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Abstract

Background: While serum potassium abnormalities predict mortality in acute myocardial infarction, whether potassium levels within
the normal range influence long-term myocardial functional recovery remains unknown. Therefore, this study aimed to investigate
the association between baseline potassium levels and 1-year cardiac magnetic resonance (CMR)-derived global longitudinal strain in
patients with ST-segment elevation myocardial infarction (STEMI).Methods: This retrospective cohort study enrolled 120 consecutive
patients with STEMI (mean age 52.4 ± 12.6 years, 94.2% male) who underwent primary percutaneous coronary intervention (PCI) and
completed 1-year CMR follow-up. Baseline electrolyte levels, including potassium, sodium, chloride, magnesium, ionized calcium, and
phosphorus, were measured before the intervention. The primary outcome was 1-year absolute global longitudinal strain (abs_GLS)
assessed by CMR feature tracking. Analysis of covariance (ANCOVA) was used to evaluate associations between electrolyte levels and
myocardial strain after adjustment for baseline abs_GLS and 16 clinical covariates, including discharge medications. Results: Baseline
potassium averaged 3.92 ± 0.26 mmol/L, with 90% of values ranging from 3.42 to 4.39 mmol/L. After adjustment for baseline abs_GLS
and 16 clinical covariates, potassium was the only electrolyte significantly associated with 1-year abs_GLS in the prespecified primary
model. Each 1-SD increase in potassium (0.26 mmol/L) was associated with a 0.782 percentage-point higher 1-year abs_GLS (95%
CI: 0.042–1.521, p = 0.041). Categorical analysis showed a nonsignificant trend across potassium tertiles (T1 [<3.82 mmol/L]: 10.3%;
T2 [3.82–4.02 mmol/L]: 11.6%; T3 [>4.02 mmol/L]: 12.0%; p for trend = 0.159), with the highest tertile exhibiting a 1.7-percentage-
point higher adjusted abs_GLS than the lowest tertile. Conclusions: Among patients with STEMI treated with primary PCI, baseline
serum potassium, even within the normal range, is independently associated with 1-year myocardial strain recovery, with a trend toward
superior outcomes at higher-normal levels. These findings suggest that potassium may serve as a readily available prognostic biomarker
for risk stratification; nonetheless, randomized trials are warranted to investigate whether targeted optimization of potassium can improve
post-infarction cardiac recovery.

Keywords: potassium; ST elevation myocardial infarction; magnetic resonance imaging; global longitudinal strain; ventricular remod-
eling

1. Introduction
ST-segment elevation myocardial infarction (STEMI)

remains a leading cause of morbidity and mortality world-
wide [1]. While timely primary percutaneous coronary
intervention (PCI) has improved acute survival, up to
25% of patients develop adverse left ventricular (LV)
remodeling—characterized by ventricular dilatation, wall
thinning, and progressive contractile dysfunction—leading
to post-infarction heart failure with substantially worse
long-term outcomes [2,3,4]. Accurate prognostic stratifica-

tion to identify patients at high risk for incomplete myocar-
dial recovery is critical for guiding intensive surveillance
and optimizing therapy [5].

Electrolyte homeostasis, particularly serum potas-
sium, has emerged as an important prognostic factor
in acute myocardial infarction. Landmark studies have
demonstrated a U-shaped association between potassium
levels and mortality in acute myocardial infarction (AMI)
patients, with both hypokalemia (<3.5 mmol/L) and hy-
perkalemia (≥4.5 mmol/L) independently predicting in-
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creased risk of death and major adverse cardiovascular
events (MACE) [6,7,8]. These associations are mechanis-
tically plausible given potassium’s fundamental role in car-
diac electrophysiological stability through regulation of ion
channel conductance and action potential repolarization [9].
However, existing evidence has focused almost exclusively
on hard clinical endpoints (mortality, arrhythmia), with lim-
ited investigation into whether potassium levels influence
myocardial functional recovery following successful revas-
cularization.

Cardiacmagnetic resonance (CMR) imagingwithmy-
ocardial strain analysis has emerged as a powerful tool for
characterizing post-infarction ventricular function. Global
longitudinal strain (GLS) quantifies the percentage short-
ening of the left ventricle along its longitudinal axis during
systole and provides superior sensitivity for detecting sub-
clinical myocardial dysfunction compared to traditional left
ventricular ejection fraction (LVEF) [10,11]. Recent studies
have demonstrated that CMR-derived GLS independently
predicts MACE, heart failure hospitalization, and all-cause
mortality in STEMI patients [10,12,13]. Despite this prog-
nostic value and the established link between potassium and
AMI outcomes, no prior study has examined whether base-
line potassium levels—particularly within the normal phys-
iological range—are associated with myocardial strain re-
covery in STEMI patients. This knowledge gap is clini-
cally significant because, unlike genetic or fixed anatomic
factors, potassium homeostasis is potentially modifiable
through dietary counseling, oral supplementation, or phar-
macological agents.

In this hypothesis-driven observational study guided
by prior evidence demonstrating potassium’s U-shaped as-
sociation with mortality in AMI [6], we sought to investi-
gate the association between baseline serum potassium con-
centration and 1-year myocardial strain recovery in patients
with STEMI treated with primary PCI. Given the estab-
lished prognostic relevance of potassium in AMI mortal-
ity studies, we hypothesized that higher potassium levels
within the normal range would be independently associ-
ated with superior functional recovery. We additionally ex-
plored associations of five other routinely measured elec-
trolytes (sodium, chloride, magnesium, ionized calcium,
phosphorus) with strain outcomes. The findings may in-
form risk stratification algorithms and generate hypothe-
ses for future interventional trials evaluating targeted potas-
sium optimization to mitigate adverse ventricular remodel-
ing in STEMI patients.

2. Materials and Methods
2.1 Study Design and Population

This retrospective cohort study enrolled consecutive
STEMI patients who underwent primary PCI at the Af-
filiated Jiangyin Hospital of Nantong University between
January 2020 and December 2023. The study was ap-
proved by the institutional ethics committee (Approval

No. 2025-Lun-Shen-Yan-014) and conducted in accor-
dance with the Declaration of Helsinki. Written informed
consent was waived due to the retrospective design and use
of anonymized data.

Eligible participants were adults (≥18 years) with
STEMI diagnosed per the Fourth Universal Definition of
Myocardial Infarction (ST-elevation≥1 mm in≥2 contigu-
ous leads or new left bundle branch block, plus elevated
troponin). All patients underwent successful primary PCI
(Thrombolysis in Myocardial Infarction (TIMI) flow grade
3 post-procedure) and had complete baseline electrolyte
measurements (obtained pre-PCI), baseline CMR within 7
days post-PCI, and 1-year follow-up CMR (12 months ± 2
weeks). Exclusion criteria included prior MI or revascu-
larization, severe renal dysfunction (estimated glomerular
filtration rate (eGFR) <30 mL/min/1.73 m2), active malig-
nancy, chronic inflammation, CMR contraindications, in-
adequate image quality, or death/loss to follow-up before
12 months.

A total of 120 patients met all eligibility criteria and
comprised the final analytic cohort (Supplementary Fig.
1).

2.2 Clinical and Laboratory Data
Baseline demographics, cardiovascular risk factors

(diabetes, hypertension, smoking), Killip class, vital signs,
and symptom-to-balloon time were extracted from elec-
tronic medical records. Symptom-to-balloon time was de-
fined as the interval from patient-reported symptom onset
to first balloon inflation and was expressed in hours. This
variable represents total ischemic time, including prehospi-
tal delay, and should not be interpreted as in-hospital door-
to-balloon time. Discharge medications (renin-angiotensin
system inhibitors (RASi), β-blockers, and mineralocorti-
coid receptor antagonists (MRA)) were recorded as part of
guideline-directed medical therapy assessment. Fasting ve-
nous blood samples were collected at admission (pre-PCI).
Electrolytes (sodium, potassium, chloride, magnesium, ion-
ized calcium, phosphorus) were measured using the ion-
selective electrode method. Serum albumin was assayed by
the bromocresol green method, and eGFR was calculated
via the Chronic Kidney Disease Epidemiology Collabora-
tion (CKD-EPI) equation.

2.3 Exposure Variables
2.3.1 Primary Exposure: Potassium

Based on prior evidence linking potassium to AMI
outcomes, baseline serum potassium was the primary ex-
posure. It was analyzed both as a continuous variable (per
mmol/L) and categorically using tertiles:

T1 (lower-normal): <3.82 mmol/L (n = 40)
T2 (mid-normal): 3.82–4.02 mmol/L (n = 40)
T3 (upper-normal): >4.02 mmol/L (n = 40)
Tertile grouping was used only for secondary ex-

ploratory presentation, whereas the continuous potassium
analysis remained primary.
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2.3.2 Secondary Exposures
Five additional electrolytes (sodium, chloride, magne-

sium, ionized calcium, phosphorus) were evaluated as ex-
ploratory exposures, analyzed only as continuous variables.

2.4 CMR Imaging and Strain Analysis
CMR was performed using a Philips Ingenia 3.0-T

scanner equippedwith a dStreamTorso coil (Philips Health-
care, Best, the Netherlands). ECG-gated, breath-hold bal-
anced turbo field echo (TFE) sequences were used. Stan-
dard long-axis (2-, 3-, and 4-chamber) views and short-axis
cine stacks were acquired. Baseline CMR was performed
within 7 days after PCI (median, 5 days; interquartile range
(IQR), 4–6 days), and follow-up CMRwas performed at 12
months (±2 weeks) using an identical imaging protocol.

Strain analysis: GLS was derived offline from long-
axis cine images using feature-tracking software (QStrain
version 3.2, Medis Medical Imaging Systems B.V., Lei-
den, the Netherlands). Endocardial borders were manually
traced at end-diastole; myocardial tracking was automated
and visually verified. By convention, systolic GLS is neg-
ative because it represents longitudinal myocardial short-
ening. For all study-specific analyses, tables, and figures,
we used the absolute magnitude of signed GLS (abs_GLS =
|GLS|), expressed as a positive percentage. Thus, a signed
GLS value of −15% is reported as an abs_GLS value of
15%, and a higher abs_GLS indicates greater systolic short-
ening and better myocardial function. Published signed
GLS reference values of approximately –20% to –15% cor-
respond to abs_GLS values of approximately 15% to 20%
[14]. Inter- and intra-observer intraclass correlation coeffi-
cients (ICC) were 0.88 and 0.94, respectively.

Published reference values for CMR feature-tracking-
derived GLS are conventionally reported using signed val-
ues, with normal systolic GLS generally ranging from ap-
proximately −20% to −15%. Under the absolute-value
convention used in this study, this signed range corresponds
to abs_GLS values of approximately 15% to 20%, whereas
less negative signed GLS values (e.g., >−15%) correspond
to lower abs_GLS values (e.g., <15%) and indicate im-
paired systolic function.

2.5 Outcome Definition
The primary outcome was 1-year absolute GLS

(follow-up abs_GLS) from the 12-month CMR. In analy-
sis of covariance (ANCOVA) models, baseline abs_GLS
was included as a covariate to adjust for initial myocardial
function. Δabs_GLSwas defined as 1-year abs_GLSminus
baseline abs_GLS and was expressed in percentage points.

2.6 Statistical Analysis
2.6.1 Sample Size and Data Quality

The cohort of 120 patients with 17 model covariates
(baseline abs_GLS + 16 clinical variables) yielded a 7.1:1
events-per-variable ratio, meeting recommended thresholds

for stable regression estimates. All variables had complete
data (0% missing).

2.6.2 Descriptive Statistics
Continuous variables were assessed for normality and

presented as mean ± standard deviation (SD) or median
(IQR). Categorical variables are reported as n (%). Baseline
characteristics were compared across potassium tertiles us-
ing analysis of variance (ANOVA) (or Kruskal-Wallis) for
continuous variables and chi-square (or Fisher’s exact) test
for categorical variables.

2.6.3 Univariable Analysis
Pearson correlation was used to assess univariable as-

sociations between each baseline electrolyte concentration
and Δabs_GLS. For potassium tertiles, one-way ANOVA
compared unadjusted outcomes, with post-hoc pairwise
comparisons (Tukey HSD) and linear trend tests.

2.6.4 Multivariable ANCOVA
ANCOVA evaluated independent associations be-

tween electrolytes and 1-year abs_GLS, adjusting for base-
line abs_GLS and 16 clinical covariates (age, gender, dia-
betes, hypertension, smoking, Killip class, eGFR, systolic
blood pressure (SBP), diastolic blood pressure (DBP), heart
rate, symptom-to-balloon time, albumin, culprit artery, and
discharge medications (RASi, β-blockers, and MRA)).

Model specifications:
Model 1 (primary analysis): Each electrolyte was

entered separately as a standardized continuous exposure,
with adjustment for baseline abs_GLS and 16 clinical co-
variates. For potassium, a complementary tertile-based
analysis was also performed. Model 2 (robustness anal-
ysis): All six standardized electrolyte exposures were en-
tered simultaneously with the same covariates to evaluate
whether the potassium association remained robust after
mutual adjustment for the other electrolytes.

For categorical potassium analysis, adjusted marginal
means were computed using the emmeans package, with
T1 as reference. Linear trend tests assessed dose-response
across ordered tertiles.

Model diagnostics (multicollinearity, homoscedastic-
ity, normality) were verified. Continuous electrolyte vari-
ables were standardized to 1 SD before model fitting,
whereas the outcome, 1-year abs_GLS, remained on its
original percentage-point scale. Accordingly, β coefficients
represent the percentage-point change in 1-year abs_GLS
per 1-SD increase in electrolyte concentration. Model fit is
summarized by adjusted R2.

Methodological justification for tertile categorization:
Serum potassium levels were analyzed both as a con-

tinuous variable and categorized into tertiles to facilitate
clinical interpretation and evaluate potential dose-response
relationships. Continuous potassium levels were standard-
ized (per 1-standard deviation increase) for regression anal-
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yses to allow comparison of effect sizes across different
electrolytes.

Potassium was analyzed primarily as a continuous
variable to preserve statistical information. Tertile catego-
rization was used only as a secondary exploratory analysis
to facilitate clinical interpretation and describe differences
across the observed potassium distribution. Tertile cutoffs
were defined from the sample distribution, yielding 40 pa-
tients per group [15]. Because categorizing a continuous
exposure can result in loss of information and statistical
power [16], the categorical findings were interpreted cau-
tiously and were not considered evidence of validated clin-
ical thresholds.

To address potential concerns about information loss
from categorization, we performed sensitivity analyses
treating potassium as a continuous variable in all multivari-
able models. Restricted cubic splines with 3 knots were
used to test for non-linearity in the potassium-outcome re-
lationship. The consistency of findings across continuous
and categorical analyses strengthens the robustness of our
conclusions.

2.6.5 Nonlinearity Testing
Restricted cubic splines (RCS) with three knots were

used to test for nonlinear electrolyte-outcome relationships.
Wald tests evaluated nonlinearity (p < 0.05 indicates signif-
icant deviation from linearity).

2.6.6 Stratified Analysis
Given left anterior descending (LAD) artery predom-

inance (77.5%), stratified ANCOVA models were fitted
for LAD vs. non-LAD subgroups, adjusting for baseline
abs_GLS and the same 16 clinical covariates (including dis-
chargemedications). Interaction terms (Electrolyte × LAD)
were tested; false discovery rate (FDR) correction was ap-
plied (p < 0.05 for significance).

2.6.7 Sensitivity Analyses
Robustness was assessed by: (1) excluding extreme

potassium (<3.0 or >5.0 mmol/L); (2) dichotomizing potas-
sium at the median (3.94 mmol/L) based on the study
population distribution; (3) dichotomizing at 4.0 mmol/L
(literature-based threshold from prior acute myocardial in-
farction studies). All sensitivity analyses used the same
multivariable ANCOVA framework adjusting for baseline
abs_GLS and 16 clinical covariates (including discharge
medications). Results are in Supplementary Table 1.

2.6.8 Software
All statistical analyses were performed using R ver-

sion 4.3.0 (R Foundation for Statistical Computing, Vienna,
Austria) within the RStudio integrated development envi-
ronment (Posit Software, PBC, Boston, MA, USA). All
tests were two-sided, and a p value < 0.05 was considered
statistically significant; FDR correction was applied to in-
teraction analyses.

3. Results
3.1 Study Population and Baseline Characteristics

A total of 120 STEMI patients (mean age 52.4 ± 12.6
years, 94.2%male) who completed primary PCI and 1-year
CMR follow-up were analyzed. The cohort exhibited typi-
cal risk profiles: 63.3% had hypertension, 62.5% were cur-
rent smokers, and 41.7% had diabetes mellitus. Most pa-
tients presented with Killip class I (70.0%), and the LAD
was the culprit vessel in 77.5% of cases. Guideline-directed
medical therapy at discharge included renin-angiotensin
system inhibitors (68.3%), β-blockers (75.0%), and miner-
alocorticoid receptor antagonists (40.8%).

Baseline electrolyte levels were predominantly within
normal ranges, with potassium averaging 3.92 ± 0.26
mmol/L (90% of patients between 3.42–4.39 mmol/L)
(Supplementary Fig. 2). The mean baseline abs_GLS was
11.1 ± 4.6%, improving modestly to 11.6 ± 6.0% at 1-year
follow-up (Δabs_GLS: 0.50 ± 3.92 percentage points), in-
dicating substantial inter-individual variability in functional
recovery.

To facilitate categorical analysis, patients were strat-
ified by potassium tertiles: T1 (<3.82 mmol/L, n = 40),
T2 (3.82–4.02 mmol/L, n = 40), and T3 (>4.02 mmol/L,
n = 40). Table 1 demonstrates that, apart from serum
potassium—the variable used to define the tertile groups—
all demographic, clinical, and laboratory variables and
discharge medications were well balanced across groups
(all p > 0.05). As expected from the tertile defini-
tion, serum potassium concentrations differed substantially
across groups (p < 0.001). Baseline abs_GLS showed
no significant difference across tertiles (T1: 11.89%, T2:
10.93%, T3: 10.51%; p = 0.390). Similarly, unadjusted
1-year abs_GLS showed no significant difference (T1:
11.10%, T2: 12.04%, T3: 11.71%; p = 0.781).

Δabs_GLS demonstrated a nonsignificant numerical
trend across tertiles (T1: −0.9 [−2.5, 0.5]; T2: 0.3 [−2.0,
2.3]; T3: 0.5 [−2.1, 2.8] percentage points; Kruskal–Wallis
p = 0.063). After adjusting for baseline abs_GLS and
16 clinical covariates (including age, gender, cardiovas-
cular risk factors, hemodynamic parameters, renal func-
tion, culprit vessel, time to reperfusion, albumin, and dis-
charge medications) using ANCOVA, the adjusted 1-year
abs_GLS (estimated marginal means) showed a consistent
numerical trend across tertiles (T1: 10.3%, T2: 11.6%, T3:
12.0%; p for trend = 0.159), with the adjusted mean in the
highest tertile being 1.7 percentage points higher than that
in the lowest tertile, although the trend did not reach statis-
tical significance. Thus, the unadjusted and adjusted anal-
yses showed directionally consistent but nonsignificant nu-
merical trends across tertiles.
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Table 1. Baseline characteristics and 1-year myocardial strain outcomes according to baseline serum potassium tertiles.
Variable T1 (n = 40) T2 (n = 40) T3 (n = 40) p value

Demographics
Age, years 50.2 ± 11.8 52.2 ± 15.3 54.8 ± 10.0 0.273
Male, n (%) 39 (97.5%) 38 (95.0%) 36 (90.0%) 0.346

Cardiovascular risk factors
Diabetes mellitus, n (%) 13 (32.5%) 21 (52.5%) 16 (40.0%) 0.186
Hypertension, n (%) 23 (57.5%) 27 (67.5%) 26 (65.0%) 0.627
Current smoking, n (%) 25 (62.5%) 25 (62.5%) 25 (62.5%) 1

Clinical characteristics
Killip class I/II/III, n 25/11/4 31/8/1 28/10/2 0.537
Systolic BP, mmHg 139.0 ± 24.1 133.9 ± 17.0 131.6 ± 20.9 0.271
Diastolic BP, mmHg 86.9 ± 14.4 86.9 ± 15.0 81.6 ± 13.6 0.166
Heart rate, bpm 72.2 ± 12.9 70.5 ± 12.4 70.8 ± 11.1 0.802
eGFR, mL/min/1.73 m2 105.8 ± 23.4 104.5 ± 19.1 107.2 ± 23.4 0.864
Symptom-to-balloon time, hours 15.5 (3.0, 68.2) 9.0 (3.0, 24.8) 24.0 (4.0, 121.2) 0.157

Laboratory parameters
Potassium, mmol/L 3.63 ± 0.16 3.92 ± 0.08 4.21 ± 0.11 <0.001
Sodium, mmol/L 139.3 ± 1.9 139.7 ± 1.7 139.6 ± 2.2 0.593
Chloride, mmol/L 103.3 ± 3.8 102.7 ± 3.1 103.2 ± 3.9 0.694
Magnesium, mmol/L 0.90 ± 0.03 0.90 ± 0.04 0.91 ± 0.04 0.718
Ionized calcium, mmol/L 0.96 ± 0.20 1.01 ± 0.20 1.07 ± 0.21 0.051
Phosphorus, mmol/L 0.94 ± 0.12 0.93 ± 0.11 0.97 ± 0.10 0.239
Albumin, g/L 42.1 ± 3.9 40.9 ± 3.6 40.7 ± 3.8 0.211

CMR parameters
LAD as culprit vessel, n (%) 29 (72.5%) 34 (85.0%) 30 (75.0%) 0.367
Baseline abs_GLS, % 11.89 ± 4.82 10.93 ± 4.24 10.51 ± 4.70 0.390
1-year abs_GLS, % 11.10 ± 4.98 12.04 ± 6.76 11.71 ± 6.20 0.781
Δabs_GLS, % –0.9 (–2.5, 0.5) 0.3 (–2.0, 2.3) 0.5 (–2.1, 2.8) 0.063

Medications at discharge
RASi, n (%) 25 (62.5%) 31 (77.5%) 26 (65.0%) 0.303
β-blocker, n (%) 27 (67.5%) 33 (82.5%) 30 (75.0%) 0.301
MRA, n (%) 20 (50.0%) 14 (35.0%) 15 (37.5%) 0.343

This table presents baseline demographic, clinical, laboratory, angiographic, and cardiac magnetic resonance (CMR) charac-
teristics, together with 1-year myocardial strain outcomes, for 120 patients with ST-segment elevation myocardial infarction
(STEMI) stratified by baseline serum potassium tertiles: T1 (lower-normal, <3.82 mmol/L, n = 40), T2 (mid-normal, 3.82–4.02
mmol/L, n = 40), and T3 (upper-normal, >4.02 mmol/L, n = 40). Demographic variables include age and gender. Cardio-
vascular risk factors include diabetes mellitus, hypertension, and current smoking status. Clinical characteristics include Killip
class, systolic and diastolic blood pressure (BP), heart rate, estimated glomerular filtration rate (eGFR), and symptom-to-balloon
time. Laboratory parameters include all six baseline electrolytes (potassium, sodium, chloride, magnesium, ionized calcium,
phosphorus) and albumin. CMR parameters include culprit vessel (left anterior descending artery (LAD)), baseline absolute
global longitudinal strain (abs_GLS) measured within 7 days post-percutaneous coronary intervention (PCI), 1-year follow-up
abs_GLS, and change in abs_GLS (Δabs_GLS = follow-up minus baseline). Normally distributed continuous variables are
presented as mean ± standard deviation (SD), whereas symptom-to-balloon time and Δabs_GLS are presented as median (in-
terquartile range (IQR)). Categorical variables are presented as n (%). p values were obtained using one-way analysis of variance
(ANOVA) for normally distributed continuous variables, the Kruskal-Wallis test for symptom-to-balloon time and Δabs_GLS,
and the chi-square test for categorical variables. The table demonstrates excellent baseline balance across all demographic,
clinical, and laboratory variables (all p > 0.05), validating the comparability of groups. As expected from the tertile definition,
serum potassium concentrations differed substantially across groups (p < 0.001). Notably, baseline abs_GLS showed no signifi-
cant difference (p = 0.390), and Δabs_GLS showed no significant gradient in non-parametric analysis (p = 0.063), though higher
tertiles showed directionally greater functional improvement. Additionally, the three medication variables (RASi, β-blocker,
MRA) showed no significant differences across potassium tertiles (all p > 0.05), indicating that these potential confounders
were evenly distributed and can be appropriately adjusted for in multivariate analysis to confirm the independent prognostic
value of potassium.
Abbreviations: MRA, mineralocorticoid receptor antagonists; RASi, renin-angiotensin system inhibitors.
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Table 2. Multivariable analysis of covariance results for associations between baseline electrolytes and 1-year myocardial strain.
Electrolyte Model 1 (primary): β (95% CI) p value Model 2 (mutually adjusted robustness

analysis): β (95% CI)
p value

Na –0.338 (–1.125, 0.450) 0.403 –0.321 (–1.111, 0.470) 0.428
K 0.782 (0.042, 1.521) 0.041 0.866 (0.072, 1.660) 0.035*
Cl 0.239 (–0.587, 1.065) 0.572 0.202 (–0.629, 1.034) 0.635
Mg –0.172 (–0.960, 0.615) 0.670 –0.299 (–1.109, 0.511) 0.472
Ca_ionized 0.042 (–0.721, 0.805) 0.914 –0.180 (–0.999, 0.638) 0.667
P 0.116 (–0.638, 0.869) 0.764 0.057 (–0.730, 0.845) 0.887
Multivariable analysis of covariance results for associations between baseline electrolytes and 1-year myocardial
strain. This table presents β coefficients from multivariable analysis of covariance (ANCOVA) models examin-
ing the independent associations between six baseline serum electrolytes and 1-year absolute global longitudinal
strain (abs_GLS) recovery in 120 STEMI patients. Model 1 analyzes each electrolyte separately, while Model 2
analyzes all electrolytes simultaneously to account for intercorrelations. All models were adjusted for baseline
abs_GLS and the following clinical covariates: age, gender, diabetes mellitus, hypertension, smoking status, Kil-
lip class, estimated glomerular filtration rate (eGFR), systolic and diastolic blood pressure, heart rate, serum albu-
min, culprit vessel (LAD), symptom-to-balloon time, and discharge medications including renin-angiotensin sys-
tem inhibitors (RASi), β-blockers, and mineralocorticoid receptor antagonists (MRA). The inclusion of discharge
medications addresses a key methodological concern regarding potential confounding by guideline-directed med-
ical therapy, as these agents can both improve myocardial strain and affect serum potassium levels. Values are β
coefficients with 95% confidence intervals and represent the change in 1-year abs_GLS, expressed in percentage
points, per 1-SD increase in baseline electrolyte concentration. Electrolyte exposures were standardized, whereas
the outcome was retained on its original scale. *p < 0.05 indicates statistical significance.

3.2 Potassium is Independently Associated With 1-Year
Myocardial Strain
3.2.1 Univariable Analysis

In univariable analysis, baseline potassium was posi-
tively correlatedwith Δabs_GLS (r = 0.218, p = 0.017; Sup-
plementary Fig. 3 and Supplementary Table 2), whereas
linear trend testing across potassium tertiles showed no sig-
nificant trend (p for trend = 0.159).

3.2.2 Multivariable ANCOVA Models
In the prespecified primary analysis (Model 1), each

electrolyte was evaluated separately after adjustment for
baseline abs_GLS and 16 clinical covariates. Potassium
was the only electrolyte significantly associated with 1-
year abs_GLS (Table 2). Each 1-SD increase in potassium
(0.26 mmol/L) was associated with a 0.782-percentage-
point increase in 1-year abs_GLS (95% CI: 0.042–1.521,
p = 0.041), equivalent to approximately 3.01 percentage
points per 1mmol/L increase. All other electrolytes showed
no significant associations (all p > 0.40).

Categorical analysis demonstrated a consistent pat-
tern: adjusted marginal means (estimated from ANCOVA
models) for 1-year abs_GLS showed an increasing trend
across tertiles (T1: 10.3%, T2: 11.6%, T3: 12.0%), with the
highest tertile exhibiting a 1.7 percentage-point difference
compared to the lowest (linear trend p = 0.159). While this
trend did not reach conventional statistical significance (p <
0.05), the direction and magnitude were consistent with the
significant continuous variable analysis (p = 0.041), provid-
ing complementary evidence for the potassium-strain rela-
tionship.

In the robustness analysis (Model 2), in which all six
electrolytes were entered simultaneously, the association
between potassium and 1-year abs_GLS remained signif-
icant (β = 0.866, 95% CI: 0.072–1.660, p = 0.035), sup-
porting the robustness of the primary Model 1 finding after
mutual adjustment for the other electrolytes. Model diag-
nostics were satisfactory (adjusted R2 = 0.196).

The multivariable-adjusted associations between all
six baseline electrolytes and 1-year myocardial strain are
visualized in Fig. 1, which clearly demonstrates that potas-
siumwas the only electrolyte with a significant independent
association (β = 0.866, 95% CI: 0.072–1.660, p = 0.035).

3.3 The Relationship Appears Approximately Linear and
Consistent Across Subgroups

Restricted cubic spline analysis (Fig. 2) showed no
statistically significant evidence of nonlinear associations
between electrolyte levels and abs_GLS at the 0.05 signif-
icance level. For potassium, the relationship with 1-year
abs_GLS showed no evidence of significant nonlinearity
(p_nonlinearity = 0.5766), contrasting with U-shaped as-
sociations previously reported for potassium and mortality.
This suggests that, within the predominantly normal range
observed here (3.4–4.5 mmol/L), the association between
higher potassium and functional recovery is approximately
linear. Notably, the confidence intervals widen at higher
potassium levels (>4.2 mmol/L), reflecting increased esti-
mation uncertainty due to sparse sample size in this tail re-
gion.

Stratified analyses by culprit vessel revealed consis-
tent potassium effects in both LAD (β = 2.48, p = 0.164)
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Fig. 1. Multivariable-adjusted associations between baseline electrolytes and 1-year myocardial strain in STEMI patients. This
forest plot displays the independent associations between six baseline serum electrolytes (potassium, sodium, chloride, magnesium, ion-
ized calcium, phosphorus) and absolute global longitudinal strain (abs_GLS) at 1-year follow-up in 120 ST-segment elevation myocardial
infarction (STEMI) patients treated with primary percutaneous coronary intervention (PCI). The horizontal axis represents standardized
β coefficients (per 1 standard deviation increase in electrolyte concentration), and the vertical axis lists each electrolyte type. Blue circles
represent nonsignificant point estimates from multivariable analysis of covariance (ANCOVA) models adjusted for baseline abs_GLS
and 16 clinical covariates (age, gender, diabetes, hypertension, smoking, Killip class, estimated glomerular filtration rate, systolic blood
pressure, diastolic blood pressure, heart rate, symptom-to-balloon time, albumin, culprit artery, and discharge medications including
renin-angiotensin system inhibitors, β-blockers, and mineralocorticoid receptor antagonists), whereas the red square represents the statis-
tically significant potassium estimate. Horizontal lines represent 95% confidence intervals (CI). The dashed vertical line marks the null
reference line (β = 0). Potassium was the only electrolyte demonstrating a significant positive association (β = 0.866, 95% CI: 0.072–
1.660, p = 0.035), indicating that each 1-SD increase (0.26 mmol/L) in baseline potassium was associated with a 0.866 percentage-point
improvement in 1-year abs_GLS. All other electrolytes showed no significant associations (all p > 0.40).

and non-LAD subgroups (β = 5.19, p = 0.058), though sta-
tistical power was limited in the smaller non-LAD cohort
(n = 27). Formal interaction testing showed no significant
effect modification (p_interaction = 0.475), indicating that
the potassium-strain association does not differ by infarct
location.

4. Discussion
4.1 Principal Findings

This study demonstrates that baseline serum potas-
sium, even within the normal physiological range, is inde-
pendently associated with 1-year myocardial strain recov-
ery in STEMI patients treated with primary PCI. Among
the six electrolytes examined, potassium was the only elec-
trolyte significantly associated with 1-year abs_GLS in the
prespecified primary analysis (Model 1). Each 1-SD in-

crease in potassium (0.26 mmol/L) was associated with a
0.782-percentage-point increase in 1-year abs_GLS (95%
CI: 0.042–1.521, p = 0.041) after adjustment for baseline
abs_GLS and 16 clinical covariates. The association was
also observed in univariable analysis (r = 0.218, p = 0.017)
and remained significant in the mutually adjusted Model
2 robustness analysis (β = 0.866, 95% CI: 0.072–1.660, p
= 0.035). The relationship appeared approximately linear
across tertiles spanning 3.5 to 4.3 mmol/L, though the cate-
gorical trend analysis showed no significant association (p
for trend = 0.159). This appears to be the first study linking
baseline potassium concentration with CMR-derived func-
tional recovery in acute myocardial infarction, extending its
established prognostic value beyond hard endpoints (mor-
tality, arrhythmia) to a quantitative measure of ventricular
remodeling. These findings raise the hypothesis that opti-
mizing potassium levels may represent a modifiable target
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Fig. 2. Dose-response relationships between baseline electrolytes and 1-year myocardial strain in STEMI patients. This figure
presents restricted cubic spline (RCS) analysis with three knots to evaluate potential nonlinear dose-response relationships between six
baseline electrolyte concentrations and adjusted 1-year absolute global longitudinal strain (abs_GLS) in 120 STEMI patients. The figure
consists of six panels: (A) sodium (mmol/L), (B) potassium (mmol/L), (C) chloride (mmol/L), (D) magnesium (mmol/L), (E) ionized
calcium (mmol/L), and (F) phosphorus (mmol/L). For each panel, the horizontal axis displays the respective electrolyte concentration,
and the vertical axis represents adjusted 1-year abs_GLS (%). The blue solid line represents the predicted abs_GLS from the RCS
model, adjusted for baseline abs_GLS and 16 clinical covariates. The light blue shaded area represents the 95% confidence interval.
Wald tests detected no significant nonlinearity for any electrolyte at the conventional 0.05 significance level (all p_nonlinearity > 0.05),
including potassium (p_nonlinearity = 0.5766), suggesting approximately linear relationships within the observed concentration ranges
(predominantly normal physiological ranges). The potassium panel (B) demonstrates a consistent positive association across the range
of 3.4–4.5 mmol/L, contrasting with the U-shaped mortality associations reported in prior acute myocardial infarction studies.

for improving post-infarction cardiac function, though ran-
domized trials are needed to establish causality.

4.2 Comparison With Previous Studies

The prognostic significance of potassium in acute my-
ocardial infarction has been extensively documented in
large-scale observational studies, predominantly focusing
on mortality and arrhythmia. Goyal et al. [6] analyzed
38,689 AMI patients and identified a U-shaped relation-
ship between potassium and in-hospital mortality, with op-
timal survival at 3.5 to <4.5 mmol/L. Krogager et al. [17]
demonstrated in 2596 post-MI patients that potassium lev-
els outside 3.9–4.5 mmol/L were associated with elevated
mortality risk (HR 1.84 for 3.5–3.8 mmol/L). Recent 2024
evidence confirmed that hypokalemia nearly doubled mor-

tality risk (RR 1.69) and hyperkalemia tripled it (RR 2.76)
in STEMI cohorts [18].

Our findings extend this evidence into a novel
domain—functional cardiac recovery—as assessed by
CMR-derived global longitudinal strain. Whereas prior
investigations concentrated on event-free survival, we
demonstrate for the first time that baseline potassium is in-
dependently associated with quantitative improvement in
myocardial contractile function at 1 year post-STEMI.

It is important to note that while continuous variable
analysis demonstrated a significant association (p = 0.041
in the prespecified primary model), the categorical tertile-
based analysis showed a trend that approached but did not
reach statistical significance (p for trend = 0.159). This
suggests that the relationship, while consistent in direction,
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may be more subtle in magnitude than initially hypothe-
sized, and warrants validation in larger cohorts.

The relationship we observed appeared approximately
linear across the normal physiological range (3.4–4.5
mmol/L). This divergence from classic U-shaped mortal-
ity curves likely reflects fundamentally different biological
mechanisms: mortality in the acute setting is driven pri-
marily by arrhythmic events and electrophysiological toxi-
city (where extremes of potassium are hazardous), whereas
long-term functional recovery involves cellular remodel-
ing, inflammation, and myocardial energetics—processes
that may benefit from higher-normal potassium levels with-
out the threshold toxicity seen for electrical conduction.

Furthermore, our comprehensive electrolyte panel re-
vealed that potassium uniquely predicts functional recov-
ery, whereas sodium, chloride, magnesium, ionized cal-
cium, and phosphorus showed no independent associa-
tions. This specificity is noteworthy given that magne-
sium has been investigated as a potential cardioprotec-
tive agent in AMI, though clinical trials (notably ISIS-4
with 58,050 patients) failed to demonstrate mortality ben-
efit [19]. Importantly, our multivariate adjustment for
baseline abs_GLS and 16 clinical covariates including dis-
charge medications—a step rarely performed in traditional
biomarker studies—was essential to reveal potassium’s in-
dependent prognostic value. Notably, potassium showed
significant associations in both univariable analysis (r =
0.218, p = 0.017) and the primary multivariable analysis
(β = 0.782, p = 0.041), with a consistent result in the mu-
tually adjusted Model 2 robustness analysis (β = 0.866, p =
0.035).

4.3 Mechanistic Interpretation

The linear positive association between baseline
potassium and long-term myocardial strain recovery, in
contrast to the U-shaped relationship with acute mortality,
suggests distinct mechanistic pathways beyond immediate
electrophysiological toxicity.

Electrophysiological Stability and Repolarization Re-
serve: Potassium plays a fundamental role in maintaining
cardiac electrophysiological integrity through ion channel
subtypes, particularly the inward rectifier current (IK1) and
ATP-sensitive potassium (KATP) channels [9,20]. Within
the normal range, higher baseline potassium may enhance
“repolarization reserve”—wherein IKr, IKs, and IK1 pro-
vide overlapping redundancy to ensure stable repolarization
[21,22]. By increasing potassium channel conductance,
it could reduce vulnerability to arrhythmogenic afterde-
polarizations during the vulnerable post-infarction period,
minimizing secondary ischemic injury from arrhythmia-
related hemodynamic perturbations and preserving viable
myocardium.

Mitochondrial Cardioprotection via KATP Channels:
Mitochondrial ATP-sensitive potassium (mitoKATP) chan-
nels are pivotal mediators of ischemic preconditioning

and cardioprotection against ischemia-reperfusion injury
[23,24]. During ischemia, rising ADP/ATP ratios acti-
vate mitoKATP channels, triggeringmildmitochondrial de-
polarization that reduces calcium overload, preserves re-
dox balance, and inhibits mitochondrial permeability transi-
tion pore opening—collectively attenuating cardiomyocyte
apoptosis and necrosis [23,24]. Higher baseline potas-
sium may enhance mitoKATP activation capacity, thereby
augmenting endogenous cardioprotective signaling during
acute ischemic insult. This could explain our linear dose-
response observation: whereas excessive potassium trig-
gers electrophysiological toxicity (accounting for U-shaped
mortality curves), moderate elevations within the normal
range may selectively enhance mitoKATP-mediated cyto-
protection without crossing the threshold for conduction ab-
normalities.

Modulation of Inflammatory Remodeling: Emerging
evidence implicates potassium homeostasis in regulating
innate immune responses relevant to post-infarction remod-
eling. Potassium efflux is a canonical trigger for NOD-
like receptor family pyrin domain containing 3 (NLRP3)
inflammasome activation, which drives interleukin-1β re-
lease, amplifying inflammatory cascades in infarcted my-
ocardium [25,26]. Maintaining higher extracellular potas-
sium concentrations may attenuate this pathological sig-
naling by preserving intracellular stores and minimizing
efflux-driven inflammasome assembly. In murine mod-
els, NLRP3 inhibition reduces infarct size, mitigates ad-
verse ventricular remodeling, and preserves systolic func-
tion [26].

Acute STEMI induces a pronounced catecholamine
surge that promotes intracellular potassium shift and tran-
sient hypokalemia [27], such that admission potassiummay
partly reflect the acute stress response rather than base-
line potassium homeostasis. However, our findings are not
readily explained by this mechanism alone. If lower potas-
sium were simply a marker of greater ischemic stress, it
should be associated with worse subsequent recovery; in-
stead, higher admission potassium was associated with bet-
ter 1-year GLS recovery. Furthermore, whereas prior large-
scale studies have shown a U-shaped relationship between
admission potassium and short-term outcomes after acute
MI, including in-hospital mortality and ventricular arrhyth-
mias [6], our endpoint was long-termmyocardial functional
recovery. Notably, the association remained independent
after multivariable adjustment. Taken together, these data
suggest that higher admission potassium may have a car-
dioprotective association beyond merely reflecting stress
severity.

Importantly, these mechanistic hypotheses remain
speculative in the absence of experimental validation. Our
observational design cannot establish causality, and resid-
ual confounding by unmeasured factors (e.g., dietary pat-
terns, neurohormonal activation states) may contribute to
the observed association. Mechanistic elucidation will re-
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quire translational investigations employing potassium sup-
plementation trials with serial CMR endpoints and animal
models with potassium clamping protocols to dissect causal
pathways.

4.4 Clinical Implications

These findings carry potentially important clinical im-
plications for risk stratification and hypothesis generation
for future interventions in STEMI patients. First, baseline
potassium concentration—a routinely measured, inexpen-
sive biomarker—may serve as an early prognostic indicator
for long-term functional recovery. Patients presenting with
lower-normal potassium levels (e.g., 3.5–3.8 mmol/L) may
exhibit attenuated strain improvement at 1 year compared
to those with higher-normal levels, though the categorical
analysis showed no significant trend (p = 0.159), suggesting
that admission electrolyte profiles could complement exist-
ing risk models (e.g., GRACE, TIMI scores) for identify-
ing individuals at elevated risk for incomplete myocardial
recovery.

Second, our observations raise the hypothesis that
optimizing potassium levels within the normal range—
rather than merely correcting hypo- or hyperkalemia—
might represent a modifiable target for improving post-
infarction ventricular function. However, this remains
strictly speculative pending randomized controlled trials.
No contemporary randomized controlled trials (RCTs) have
demonstrated that potassium supplementation or pharma-
cological potassium modulation causally improves CMR-
derived strain recovery in STEMI patients. Importantly,
aggressive potassium supplementation carries risks of iatro-
genic hyperkalemia, particularly in patients receiving renin-
angiotensin-aldosterone system inhibitors [28]. There-
fore, while our findings are biologically intriguing, clini-
cal translation requires prospective validation through tri-
als designed to test whether targeted potassium optimiza-
tion (e.g., maintaining 4.0–4.5 mmol/L) improves myocar-
dial strain recovery without increasing adverse events.

Further consideration is warranted regarding the clini-
cal significance of the observed effect size. In the prespeci-
fied primary model, each 1-SD increase in potassium (0.26
mmol/L) was associated with a 0.782-percentage-point
higher 1-year abs_GLS. Although this difference may ap-
pear modest, an original cohort study in patients with heart
failure with preserved ejection fraction reported that each
1-percentage-point worsening in signed GLS—equivalent
to a 1-percentage-point decrease in abs_GLS—was associ-
ated with 10% higher odds of the composite of cardiovascu-
lar mortality or heart failure hospitalization [29]. Moreover,
CMR-derived myocardial strain has demonstrated prognos-
tic value following STEMI [10]. These findings support
the potential prognostic relevance of relatively small dif-
ferences in GLS; however, they do not establish that an
intervention-induced improvement in GLSwill reduce clin-
ical events. Our study did not assess mortality or heart

failure hospitalization, and prospective studies are required
to determine whether potassium-associated differences in
abs_GLS translate into improved clinical outcomes.

4.5 Strengths and Limitations

This study has several strengths. First, this appears
to be the first investigation to systematically explore the
association between within-normal-range potassium levels
and CMR-derivedmyocardial strain recovery in STEMI pa-
tients. Second, our hypothesis-driven design—designating
potassium as the primary exposure based on established
mortality literature—minimizes the risk of HARKing and
enhances interpretability. Third, statistical robustness was
supported by consistent findings in the prespecified pri-
mary Model 1 (β = 0.782, p = 0.041) and the mutually ad-
justed Model 2 robustness analysis (β = 0.866, p = 0.035).
Fourth, the use of CMR-derived global longitudinal strain
provides superior sensitivity for detecting subclinical my-
ocardial dysfunction compared to traditional LVEF.

However, several limitations warrant consideration.
The study cohort was highly selected: only 120 of the
380 consecutive patients with STEMI treated with primary
PCI at our hospital during the study period were included
(31.6%). Selection and attrition bias cannot be excluded
because 186 patients (48.9%) did not undergo the required
baseline and/or 1-year CMR examinations, mortality data
were unavailable, and more than 10% of potentially eli-
gible patients were lost to follow-up; these factors may
have affected the observed associations and limit their gen-
eralizability. First, our single-center retrospective design
with predominantly male patients (94.2%) limits general-
izability. Notably, the sex distribution in our cohort re-
flects a common challenge in STEMI-CMR research. In
the large SWEDEHEART registry [30], men accounted for
41,664 of 62,048 patients with first-presentation STEMI
(67.2%), whereas men comprised 94.2% of our CMR co-
hort. This difference underscores the limited generaliz-
ability of our predominantly male sample. Furthermore,
the strict CMR follow-up protocol in our study (1-year in-
terval) and requirements for breath-hold tolerance and re-
nal function (for contrast administration) may dispropor-
tionately exclude older women with more comorbidities.
Additionally, our single-center design may reflect regional
and population-specific referral patterns. Consequently,
our findings should be extrapolated to female STEMI pa-
tients with great caution; prospective multicenter valida-
tion studies specifically enrolling women are warranted to
confirm that the potassium-myocardial recovery relation-
ship observed in our predominantly male cohort extends to
female patients. Second, our sample size (n = 120) con-
strained adequately powered subgroup analyses. Third, we
assessed GLS as a surrogate endpoint rather than hard clin-
ical outcomes such as mortality or heart failure hospital-
ization; while GLS deterioration has been linked to ad-
verse long-term prognosis in multiple prior studies [10,11],
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whether interventions that improve strain translate to better
clinical outcomes requires verification. Fourth, the obser-
vational design precludes causal inference—residual con-
founding by unmeasured factors (e.g., dietary potassium
intake, genetic polymorphisms) may contribute to the ob-
served association. Fifth, we measured potassium only at
admission, which cannot capture subsequent fluctuations;
a detailed discussion of the acute stress hypothesis is pro-
vided in Section 4.3. Nevertheless, our focus on baseline
potassium reflects its immediate clinical utility for early risk
stratification.

Sixth, while we used tertile categorization as a com-
plementary analytic approach to enhance clinical inter-
pretability, we acknowledge that any categorization of con-
tinuous variables involves some loss of statistical informa-
tion. The categorical analysis showed a trend (p for trend
= 0.159) that, although not reaching conventional statisti-
cal significance, was remarkably consistent with the sig-
nificant findings from continuous variable analyses (p =
0.041). This consistency across different analytical ap-
proaches (continuous ANCOVA, restricted cubic splines,
and tertile-based analysis) strengthens confidence in the ro-
bustness of the potassium-strain relationship and suggests
that the findings are not artifacts of the analytical method
chosen. The primary continuous variable analysis, which
preserves all statistical information, remains the foundation
of our conclusions.

Seventh, while feature-tracking CMR provides valu-
able and reproducible myocardial functional markers, sev-
eral methodological limitations of GLSmeasurement in our
study warrant acknowledgment. First, inter-vendor vari-
ability between different feature-tracking software pack-
ages has been shown to affect strain quantification re-
sults, and our study used a single software platform (Medis
QStrain)—extrapolation to other platforms should be in-
terpreted with caution. Second, GLS is sensitive to load
conditions—it may be influenced by blood pressure or ven-
tricular preload changes. Additionally, the relatively lower
temporal resolution and frame rate settings of CMR cine
imaging may also affect strain measurement precision. Fi-
nally, external mechanical factors such as thoracic mor-
phology or chest wall geometry may influence myocardial
motion tracking accuracy. Although these technical factors
do not alter our primary conclusions, they should be con-
sidered when interpreting GLS results.

5. Conclusions
In this observational study, each 1-SD increase in

baseline serum potassium (0.26 mmol/L) was associated
with a 0.782-percentage-point increase in 1-year abs_GLS
(95% CI: 0.042–1.521, p = 0.041) in the prespecified pri-
mary model adjusted for baseline abs_GLS and 16 clinical
covariates. Higher-normal potassium levels were associ-
ated with better myocardial functional recovery, although
the observational design precludes causal inference. These

findings suggest that baseline serum potassium may serve
as a readily available prognostic biomarker for risk strat-
ification. Multicenter prospective studies and randomized
controlled trials evaluating targeted potassiummanagement
strategies are needed to validate these findings and deter-
mine whether potassium optimization can improve post-
infarction myocardial recovery.
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