximately 1.3 and 1.7 mmol/L. Notably, this
range lies entirely within the physiological threshold defined by the
2026 dyslipidemia guideline (<1.7 mmol/L), suggesting that the pro-
tective effect operates in the eulipidemic state rather than in the setting
of hypertriglyceridemia. This observation points to an optimal meta-
bolic window within the upper-normal range, where energy substrates
for neuroplasticity are sufficient while lipotoxic risks are avoided.

It is imperative to clarify that the findings of this study should not
be interpreted as a defense of hyperlipidemia or a negation of lipid-
lowering therapy. In the long term, controlling lipid levels to delay the
progression of atherosclerosis remains the cornerstone of primary and
secondary stroke prevention. The 2026 AHA dyslipidemia guideline
explicitly emphasizes intensive control strategies for LDL-C. For tri-
glycerides, the goal of the guidelines is to maintain them within a
normal physiological range rather than reducing them without
limit (17).

Within this framework, our study offers a phase-specific clinical
perspective. During the acute repair phase following a stroke—typi-
cally the first 2 to 4 weeks post-onset—maintaining sufficient TG
levels within the physiological range may be important for meeting
the high energy demands of neuronal repair (19). In clinical practice,
patients are often in a state of low intake due to diagnostic require-
ments or the illness itself, and when combined with the enhanced
catabolism caused by acute stress, TG levels may drop significantly in
the short term. A mechanical application of the “lower is better” phi-
losophy to all lipids during this window could inadvertently deprive
the patient of the basic metabolic substrates required for neural repair.

Based on these insights, we propose a balanced, phase-specific
management approach that distinguishes between the long-term goal
of weight reduction and the acute need for energy preservation (21).
On one hand, clinicians should address the physical and systemic
loads imposed by obesity through early rehabilitation, airway manage-
ment, and intervention for sleep-disordered breathing (22)—effec-
tively “unloading” the patient’s metabolic burden. On the other hand,
attention should be paid to optimizing nutritional support to avoid an
excessive drop in TG levels due to unnecessary strict fasting, ensuring
a continuous supply of essential fatty acids to fuel neurorehabilitation.
In this context, admission TG levels—readily available from non-
fasting samples—could serve as a simple biomarker to identify
patients who may require more intensive nutritional or rehabilitation
support (10, 17). This refined, phase-specific approach, conducted
under the general principles of existing guidelines, may provide a new
entry point for optimizing high-quality recovery in stroke patients.

4.1 Limitations

Our study has limitations inherent to its retrospective design.
First, although IPW analysis suggests our results are robust to
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selection bias, residual confounding from unmeasured factors such
as socioeconomic status, rehabilitation intensity, and pre-stroke diet
cannot be excluded. Second, we relied on BMI, which cannot dif-
ferentiate between visceral adiposity and muscle mass. The lack of
data on waist circumference or body composition limits our ability
to dissect the specific contribution of sarcopenic obesity versus pure
adiposity. Third, TG was measured only at admission; dynamic
changes in lipid profiles during hospitalization might offer addi-
tional prognostic value. Finally, the proposed immunometabolic
mechanisms remain speculative and require validation through pro-
spective studies incorporating inflammatory biomarkers and
metabolomics.

5 Conclusion

In summary, overweight or obesity and serum triglycerides
exert independent and opposing effects on 90-day functional out-
comes in AIS patients. While excess body weight hinders the
achievement of excellent recovery, higher circulating triglycerides
appear to confer a protective metabolic benefit. Future research
should integrate body composition analysis with metabolomics to
refine these phenotypes, ultimately guiding precision nutrition and
rehabilitation strategies.

Data availability statement

The data analyzed in this study is subject to the following
licenses/restrictions: Access to the original datasets of this study is
restricted due to the following reasons: Privacy and Confidentiality:
The data are derived from hospital electronic medical records and
contain sensitive, protected health information that could compro-
mise patient privacy and confidentiality. Ethical and Legal
Compliance: The study was conducted under specific ethical
approvals (No. 2021052 and No. EHBHKY2025-K101-P001) which,
together with Chinese regulations on personal information protec-
tion and medical data management, prohibit the public deposition
of raw identifiable patient data. In accordance with these restric-
tions, the raw data are not publicly available. Access to the fully
anonymized analytical dataset for the purpose of verifying the
research findings may be granted upon reasonable and justified
request to the corresponding author, subject to review and approval
by the involved ethics committees and institutions, and the execu-
tion of a formal data use agreement. Requests to access the anony-
mized datasets underlying this study should be directed to the
corresponding author: QF, Department of Neurology, The First
Affiliated Hospital of Soochow University, Suzhou, China. Email:
fangqi_008@126.com.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of the First Affiliated Hospital of Soochow University,

Frontiers in Neurology

10.3389/fneur.2026.1782157

Suzhou, China (Approval number: 2021052) and the Ethics
Committee of the Third Affiliated Hospital of Naval Medical
University, Shanghai, China (Approval number: EHBHKY2025-
K101-P001). The studies were conducted in accordance with the
local legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.

Author contributions

TX: Writing - review & editing, Writing — original draft. QX:
Writing — review & editing, Investigation. ZP: Writing — review &
editing, Data curation. HL: Writing - review & editing, Methodology.
CS: Writing - review & editing, Data curation. YW: Writing - review
& editing, Investigation. SW: Writing - review & editing,
Conceptualization. FZ: Supervision, Writing — review & editing,
Conceptualization. QF: Conceptualization, Funding acquisition,
Writing - review & editing, Project administration.

Funding

The author(s) declared that financial support was received for this
work and/or its publication. This work was supported by the Suzhou
Clinical Research Center for Nervous System Diseases [Grant Number
202200440011].

Acknowledgments

The authors sincerely thank the staff of the Stroke Center at the
First Affiliated Hospital of Soochow University and the Third Affiliated
Hospital of Naval Medical University for their assistance in patient
recruitment, data collection, and follow-up. We also appreciate the
support from the hospital’s clinical research management department
for ethical approval and data access. Special thanks are extended to the
biostatistics and imaging analysis teams for their valuable technical
support.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial

frontiersin.org


https://doi.org/10.3389/fneur.2026.1782157
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
mailto:fangqi_008@126.com

Xie et al.

intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organiza-
tions, or those of the publisher, the editors and the reviewers. Any

References

1. Ruze R, Liu T, Zou X, Song J, Chen Y, Xu R, et al. Obesity and type 2 diabetes mellitus:
connections in epidemiology, pathogenesis, and treatments. Front Endocrinol. (2023)
14:1161521. doi: 10.3389/fend0.2023.1161521

2. Horn JW, Feng T, Morkedal B, Strand LB, Horn J, Mukamal K, et al. Obesity and risk
for first ischemic stroke depends on metabolic syndrome: the HUNT study. Stroke. (2021)
52:3555-61. doi: 10.1161/STROKEAHA.120.033016

3. Chaudhary D, Khan A, Gupta M, Hu Y, Li ], Abedi V, et al. Obesity and mortality after
the first ischemic stroke: is obesity paradox real? PLoS One. (2021) 16:€0246877. doi:
10.1371/journal.pone.0246877

4. Guo J, Tuo Q, Lei P. Iron, ferroptosis, and ischemic stroke. ] Neurochem. (2023)
165:487-520. doi: 10.1111/jnc.15807

5. Gardener H, Romano LA, Smith EE, Campo-Bustillo I, Khan Y, Tai S, et al. Functional
status at 30 and 90 days after mild ischaemic stroke. Stroke Vasc Neurol. (2022) 7:375-80.
doi: 10.1136/svn-2021-001333

6. Wang D, Wen Q, Liu K, Ding Y, Xiao L, Li W, et al. Intravenous thrombolysis versus
dual antiplatelet therapy in minor ischemic stroke within the thrombolytic window
(TAMIS): a multicenter cohort study. ] Thromb Thrombolysis. (2024) 57:39179951:1172-82.
doi: 10.1007/s11239-024-03032-8

7. Chen K, Liu M, Zhang W, Li Z, Shi H. Efficacy of intravenous thrombolysis in patients
with mild acute ischemic stroke and large vessel occlusion with different hypoperfusion
volumes. Neurol Sci. (2025) 46:3127-34. doi: 10.1007/s10072-025-08109-7

8. Vemmos K, Ntaios G, Spengos K, Savvari P, Vemmou A, Pappa T, et al. Association
between obesity and mortality after acute first-ever stroke: the obesity-stroke paradox.
Stroke. (2011) 42:30-6. doi: 10.1161/STROKEAHA.110.593434

9. Oesch L, Tatlisumak T, Arnold M, Sarikaya H. Obesity paradox in stroke
myth or reality? A systematic review. PLoS One. (2017) 12:1-13. doi: 10.1371/journal.
pone.0171334

10. Zhao L, Du W, Zhao X, Liu L, Wang C, Wang Y, et al. Favorable functional recovery
in overweight ischemic stroke survivors: findings from the China
National Stroke Registry. ] Stroke Cerebrovasc Dis. (2014) 23:¢201-6. doi: 10.1016/j.
jstrokecerebrovasdis.2013.10.002

11. Liu Z, Sanossian N, Starkman S, Avila-Rinek G, Eckstein M, Sharma LK, et al.
Adiposity and outcome after ischemic stroke: obesity paradox for mortality and obesity
parabola for favorable functional outcomes. Stroke. (2021) 52:144-51. doi: 10.1161/
STROKEAHA.119.027900

+

Frontiers in Neurology

09

10.3389/fneur.2026.1782157

product that may be evaluated in this article, or claim that may be
made by its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fneur.2026.1782157/
full#supplementary-material

12. Park H, Lee HW, Yoo J, Lee HS, Nam HS, Kim YD, et al. Body mass index and prog-
nosis in ischemic stroke patients with type 2 diabetes mellitus. Front Neurol. (2019)
10:563. doi: 10.3389/fneur.2019.00563

13. Akhtar N, Singh R, Kamran S, Joseph S, Morgan D, Uy RT, et al. Association between
serum triglycerides and stroke type, severity, and prognosis. Analysis in 6558 patients.
BMC Neurol. (2024) 24:88. doi: 10.1186/s12883-024-03572-9

14. Bernoud-Hubac N, Lo Van A, Lazar A-N, Lagarde M. Ischemic brain injury: involve-
ment of lipids in the pathophysiology of stroke and therapeutic strategies. Antioxidants.
(2024) 13:634. doi: 10.3390/antiox13060634

15. Liu Y, Chen Y, Zhi Z, Wang P, Wang M, Li Q, et al. Association between TCBI (tri-
glycerides, total cholesterol, and body weight index) and stroke-associated pneumonia in
acute ischemic stroke patients. CIA. (2024) 19:1091-101. doi: 10.2147/CIA.S467577

16. Yuan X, Huang S, Ni ], Dong W. Association between blood triglycerides and stroke-
associated pneumonia: a prospective cohort study. BMC Neurol. (2025) 25:83. doi:
10.1186/512883-025-04060-4

17. Blumenthal RS, Morris PB, Gaudino M, Johnson HM, Anderson TS, Bittner VA, et al.
2026 ACC/AHA/AACVPR/ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA guideline
on the management of dyslipidemia: a report of the American College of Cardiology/
American Heart Association joint committee on clinical practice guidelines. Circulation.
(2026) [Online ahead of print]. doi: 10.1161/CIR.0000000000001423

18. KruglovV, Jang IH, Camell CD. Inflammaging and fatty acid oxidation in monocytes and
macrophages. Immunometabolism. (2024) 6:¢00038. doi: 10.1097/IN9.0000000000000038

19. FuL, Luo T, Hao Z, Pan Y, Xin W, Zhang L, et al. Exploring novel roles of lipid droplets
and lipid metabolism in regulating inflammation and blood-brain barrier function in neu-
rological diseases. Front Neurosci. (2025) 19:1603292. doi: 10.3389/fnins.2025.1603292

20. Xu X, Chen Q, Li S, Xiong T. Peroxisome proliferator-activated receptors as biomark-
ers in cerebrovascular diseases: a narrative review. NeuroMarkers. (2025) 2:100035. doi:
10.1016/j.neumar.2024.100035

21. Cao S, Teng L, Gao M, Hu S, Xiao S, Chen C, et al. Nonlinear relationship between
triglycerides and cognitive function after acute ischemic stroke among older adults.
Heliyon. (2024) 10:27943. doi: 10.1016/j.heliyon.2024.e27943

22. Jing T, Xu L, Sun S, Yu W, Zheng Y, Xu G, et al. CPAP modulation of sleep microstruc-
ture (N2-SSD and REM-AHI) as predictors of neurological recovery in ischemic stroke
patients with moderate-to-severe OSA. Front Neurol. (2025) 16:1605106. doi: 10.3389/
fneur.2025.1605106

frontiersin.org


https://doi.org/10.3389/fneur.2026.1782157
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2026.1782157/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2026.1782157/full#supplementary-material
https://doi.org/10.3389/fendo.2023.1161521
https://doi.org/10.1161/STROKEAHA.120.033016
https://doi.org/10.1371/journal.pone.0246877
https://doi.org/10.1111/jnc.15807
https://doi.org/10.1136/svn-2021-001333
https://doi.org/10.1007/s11239-024-03032-8
https://doi.org/10.1007/s10072-025-08109-7
https://doi.org/10.1161/STROKEAHA.110.593434
https://doi.org/10.1371/journal.pone.0171334
https://doi.org/10.1371/journal.pone.0171334
https://doi.org/10.1016/j.jstrokecerebrovasdis.2013.10.002
https://doi.org/10.1016/j.jstrokecerebrovasdis.2013.10.002
https://doi.org/10.1161/STROKEAHA.119.027900
https://doi.org/10.1161/STROKEAHA.119.027900
https://doi.org/10.3389/fneur.2019.00563
https://doi.org/10.1186/s12883-024-03572-9
https://doi.org/10.3390/antiox13060634
https://doi.org/10.2147/CIA.S467577
https://doi.org/10.1186/s12883-025-04060-4
https://doi.org/10.1161/CIR.0000000000001423
https://doi.org/10.1097/IN9.0000000000000038
https://doi.org/10.3389/fnins.2025.1603292
https://doi.org/10.1016/j.neumar.2024.100035
https://doi.org/10.1016/j.heliyon.2024.e27943
https://doi.org/10.3389/fneur.2025.1605106
https://doi.org/10.3389/fneur.2025.1605106

Xie et al.

Glossary

BMI - Body Mass Index

CE - Cardioembolism (TOAST subtype)
CI - Confidence Interval

CT - Computed Tomography

CTA - CT Angiography

CTP - CT Perfusion

DBP - Diastolic Blood Pressure

DXA - Dual-Energy X-ray Absorptiometry
Fbg - Fibrinogen

HDL-C - High-Density Lipoprotein Cholesterol
IQR - Interquartile Range

IPW - Inverse Probability Weighting

IVT - Intravenous Thrombolysis

LDL-C - Low-Density Lipoprotein Cholesterol

LAA - Large-Artery Atherosclerosis (TOAST subtype)

MRI - Magnetic Resonance Imaging
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mRS - Modified Rankin Scale

MT - Mechanical Thrombectomy

NCCT - Non-Contrast CT

NIHSS - National Institutes of Health Stroke Scale
NW - Normal Weight

OC - Other Causes (TOAST subtype)

OR - Odds Ratio

OSA - Obstructive Sleep Apnea

OW - Overweight or obesity

PPAR - Peroxisome Proliferator-Activated Receptor
SAO - Small-Artery Occlusion (TOAST subtype)
SBP - Systolic Blood Pressure

SD - Standard Deviation

SUE - Stroke of Undetermined Etiology (TOAST subtype)
TC - Total Cholesterol

TG - Triglycerides

TOAST - Trial of ORG 10172 in Acute Stroke Treatment (etiologic
classification)
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