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Sex-based differences in biomarker
trajectories in acute coronary
syndrome patients from the
BIOMArCS study
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Acute coronary syndrome (ACS) presents sex-based differences in pathophysiology. Variations in
biomarker patterns post-ACS, reflecting myocardial injury, vascular inflammation, and remodeling,
may indicate critical differences in cardiovascular disease mechanisms and outcomes. We analyzed
biomarker patterns in 787 patients (22% females) from the BIOMArCS study, all without re-ACS during
the study period. We tracked levels of hs-cTnT, NT-proBNP, hs-CRP, GDF-15, and additional biomarkers
in a subcohort of 191 patients over one year. Serial blood samples were collected to compare acute-
phase (first month after ACS) and stabilized-phase (2-12 months post-ACS) biomarker trajectories
between sexes, adjusting for age, BMI, and kidney function using linear mixed-effects models. Females
showed significantly lower hs-cTnT levels (mean 386 pg/mL versus 559 pg/mL in males, p=0.002 acute
phase; 8.5 pg/mL versus 10.8 pg/mL, p<0.001 at 180 days). NT-proBNP levels were higher in females
(mean 70 pmol/L vs. 47 pmol/L, p <0.001 acute phase; 30 pmol/L vs. 19 pmol/L, p<0.001 at 180 days).
Hs-CRP levels were also elevated in females (mean 1.8 mg/L vs. 1.5 mg/L, p=0.02 at 180 days).
Galectin-3 levels remained higher in females (22.8 ng/mL vs. 18.6 ng/mL, p=0.03). This study provides
the first comprehensive analysis of sex-specific biomarker trajectories following ACS. Distinct
differences in hs-cTnT, NT-proBNP, and inflammatory markers suggest that sex-specific diagnostic
thresholds and personalized treatment strategies after ACS may be warranted, although their clinical
value still needs confirmation in larger prospective studies.

The pathogenesis of acute coronary syndrome (ACS) in females and males differs. A key factor is the difference
in the anatomy of the epicardial coronary arteries, as females tend to have smaller arteries than males. Females
have a higher baseline myocardial blood flow, increasing shear stress in the coronary arteries. This higher shear
stress is associated with less focal lipid accumulation, lower pathologic remodeling, and less plaque instability,
leading to a lower incidence and later presentation of ACS in females!. Moreover, the cardioprotective effects of
oestrogen in premenopausal females contribute to reduced atherosclerosis progression and a lower risk of ACS?.
Additionally,females exhibit less severe and more diffuse atherosclerosis and fewer lipid-rich atheromata®-°.
Biomarkers can reflect parts of the underlying pathophysiological processes of atherosclerosis, including lipid
metabolism, vascular inflammation, endothelial dysfunction, increased thrombogenicity, myocardial injury,
remodeling, and fibrosis’~. Therefore, the analysis of laboratory biomarkers may help predict an increased
vulnerability to developing a first or repeat ACS event and the ensuing increased risk of death. Differences
in biomarker profiles between females and males may highlight potentially significant sex-based differences
in the pathophysiological mechanisms contributing to cardiovascular disease (CVD) and, more specifically,
ACS. For instance, previous studies on cardiac troponin T (¢TnT) have shown that reference limits vary by age
and sex in population-based and hospital cohorts!®!!. Additionally, research has identified sex differences in
cardiac biomarker measurements of cTnT, N-terminal pro-B-type natriuretic peptide (NT-proBNP), and soluble
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suppression of tumorigenicity 2 (sST2) in population-based cohorts and chronic diseases such as chronic kidney
disease and diabetes'?~'6.

Against this background, knowledge about sex-dependent serial biomarker patterns shortly after the
presentation for ACS and the following stabilized phase is needed to determine representative cut-off values
in females and males to improve diagnosis of repeated ACS and, in the future, for more personalized therapy
management after the acute event. However, information on sex differences in serial measurements of biomarker
levels is still lacking. With the current study, we want to gain more insight into the differences in the evolution of
biomarkers between females and males up to one year after ACS admission.

Methods

Study design and study cohorts

We used data from the BIOMarker Study to Identify the Acute Risk of Coronary Syndrome (BIOMArCS), a
prospective observational study. Details of the study design and population have been published previously”!”.
In brief, the study enrolled 844 ACS patients (187 females and 657 males) aged 40 years or older with at least one
cardiovascular (CV) risk factor. Participants were recruited across 18 hospitals in The Netherlands from 2008 to
2015. Patients with myocardial ischemia caused by conditions other than atherosclerotic coronary artery disease
(CAD), severe heart failure (left ventricular ejection fraction <30% or NYHA class III or IV), or severe chronic
kidney disease (eGFR <30 ml/min/1.73 m22) were excluded. For the majority of patients, the first blood sample
was taken within 4 weeks after the index-ACS (n=569). For the other patients, the first blood sample was taken
at their first outpatient visit within 6 weeks after the index-ACS. After the acute phase (first 30 days), blood was
collected every 2 weeks up to month 6 after the index-ACS, followed by monthly blood collection until 1 year
after the index-ACS (see Fig. S1). The primary endpoint was defined as the composite of cardiovascular death
or hospital admission for non-fatal ACS. The medical ethics committees of the participating hospitals approved
our study. All patients gave written informed consent. The study was performed in accordance with all relevant
guidelines and regulations, as well as the Declaration of Helsinki.

For the current analysis, we excluded patients who reached the primary endpoint (n=45) to ensure an
unbiased analysis of biomarker trajectories following ACS without distortion from recurrent ACS events. Twelve
participants were lost to follow-up due to death other than cardiovascular reasons or discontinuation after the
acute phase of the index-ACS. This resulted in a final study cohort (full cohort) of 787 patients (173 females,
22%; see Fig. 1) in which we measured four biomarkers (see below). On average, 14.0 (median 17.0, IQR 8.0-
19.0) serial samples were collected per female patient and 15.1 (median 17.0, IQR 13.0-19.0) per male patient
over 1-year follow-up. Additionally, we measured a set of nine biomarkers in a subset of 191 patients (subcohort)
without a recurrent AC. The subcohort consisted of 142 patients who were randomly selected from the full
cohort of 844 patients, supplemented with 49 patients who underwent intensive blood sampling during the first
4 days as described in'® and which included 43 females (23%) and 148 males (77%). These patients contributed
an average of 5.4 serial samples per female and 5.6 per male.

Biomarkers

The following biomarkers were analyzed using commercially available, validated immunoassays according
to the manufacturers’ protocols, as detailed in Supplementary Table S1: high-sensitivity cardiac troponin T
(hs-cTnT), high-sensitivity cardiac troponin I (hs-cTnl), high-sensitivity N-terminal pro-B-type natriuretic
peptide (hs-NT-proBNP), high-sensitivity C-reactive protein (hs-CRP), Growth Differentiation Factor-15
(GDF-15), soluble suppression of tumorigenicity 2 (sST2), creatinine, HDL-cholesterol, and total cholesterol.
LDL-cholesterol was calculated using the Friedewald formula. For Myeloperoxidase (MPO), Galectin-3 (Gal-
3), von Willebrand Factor (vWE), and Cystatin C, in-house assays developed and validated by the laboratory
at the University Medical Center (UMC) Utrecht, The Netherlands, were used. Detailed information on the
composition and validation of these in-house assays is available upon request. The selected biomarkers reflect
distinct pathophysiological atherosclerotic pathways or have been shown to adequately predict the risks of future
CV events or long-term consequences of an ACS like heart failure””.

Statistical analysis

We present continuous variables as median, 25th, and 75th percentile categorical data as numbers with
percentages. We used the Mann-Whitney (continuous variables) and chi-squared or Fisher’s exact test as
appropriate (categorical variable) to evaluate differences between females and males. If one of the tests showed
a p-value < 0.05, the effect size was calculated in the Mann-Whitney test using the Rank-Biserial Correlation,
for the Chi-square test using Cramér’s V, and for Fisher’s exact test using the Phi coefficient. The measured
biomarkers showed a skewed distribution and were log2-transformed for further analysis, but we display results
on a linear scale for the benefit of clinical applicability.

Linear mixed-effect models were applied to describe the changes in biomarker levels after the index-ACS
according to sex while accounting for the correlation between serial follow-up measurements in each patient. In
our models, we adjusted for age, body mass index (BMI), time from index-ACS, and kidney function in the case
of the subcohort. Additionally, we included an interaction term to assess how sex influences biomarker levels
over time following the index ACS. We calculated separate linear mixed-effects models for each biomarker,
focusing on the acute phase (less than 30 days after the ACS) and the stabilized phase (30 days or more after the
ACS).

We used the R software version 4.4.0' to perform all analyses. Linear mixed-effect models were calculated
using the Ime function from the nlme package?’. We calculated confidence intervals at the 95% level and
considered a p-value below 0.05 (two-sided test) statistically significant.
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Fig. 1. Flow chart of the study cohorts and the biomarkers measured in each cohort. The full cohort included
all patients from the BIOMATrCS cohort with a complete dataset without a primary endpoint; four biomarkers
were measured in all samples. The subcohort is a subset of the full cohort, with nine additional biomarkers
measured in this cohort. This figure was created in Biorender.com.

Results

Study cohorts

Table 1 presents the baseline characteristics of the full cohort and subcohort, stratified by sex. Some baseline
characteristics differed slightly between sexes, as detailed below. Among patients without a primary endpoint
in the BIOMATrCS study, statistically significant sex differences were observed in heart rate (median: 73 bpm in
females vs. 71 bpm in males), systolic blood pressure (median: 144.5 vs. 136.0 mmHg), history of hypertension
(61.3 vs. 53.6%), smoking status (42.2% vs. 39.7%), percutaneous coronary intervention (PCI) (71.1 vs. 83.4%),
and discharge with ACE inhibitor medication (71.1 vs. 83.4%), though all had small effect sizes. Serum creatinine
levels were significantly lower in females than in males (median: 68.0 vs. 85.0 pmol/L in the full cohort), with
a medium effect size. The subcohort results showed similar trends. Unexpectedly, there were no statistically
significant sex differences in ACS type, history of heart failure, or history of diabetes.

Biomarker patterns in the acute phase following the index ACS

We observed similar patterns for most biomarkers in both males and females in the full cohort immediately
after the index ACS (see Table 2). As expected from the definition of an ACS, both sexes exhibited elevated
cTnT levels in the full cohort, with males showing significantly higher values compared to females (mean hs-
cTInT: 559 pg/mL in males vs. 386 pg/mL in females). Hs-NT-proBNP levels were also elevated in both sexes
but significantly higher in females (mean hs-NT-proBNP: 70 pmol/L in females vs. 47 pmol/L in males). Hs-
CRP and GDF-15 levels were slightly higher in females than in males; however, these differences did not reach
statistical significance.

The results in the subcohort (see Table 3) showed elevated cTnl levels in both males and females shortly after
the index ACS (mean Tnl: 2445 pg/mL in females vs. 3644 pg/mL in males). HDL levels differed significantly
between females and males (mean HDL: 1.08 mmol/L in females vs. 0.98 mmol/L in males, p=0.009). Galectin-3
levels were significantly higher in females than males (mean Galectin-3: 25.4 ng/mL in females vs. 18.9 ng/mL
in males). Cystatin C, sST2, and LDL levels were slightly elevated in both sexes with no statistically significant
difference.
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Full cohort Subcohort
Females Males P-value (effect size) | Females Males P-value (effect size)
No. of patients 173 614 43 148
Age, years 63.0 (53.2, 70.8) 62.3 (54.3,69.7) 0.443 64.5 (56.0,72.1) | 62.1 (54.3,69.7) 0.260
BMI 27.3(24.2,30.5) 27.1(24.9,29.9) 0.926 27.7 (24.4,29.5) | 27.5(25.0, 30.0) 0.669
Heart rate, bpm 73 (65, 86) 71 (62, 84) 0.028 (small) 76 (62, 85) 71.5 (62.5, 83.3) 0.520
SBP, mmHg 144.5 (128.8, 160.0) | 136.0 (120.0 155.0) |  0.005 (small) 142 (122, 150.5) | 135 (115, 154) 0.480

Serum creatinine, pmol/L

68.0 (60.0, 82.0)

85.0(73.0, 98.5)

<0.001 (medium)

68.0 (61.5,76.5)

86.0 (75.0, 100.5)

<0.001 (medium)

Cardiovascular risk factors

Diabetes mellitus 46 (26.6) 130 (21.2) 0.098 7(16.3) 26 (17.6) 0.844
Hypertension 106 (61.3) 329 (53.6) 0.036 (small) 26 (60.5) 75 (50.7) 0.258
Hypercholesterolemia 84 (48.6) 302 (49.2) 0.924 25 (58.1) 67 (45.3) 0.137
Current smoker 73 (42.2) 244 (39.7) 0.012 (small) 19 (44.2) 61 (41.2) 0.207
Positive family history 87 (50.3) 311 (50.7) 0.902 21 (53.8) 66 (52.8) 0.909
Cardiovascular history

Angina 71 (41.0) 211 (34.4) 0.069 18 (41.9) 53 (35.8) 0.470
CAD 46 (26.6) 215 (35.0) 0.054 8 (18.6) 45 (30.4) 0.128
MI 30(17.3) 178 (29.0) 0.003 (small) 7 (16.3) 43(29.1) 0.093
PCI 35(20.2) 168 (27.4) 0.076 6(14.0) 38 (25.9) 0.104
CABG 10 (5.8) 62 (10.1) 0.100 1(2.3) 13 (8.8) 0.198
CHF 2(1.2) 14 (2.3) 0.543 0(0.0) 4(2.7) 0.576
Valvular heart disease 2(1.2) 12 (2.0) 0.745 1(2.3) 2(1.4) 0.537
Stroke 17 (9.8) 49 (8.0) 0.434 7(16.3) 12 (8.1) 0.146
PVD 13 (7.5) 50 (8.1) 1.000 2 (4.7) 10 (6.8) 0.999
Presentation on admission

Diagnosis 0.253 0.890
STEMI 84 (48.6) 327 (53.3) 20 (46.5) 73 (49.3)

NSTEMI 61 (35.2) 224 (36.5) 18 (41.9) 56 (37.8)

Unstable angina pectoris 23(13.3) 57 (9.3) 5(11.6) 19 (12.8)

Culprit artery

RCA 50 (28.9) 213 (34.7) 0.175 12 (27.9) 47 (31.8) 0.231
LM 5(2.9) 15(2.4) 0.784 2(4.7) 4(2.7) 0.618
LAD 57 (32.9) 194 (31.6) 0.680 16 (37.2) 52 (35.1) 0.063
LCX 26 (15.0) 103 (16.8) 0.616 7 (16.3) 20 (13.5) 0.210
Coronary angiography performed 159 (91.9) 587 (95.6) 0.053 40 (93.0) 140 (94.6) 0.713
PCI performed 123 (71.1) 512 (83.4) 0.001 (small) 30 (75.0) 117 (84.2) 0.182
Maximum CK-MB during admission | 76.0 (38.0, 157.0) 71.0 (29.0, 192.5) 0.854 76.0 (46.0, 133.0) | 83.0 (30.5, 150.5) 0.955
GRACE risk score 93 (77,115) 95 (78, 116) 0.340 109 (91, 127) 109 (88, 129) 0.845
Discharge medication

Aspirin 158 (91.3) 591 (96.3) 0.214 40 (95.2) 143 (96.6) 0.651
P2Y12 platelet inhibitor 159 (91.9) 579 (94.3) 0.560 41 (95.3) 136 (91.9) 0.739
Beta blocker 153 (88.4) 546 (88.9) 0.361 38 (90.5) 129 (87.2) 0.338
ACEi 92 (53.2) 434 (70.7) <0.001 (small) 27 (64.3) 111 (75.0) 0.169
ARB 31(17.9) 87 (14.2) 0.180 5(11.9) 17 (11.5) 0.999
Statin 161 (93.1) 587 (95.6) 1.000 41 (97.6) 142 (95.9) 0.999
Vitamin K antagonist 11 (6.4) 38(6.2) 0.860 3(7.0) 11(7.4) 0.999
Insulin 17 (9.8) 47 (7.7) 0.342 4(9.3) 12 (8.1) 0.760

Table 1. Patient baseline characteristics of the two study cohorts. Continuous data are presented as median
(25th, 75th percentile); categorical data are presented as number (percentage). ACEi, Angiotensin converting
enzyme inhibitor; ARB, Angiotensin II receptor blocker; BMI, body mass index; CABG, Coronary Artery
Bypass Grafting; CAD, coronary artery disease; CHE, congestive heart failure; GRACE, Global Registry of
Acute Coronary Events; LAD, left anterior descending artery; LCX, left circumflex artery; LM, left main
coronary artery; MI, myocardial infarction; (N)STEMI, (non)ST-elevation myocardial infarction; PCI,
percutaneous coronary intervention; PVD, peripheral vascular disease; RCA, right coronary artery; SBP,
systolic blood pressure.
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Full cohort

Biomarker Females Males P-value
Troponin-T, pg/mL 386 (171, 870) 559 (256, 1222) 0.002
NT-proBNP, pmol/L 70 (35, 141) 47 (11, 202) <0.001
C-reactive protein, mg/L | 10.3 (4.8, 21.9) 9.4 (4.5,19.4) 0.41
GDF-15, pg/mL 1536 (1125, 2098) | 1440 (1067, 1944) 0.17

Table 2. Mean values of selected biomarkers in females and males at the day of the index acute coronary
syndrome, full cohort. Results are based on linear mixed effect models, with log(biomarker) as dependent
variable, and sex, age, BMI, and time of the venipuncture since the index acute coronary syndrome (ACS)

as explanatory variables. In these analyses, we used 314 samples collected from 135 females (mean 2.3 per
patient) and 1034 samples in 434 males (mean 2.4 per patient) that were available in the period between 0 and
30 days after the index ACS. Results are presented as mean values (5% confidence intervals) on the linear scale.

Subcohort

Biomarker Females Males P-value
Troponin-I, pg/mL 2455 (76,>10%) 3644 (116,>10% | 0.304
sST2, ng/mL 38.0 (19.0,75.8) | 38.1(19.1,76.1) | 0.996
Myeloperoxidase, ng/mL 40.4 (15.8,103.5) | 41.8 (16.3,107.1) | 0.725
Galectin-3, ng/mL 25.4 (9.4, 68.5 18.9 (7.0, 50.9) 0.004
Von Willebrand factor, mg/mL | 19.2 (11.4, 32.4) 18.8 (11.1,31.7) | 0.679
LDL, mmol/L 3.21(1.7,6.0) 2.93(1.6,5.4) 0.177
HDL, mmol/L 1.08 (0.77,1.52) |0.98(0.70,1.38) | 0.011
Total cholesterol, mmol/L 5.32(3.57,7.90) |4.93(3.34,7.30)) | 0.091
Cystatin C, ng/mL 594 (450, 784) 590 (448, 778) 0.838

Table 3. Mean values of selected biomarkers in females and males at the day of the index acute coronary
syndrome, subcohort. Results are based on linear mixed effect models, with log(biomarker) as dependent
variable, and sex, age, BMI, eGFR and time of the venipuncture since the index acute coronary syndrome
(ACS) as explanatory variables. In these analyses, we used 102 samples in 35 females (mean 2.9 per patient)
and 357 samples in 123 males (mean 2.9 per patient) that were available in the period between 0 and 30 days
after the index ACS. Results are presented as mean values (5% confidence intervals) on the linear scale.

Day 30 after the index ACS Day 180 after the index ACS P-value
Females Males Females Males
Troponin-T, pg/mL 9.9 (7.0, 13.8) 12.5 (9.0, 17.3) 8.5(6.1,11.9) 10.8 (7.8, 14.9) <0.001
NT-proBNP, pmol/L 40 (22,73) 26 (14, 46) 30 (16, 54) 19 (11, 34) <0.001
C-reactive protein, mg/L | 1.9 (1.0, 3.4) 1.5(0.9,2.7) 1.8 (1.0, 3.3) 1.5(0.8,2.6) 0.02
GDF-15, pg/mL 1305 (987, 1727) | 1243 (950, 1625) | 1331 (1006, 1761) | 1267 (969, 1657) 0.25

Table 4. Mean values of selected biomarkers in females and males at day 30 and day 180 after the index acute
coronary syndrome, full cohort. Results are based on linear mixed effect models, with log(biomarker) as
dependent variable, and sex, age, BMI, and time of the venipuncture since the index acute coronary syndrome
(ACS) as explanatory variables. In these analyses, we used 2.113 samples in 156 females (mean 13.5 per
patient) and 8.246 samples in 578 males (mean 14.3 per patient) that were available in the period 30 days to

1 year after the index ACS. Results are presented as mean values (5% confidence intervals) on the linear scale.

Biomarker pattern in the clinically stabilized phase after the index ACS

Biomarker patterns were similar in both sexes during the stabilized phase following the initial ACS event in the
full cohort, as summarized in Table 4 and Fig. 2. The levels of hs-cTnT returned to a normal range in median,
though females exhibited significantly lower hs-cTnT values than males from 30 days post-ACS (mean hs-cTnT
after 30 days: 9.9 pg/mL in females vs. 12.5 pg/mL in males, p<0.001) through six months (mean hs-cTnT after
6 months: 8.5 pg/mL in females vs. 10.8 pg/mL in males). The decline was faster in males compared to females
(p=0.01) during the stabilized phase. Although the median hs-cTnT levels were within the normal range, 21%
of males and 12% of females had values above the upper reference limit of 14 pg/mL six months after the index-
ACS.

Scientific Reports |

(2026) 16:1585 | https://doi.org/10.1038/s41598-025-30969-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1.000
p <0.001
100 A -
3 S 100
E £
(o)) o
e o
'E &
5 o
2 = 10
z
3 . -
T T 1 T T
30 90 180 360 30 90 180 360
Days since the index ACS Days since the index ACS
100 10.000 7
50 :
o
IS
E —~
=
c =
5 S
s €
o 7o)
2 L
5 3 O  1.000
O
&
©
03 T T T T T
30 90 180 360 30 90 180 360
Days since the index ACS Days since the index ACS

Fig. 2. ¢TnT, NT-proBNP, CRP, and GDF-15 levels in the full cohort. The results are based on linear mixed
effect models, with log(biomarker) as the dependent variable and sex, age, BMI, and time of the venipuncture
since the index acute coronary syndrome (ACS) as explanatory variables. Top row: ¢TnT (left) and NT-proBNP
(right). Bottom row: CRP (left) and GDF-15 (right). cInT and NT-proBNP, and CRP were significantly
different among the sexes in the stabilized phase.

Meanwhile, hs-NT-proBNP levels were significantly higher in females than males at 30 days post-ACS (mean
hs-NT-proBNP after 30 days: 40 pmol/L in females vs. 26 pmol/L in males, p<0.001) and 180 days post-ACS
(mean hs-NT-proBNP after 6 months: 30 pmol/L in females vs. 19 pmol/L in males). Hs-CRP levels were also
notably higher in females during the clinically stabilized phase post-ACS at both time points 30 and 180 days
after the index ACS (mean hs-CRP after 30 days: 1.9 mg/L in females vs. 1.5 mg/L in males; mean hs-CRP after
180 days: 1.8 mg/L in females vs. 1.5 mg/L in males, p=0.018). Notably, the confidence intervals overlapped for
all biomarkers, even when reaching statistical significance.

In the sub cohort (see Table 5 and Fig. 3) we found sST2 levels significantly lower in females than males
(mean sST?2 after 180 days: 26.4 ng/mL in females vs. 29.8 ng/mL in males, p=0.022). Galectin-3 levels were
significantly higher in females than males (mean Galectin-3 after 180 days: 22.8 ng/mL in females vs. 18.6 ng/mL
in males, p=0.029). The HDL levels remained significantly higher in females during the stabilized phase (mean
HDL after 180 days: 1.14 mmol/L in females vs. 1.03 mmol/L in males, p=0.012).
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Day 30 after the index ACS Day 180 after the index ACS P-value
Females Males Females Males
Troponin-I, pg/mL 7.4 (2.4, 34.5) 9.2(2.0,27.9) 6.0 (2.0,28.1) 7.5(1.6,22.7) 0.175

sST2, ng/mL 26.1 (16.6,41.0) | 29.5 (18.8,46.2) | 26.4 (168, 41.4)
) | 24.0(13.0,44.1) |22.4(12.2,41.2) | 24.3(13.2,44.6) | 0.267
Galectin-3, ng/mL 22.8(10.3,50.5) | 18.71 (8.38,41.8) | 22.8 (10.3,50.3) | 18.6 (8.4,41.6) | 0.029
Von Willebrand Factor, mg/mL | 17.2 (11.1, 26.5) | 16.3 (10.5,25.4) | 17.1(11.0,26.4) | 16.2 (10.4,25.2) | 0.286
) ( )
) ( )
) )

(
(
(
( 2.20(1.37,3.53) | 2.34(1.46,3.75) | 2.26 (1.41,3.63) | 0.351
(
(

29.8 (19.0,46.7) | 0.022

Myeloperoxidase, ng/mL 22.1(12.1, 40.6

LDL, mmol/L 2.27(1.42,3.64
HDL, mmol/L 1.12(0.81,1.54) | 1.01(0.73,1.40) | 1.14(0.83,1.57) | 1.03 (0.75, 1.43) | 0.012
Total cholesterol, mmol/L 4.29 (3.15,5.85) | 4.03(2.96,5.49) | 4.38(3.21,5.97) | 4.11 (3.01, 5.60) | 0.089

Cystatin C, ng/mL 592 (446, 786) 587 (443,779) 598 (450, 794) 593 (447,786)) | 0.808

Table 5. Mean values of selected biomarkers in females and males at day 30 and day 180 after the index

acute coronary syndrome, subcohort. Results are based on linear mixed effect models, with log(biomarker)

as dependent variable, and sex, age, BMI, eGFR and time of the venipuncture since the index acute coronary
syndrome (ACS) as explanatory variables. In these analyses, we used 206 samples in 37 females (mean 5.6 per
patient) and 743 samples in 136 males (mean 5.5 per patient) that were available in the period 30 days to 1 year
after the index ACS. Results are presented as mean values (5% confidence intervals) on the linear scale.

Discussion

Here, we present the first study that describes sex differences in cardiovascular biomarker patterns up to one year
after an ACS based on high-frequency serial measurements. The study highlights significant variations in cTnT,
NT-proBNP, hs-CRP, HDL, and Galectin-3 levels, but with overlapping confidence intervals despite statistically
significant differences.

The observed sex-specific biomarker differences may not solely reflect biological sex but may also be
influenced by associated clinical factors or gender-related factors (e.g., smoking habits). In our cohort, as
shown in Table 1, there were no significant sex differences in ACS type (STEMI, NSTEMLI, or unstable angina),
history of heart failure, or age, suggesting that these factors are unlikely to account for the observed differences.
However, differences in myocardial volume, hemodynamics, or other unmeasured factors cannot be excluded,
as we observed sex differences in hypertension prevalence, systolic blood pressure, and smoking history, though
with small effect sizes, limiting their potential influence on the observed results.

We found lower adjusted hs-cTnT levels in females compared to males in both the acute and stabilized
phases, consistent with prior findings '°. These lower troponin levels in females primarily reflect the smaller
left ventricular mass in females?!~?%. Additional factors may include sex-specific CAD pathophysiology?! and
the cardioprotective effects of estrogen, which attenuates myocardial remodeling and hypertrophy via receptor-
mediated pathways, particularly in premenopausal females®?>2°. The lower age quantile of 53.2 years in females
indicates that most participants were post-menopausal, and the protective effect of estrogens is likely reduced.
A notable observation in our study is that hs-cTnT and hs-cTnl frequently remain elevated long after the index
ACS event, consistent with earlier analyses of the BIOMArCS subcohort by van den Berg et al.?’. These sustained
elevations most likely reflect ongoing pathological processes such as microvascular dysfunction, wall stress,
and cardiac remodeling, which may differ by sex*®?’, underscoring the need for individualized, rather than
population-based, interpretation in both sexes. Still, the general clinical relevance of lower troponin levels in
females remains controversial®’. Although no significant sex differences in troponin I levels were observed in
our study, this finding should be interpreted with caution. Other studies showed apparent sex-related differences
in Tnl levels'S; thus, the lack of statistical significance may not imply the absence of actual biological differences.
Our findings suggest that while sex-specific patterns may exist for some cardiac biomarkers, they may not be
consistently detectable across all studies or populations.

In contrast, the adjusted NT-proBNP levels were significantly higher in females than in males during both
study phases. While hormonal influences, such as estrogen-mediated effects on natriuretic peptide secretion,
may contribute’!, the higher prevalence of diastolic dysfunction and comorbidities, including hypertension and
atrial fibrillation in older females, likely represents a more substantial driver of these sex differences. Elevated
NT-proBNP levels in females have also been linked to an increased risk of heart failure and mortality®>34.
These findings underscore the need to explore sex-specific reference values for NT-proBNP in post-ACS risk
assessment.

We observed elevated hs-CRP levels in females during the stabilized phase, suggesting sex-specific
inflammatory responses post-ACS. CRP has long been linked to vascular inflammation and cardiovascular
disease manifestations such as myocardial infarction, and numerous studies have supported its role in
cardiovascular risk prediction®. Evidence on sex differences in CRP, however, remains inconsistent: some
European population-based cohorts report no systematic differences between females and males®®, whereas
other studies have shown higher hs-CRP concentrations in females in healthy populations as well as in patients
with stable CAD or ACS*-%. Taken together, these findings suggest that elevated CRP levels in females may
indicate subtle differences in systemic inflammatory activity that are not fully explained by adiposity or cardiac
remodeling alone. Such differences could contribute to sex-specific cardiovascular risk patterns, although the
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Fig. 3. Biomarker levels in the subcohort. The results are based on linear mixed effect models, with
log(biomarker) as the dependent variable and sex, age, BMI, kidney function, and time of the venipuncture
since the index acute coronary syndrome (ACS) as explanatory variables. Top row: ¢Tnl, cystatin C, and sST2
levels. sST2 levels differed statistically significant in the stabilized phase. Middle row: Galectin-3, vWEF, and
MPO levels. Levels of Galectin-3 were significantly higher in females in the stabilized phase. Bottom row: Total,
HDL-, and LDL-cholesterol. Levels of HDL cholesterol were significantly higher in females in the stabilized
phase.

underlying mechanisms remain speculative and warrant further investigation. To further assess inflammatory
activity, we measured MPO levels in our subcohort and found similar MPO concentrations in females and males.

During both the acute and stabilized phases after ACS, females exhibited higher adjusted Galectin-3
concentrations compared to males. Population-based studies have consistently reported higher Galectin-3
levels in females than in males, although the underlying reasons remain incompletely understood. These sex
differences likely reflect a combination of systemic inflammatory activity, sex-specific cardiac remodeling, and
differences in body composition?!~*3. Although BMI was accounted for in our analyses, it does not fully capture
sex-specific differences in body composition. Females and males with similar BMI can differ in fat percentage,
lean mass, and fat distribution, which may influence circulating biomarkers such as Galectin-3. Therefore, the
higher levels observed in females could, at least in part, reflect underlying differences in body composition,
with possible contributions from systemic inflammation and, to a lesser extent, hormonal influences such as
estrogen-mediated modulation.
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Significantly higher values for high-density lipoprotein (HDL) cholesterol were observed in females compared
to males during both investigated phases, with adjusted values falling below the generally recommended levels
(>1.2 mmol/L in females and 1.0 mmol/L in males; see**). Premenopausal females have a less atherogenic plasma
lipid profile than age-matched males*>. However, after menopause, lipid profiles become less distinct, but HDL
levels remain persistently higher!® consistent with our findings.

While our study was not designed to develop diagnostic or prognostic models, it underscores the importance
of accounting for biological sex when interpreting cardiovascular biomarkers. The observed sex-specific
patterns—particularly for hs-cTnT, NT-proBNP, hs-CRP, Galectin-3, and HDL—may be relevant to future
strategies for individualized risk assessment after ACS. Incorporating sex-specific reference values or differential
weighting of risk factors, as seen in the SEX-SHOCK study”, may enhance cardiovascular risk prediction.
However, the idea of using sex-specific thresholds or algorithms should be approached with caution, as previous
studies have not shown clear improvements in management or outcomes when applying such approaches*”.
Therefore, while our results indicate biologically significant differences, their clinical value needs validation
through larger, prospective studies.

Limitations

The relatively low proportion of female participants in our cohort (22%) could limit the statistical power for
sex-specific analyses. Nonetheless, this underrepresentation reflects the real-world prevalence of ACS, in which
females are less often affected and are typically diagnosed at an older age. Additionally, our study cohort consisted
exclusively of Dutch ACS patients and thus, generalizability to populations with different ethnic compositions
or healthcare systems is limited. Besides, we adjusted for key covariates such as age, BMI, time from index ACS,
and kidney function; potential unmeasured confounders remain, for example, presentation type (STEMI vs.
NSTEMI), time-to-treatment, and possible sex-specific referral or management biases. Our findings should be
interpreted with caution, and further studies including larger numbers of females and more ethnically diverse
populations are warranted to confirm our observations.

Conclusion

Our study comprehensively analyzes sex-specific differences in biomarker patterns during the acute and
stabilized phases following an ACS. We found significant sex differences in Galectin-3, NT-proBNP, ¢TnT, and
lipid profiles in patients after an ACS, but no notable differences in sST2, MPO, GDF-15, cystatin C, or Tnl.
Our findings suggest a complex interplay of biological factors in cardiovascular health post-ACS. Sex-specific
reference thresholds for biomarkers like troponin and NT-proBNP could improve the diagnostic accuracy
of recurrent ACS and risk stratification, particularly in females. Markers such as CRP and Galectin-3 reflect
distinct inflammation and remodeling processes in females. Thus, different inflammation mediators could be
potential targets for a more personalized treatment after an ACS.

Although many biomarkers showed comparable trends across sexes, the subtle differences emphasize the
importance of more individualized approaches in clinical practice. However, as this is an observational and
hypothesis-generating study, implementation of sex-specific diagnostic thresholds should be approached with
caution and requires validation in independent cohorts and prospective interventional studies. Future research
should aim to develop refined sex-specific diagnostic and prognostic tools and to elucidate the underlying
pathomechanisms responsible for the observed sex differences. In addition, future studies should focus on
prospective, sex-stratified biomarker validation, the integration of biomarker data into sex-specific risk scores,
and the validation of their clinical utility in randomized controlled trials with adequate female representation.
These directions will help clarify the translational relevance of our findings and guide the design of future studies
in this important area.

Data availability

The dataset analysed during the current study is available from the corresponding author on reasonable request.
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