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Abstract: Background: Calmodulin is a calcium-signaling protein implicated in cardiac
remodeling and could be released extracellularly. It was previously identified as differ-
entially expressed in hypertensive pediatric chronic kidney disease (CKD). This study
assessed plasma calmodulin as a cardiovascular disease (CVD) biomarker in pediatric CKD
and compared it with traditional risk markers. Methods: We conducted a cross-sectional
study of 81 children with CKD aged 3-18 years. All underwent clinical assessments and
echocardiography; 44 had carotid ultrasound, and 38 completed ambulatory blood pres-
sure monitoring (ABPM). Results: Most participants had preserved renal function (median
eGFR, 104.4 mL/min/1.73 mz). Plasma calmodulin levels were significantly associated
with early markers of CVD, including interventricular septal thickness, left ventricular
mass, carotid intima—media thickness, and ABPM systolic measures (all r > 0.2; p < 0.05).
In multivariable analysis, only calmodulin and office systolic blood pressure (BP) inde-
pendently predicted abnormal BP profiles. Conclusions: Plasma calmodulin may serve
as a sensitive, though non-specific, early CVD biomarker in pediatric CKD and could
complement conventional screening tools.

Keywords: children; chronic kidney disease; hypertension; cardiovascular disease;
calmodulin; biomarker

1. Introduction

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in
patients with chronic kidney disease (CKD), and this burden begins early in life. In
pediatric CKD, cardiovascular complications often present subclinically, such as elevated
arterial stiffness [1,2], left ventricular hypertrophy [2—4], or abnormal 24 h ambulatory
blood pressure monitoring (ABPM) patterns [5], long before overt events occur. Early
identification of cardiovascular risk in this population is crucial, but conventional clinical
tools remain limited in sensitivity and specificity.

Numerous circulating biomarkers reflecting diverse pathophysiological mechanisms—
such as endothelial dysfunction, kidney injury, inflammation, and oxidative stress—have
been proposed as potential indicators of CVD in children with CKD [6]. Markers like
ADMA [7,8], FGF23 [9-11], ApoC-II [12], and indoxyl sulfate [13] have shown promise, yet
few have translated into clinically actionable tools due to overlapping expression across
diseases or inconsistent predictive power in children.
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In our previous iTRAQ-based plasma proteomic study [12], we identified calmodulin,
a calcium-binding intracellular signaling protein, as differentially expressed in pediatric
CKD with hypertension. Calmodulin plays a central role in regulating vascular tone,
myocardial contraction, and ion channel function [14,15]. While it is well-established as an
intracellular messenger with high transcriptional expressions in tissue, such as brain and
cardiomyocytes, its presence in plasma is atypical and may reflect cellular stress or injury—
particularly under pathological conditions such as CKD or CVD. Notably, no studies to
date have evaluated plasma calmodulin as a biomarker in pediatric CKD or examined its
relevance to subclinical cardiovascular remodeling.

Although hypertension is a recognized clinical marker of CVD in pediatric CKD and
is routinely monitored according to Kidney Disease: Improving Global Outcomes (KDIGO)
2024 guidelines [16], traditional blood pressure (BP) assessments (e.g., office BP) may not
adequately capture early or subclinical cardiovascular changes [17]. While 24 h ABPM
offers greater sensitivity [18], it is currently recommended only for children with CKD
stage 3 or above [16]. Moreover, these guidelines do not advocate routine use of imaging
modalities such as echocardiography or carotid artery ultrasound [16]. Therefore, the
identification of complementary biomarkers that reflect early cardiovascular abnormalities
may improve the accuracy of risk stratification in this high-risk population.

We hypothesize that plasma calmodulin may serve as a sensitive, though not disease-
specific, indicator of early CVD in children with CKD. This study aims to investigate the
association between plasma calmodulin levels and cardiovascular phenotypes—including
ABPM parameters, arterial stiffness indices, and echocardiographic measurements in pedi-
atric CKD. By doing so, we hope to determine the potential role of circulating calmodulin
in CVD risk stratification in this high-risk group.

2. Materials and Methods
2.1. Study Design and Participants

This cross-sectional study was conducted in accordance with the ethical principles
outlined in the 1964 Declaration of Helsinki and its subsequent amendments, and was
approved by the Institutional Review Board (IRB) of Chang Gung Medical Founda-
tion, Taoyuan, Taiwan (approval numbers: 201701735A3C501, 202001973A3C601, and
202001973A3C503). Written informed consent was obtained from all participants and their
legal guardians prior to study participation. Children and adolescents with chronic kidney
disease (CKD), aged 3 to 18 years, were recruited from the outpatient clinics at Kaohsiung
Chang Gung Memorial Hospital between August 2021 and December 2024. CKD diagnosis
and staging were performed according to the Kidney Disease Outcomes Quality Initiative
(K/DOQI) guidelines issued by the National Kidney Foundation [19]. Renal function was
assessed using the bedside CKiD equation, which estimates the glomerular filtration rate
(eGFR) based on the patient’s height and serum creatinine concentration [20].

The exclusion criteria were (a) eGFR < 15 mL/min/1.73 m?; (b) current dialysis
treatment; (c) history of kidney transplantation; (d) pregnancy; (e) congenital heart disease;
(f) failure to complete follow-up; and (g) inability to adhere to study protocols. The final
analysis included participants with baseline eGFR > 15 mL/min/1.73 m?. Detailed renal
and cardiovascular assessments were conducted as described below.

2.2. Clinical Assessments and Specimen Collection

During a single clinic visit, each participant received a comprehensive assessment,
including (a) review of medical history, measurement of office BP, and physical examination;
(b) laboratory evaluations of blood and urine samples; (c) transthoracic echocardiography;
(d) 24 h ABPM; and (e) carotid ultrasonography. The causes of CKD were classified as
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either congenital anomalies of the kidney and urinary tract (CAKUT) or non-CAKUT
origins. Specific CAKUT diagnoses encompassed conditions such as renal hypoplasia,
renal dysplasia, unilateral renal agenesis, reflux nephropathy, polycystic kidney disease,
horseshoe kidney, duplex kidney, posterior urethral valves, and various ureteral abnormal-
ities. Non-CAKUT was defined as all other causes of kidney disease, including isolated
hematuria or proteinuria. Proteinuria was defined as a urine protein-to-creatinine ratio
(UPCR) > 200 mg/g. Hematuria was defined as >5 red blood cells per high-power field in
a centrifuged urine specimen on at least two separate occasions.

2.3. Anthropometric Measurements

Body mass index (BMI), calculated as weight in kilograms divided by height in meters
squared (kg/ mz), was used to assess weight status in children and adolescents. Given the
ongoing growth and development during childhood and adolescence, BMI was interpreted
using age- and sex-specific percentiles based on the reference standards published by the
Taiwan Ministry of Health and Welfare [21]. According to these national growth charts,
underweight was defined as a BMI below the 5th percentile, overweight as a BMI greater
than the 85th percentile, and obesity as a BMI greater than the 95th percentile, based on age
and sex.

2.4. Office BP and ABPM

After resting for five minutes, office BP measurements were taken three times using
a validated electronic device, and the mean value of the three readings was utilized for
further analysis. BP evaluation adhered to the 2017 guidelines from the American Academy
of Pediatrics [22]. Elevated BP was characterized by systolic or diastolic values between the
90th and 95th percentiles, or by 120/80 mmHg if lower, for children aged 1 to <13 years,
and by systolic 120-129 mmHg with diastolic pressure < 80 mmHg for adolescents aged
>13 years. Hypertension was defined as systolic or diastolic BP > 95th percentile for
children aged 1 to <13 years, and as BP > 130/80 mmHg for those aged >13 years.

Participants aged 6-18 years underwent 24 h ABPM within one week of their clinic
appointment, utilizing an Oscar 2 ABP device (SunTech Medical Inc., Morrisville, NC,
USA). Both BP and heart rate were measured every 20 min throughout a 24 h cycle during
participants’ normal activities. Abnormal ABPM parameters were defined based on five
criteria: (1) 24 h hypertension, indicated by a mean 24 h systolic or diastolic BP exceeding
the 95th percentile or >130/80 mmHg; (2) daytime (awake) hypertension, defined as a
mean daytime BP above the 95th percentile; (3) nocturnal (asleep) hypertension, defined as
a mean nighttime BP above the 95th percentile; (4) elevated BP load, defined as more than
25% of systolic or diastolic BP readings exceeding the 95th percentile; and (5) a non-dipping
pattern, characterized by a <10% decline in mean nocturnal BP compared to daytime
values. Participants who met any one or more of these criteria were classified as having an
abnormal ABPM pattern.

2.5. Echocardiography and Carotid Artery Ultrasonography

Both echocardiography and carotid artery ultrasonography were conducted on the
same day as office BP assessments. Pediatric cardiologists (I-Chun Lin and Mao-Hung Lo)
performed the echocardiographic examinations, whereas pediatric nephrologists (Wei-Ting
Liao and Wei-Ling Chen) carried out the carotid scans using a 5-12 MHz linear array
probe with the ProSound «7 ultrasound device and eTRACKING software (Aloka Co.,
Tokyo, Japan).
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2.6. Plasma Calmodulin Measurement

Plasma calmodulin concentrations were measured using a commercially available
sandwich ELISA kit (Human Calmodulin ELISA Kit, Novus Biologicals, Centennial, CO,
USA; NBP2-74974) in accordance with the manufacturer’s protocol. Blood samples were
collected into EDTA tubes, processed by centrifugation at 1000x g for 15 min at 2-8 °C
within 30 min after collection. The assay utilized a double-antibody sandwich approach,
with ELISA plates pre-coated with a monoclonal antibody targeting human calmodulin. Fol-
lowing incubation, biotinylated detection antibodies, and horseradish peroxidase-labeled
avidin were sequentially added. Absorbance at 450 & 2 nm was read by a microplate reader.
All standards and samples were tested in duplicate, and concentrations were determined
by comparing absorbance to a standard curve created through serial dilutions of a known
calmodulin standard.

2.7. Statistical Analysis

Statistical analyses were conducted using GraphPad Prism version 10.4.1 (GraphPad
Software, LLC, San Diego, CA, USA). Continuous data were expressed as medians with IQR,
while categorical variables were summarized as frequencies and percentages. The Mann-—
Whitney U test was applied to assess differences between groups. Pearson correlation was
performed to evaluate the relationships between plasma calmodulin levels and clinical
parameters. Logistic regression analysis was conducted to identify predictors of abnormal
BP profiles. Variables achieving a p value < 0.1 in univariate analysis were entered into
multivariate models, and multicollinearity was assessed by calculating variance inflation
factors (VIFs). Predictive performance was evaluated using receiver-operating characteristic
(ROC) curve analysis, and the Youden index was applied to determine the optimal cutoff
value for plasma calmodulin.

3. Results
3.1. Participant Enrollment and Data Collection

A total of 85 children aged 3-18 years with CKD were enrolled in this study (Figure 1).
Four participants were excluded due to loss to follow-up or refusal to participate, resulting
in a dropout rate of 4.7%. The final cohort included 81 participants who completed baseline
assessments and echocardiography. Among those older than 6 years (n = 58), additional
evaluations were conducted, including carotid artery ultrasonography and 24 h ABPM.
Of these, 44 participants completed carotid artery ultrasonography assessments, and
38 completed ABPM.

Enrollment (N=85)

Exclusion (N=4)
* Loss or rejection to follow-up

Completion of baseline assessment and
cardiac echography (N=81)

Carotid artery ultrasonography and ABPM assessment conducted in participants
over 6 years old
* Completed carotid artery ultrasonography assessment (N=44/58)
* Completed ABPM assessment (N=38/58)

Figure 1. Flowchart of participant enrollment and assessment procedures.
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3.2. Participant Characteristics

Of the 81 participants (Table 1), 47 (58.0%) were male, and the median age was
9.48 years [IQR: 6.70-12.86]. The primary diagnosis was CAKUT (n = 60, 74.1%), including
unilateral renal agenesis (n = 31), hydronephrosis (n = 8), renal cyst (n = 8), unilateral renal
dysplasia (n = 8), and vesicoureteral reflux with reflux nephropathy (n = 5). The remaining
participants were diagnosed with non-CAKUT conditions, including nephrotic syndrome
(n = 8), dense deposit disease (n = 1), isolated proteinuria (n = 4; UPCR 200-2000 mg/g),
and isolated hematuria (n = 8). Further details of UPCR values are provided in Table S1.
Overall, kidney function was preserved, with a median eGFR of 104.4 mL/min/1.73 m?
[IQR: 90.31-117.2].

Table 1. Baseline clinical and biochemical characteristics of the study participants.

Total Participants n=_81
Baseline Characteristics Median [IQR] Unit
Age 9.48 [6.70, 12.86] Years
Male 47 (58.0%) n (%)
CAKUT 60 (74.1%) n (%)
eGFR 104.4 [90.31, 117.2] mL/min/1.73 m?
Height 138.7 [117.9, 155.9] cm
Weight 32.7 [21.85, 44.55] kg
BMI 17.35[15.34, 21.15] kg/m?
Underweight 9 (11.1%) n (%)
Overweight/obesity 26 (32.1%) n (%)
Office SBP 110.0 [101.0, 118.8] mmHg
Office DBP 71.5[67.0,77.0] mmHg
Elevated OI—Iff’}‘CIS] BP/office 50 (61.7%) n (%)
LDL-C 93.0 [75.25, 118.5] mg/dL
Triglycerides 67.0 [45.0, 97.25] mg/dL
Fasting Plasma Glucose 85.5[82.0, 89.75] mg/dL
Uric Acid 4.81[4.2,6.1] mg/dL
BUN 13.0 [10.0, 15.0] mg/dL
Creatinine 0.54 [0.45, 0.67] mg/dL
UPCR 54.9 [38.75, 93.35] mg/g
Hemoglobin 13.1[12.65, 14.3] g/dL
WBC 6.6 [5.65, 8.1] x103/uL
Platelets 297.0 [245.5, 357.0] x10%/uL
Sodium 140.0 [139.0, 141.0] mEq/L
Potassium 4414.1,45] mEq/L
Calcium 10.1[9.8, 10.4] mg/dL
Inorganic Phosphate 481[44,51] mg/dL
Calmodulin 137.9 [83.35, 201] x10? pg/mL

Data are presented as median [IQR] or n (%).

3.2.1. Traditional Cardiovascular Risk Factors

Traditional cardiovascular risk factors were highly prevalent in this cohort (Table 1).
Overweight or obesity was observed in 32.1% (n = 26), and elevated office BP or hyperten-
sion was noted in 61.7% (n = 50). Regarding lipid profiles, the median low-density lipopro-
tein cholesterol (LDL-C) was 93.0 mg/dL [IQR: 75.25-118.5], with levels above 100 mg/dL
considered abnormal. The median triglyceride level was 67.0 mg/dL [IQR: 45.0-97.25],
with values >90 mg/dL classified as abnormal.
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Other metabolic parameters were generally within the normal range. Median fasting
plasma glucose was 85.5 mg/dL [IQR: 82.0-89.75] (normal range: 70-99 mg/dL), and the
median uric acid level was 4.8 mg/dL [IQR: 4.2-6.1] (normal range: <7 mg/dL).

3.2.2. CKD-Specific Cardiovascular Risk Factors

Most CKD-specific cardiovascular risk factors were within normal ranges (Table 1).
The median UPCR was 54.9 mg/g [IQR: 38.75-93.35] (reference: <200 mg/g). Median
serum calcium and phosphate levels were 10.1 mg/dL [IQR: 9.8-10.4] and 4.8 mg/dL
[IQR: 4.4-5.1], respectively. The median hemoglobin was 13.1 g/dL [IQR: 12.65-14.3], and
the median white blood cell (WBC) count was 6.6 x 103/ uL [IQR: 5.65-8.1], indicating no
overt anemia or systemic inflammation.

3.2.3. Plasma Calmodulin Levels

Calmodulin, a calcium-binding messenger protein potentially involved in endothelial
function and vascular regulation, showed a median plasma level of 137.9 x 102 pg/mL
[IQR: 83.35-201] (Table 1). Its role in CKD-related cardiovascular dysfunction warrants
further investigation.

3.3. Correlation Between Calmodulin and Baseline Characteristics

To better understand the physiological context of plasma calmodulin and minimize
potential confounding bias, we conducted subgroup comparisons and correlation analyses.
Mann-Whitney U tests (Table S2) showed no significant differences in calmodulin levels
based on gender or kidney disease cause (CAKUT vs. non-CAKUT), suggesting that neither
gender nor underlying renal pathology was associated with plasma calmodulin levels.

Pearson correlation analysis (Table 2) revealed that plasma calmodulin levels were
significantly positively correlated with BMI (r = 0.3265, p = 0.0031), body weight (r = 0.2717,
p = 0.0141), and serum calcium (r = 0.3268, p = 0.0029). No significant associations were
found with age, office BP, lipid profile, fasting plasma glucose, uric acid, renal function,
hematological parameters, or other electrolytes (all p > 0.05).

Table 2. Correlation between plasma calmodulin levels and baseline clinical and biochemical parame-
ters in children with CKD.

Baseline Characteristics n =81
Parameter r p Value

Age 0.1594 0.1552
eGFR —0.09152 0.4194
Height 0.1016 0.3701

Weight 0.2717 0.0141 (%)

BMI 0.3265 0.0031 (**)
Office SBP —0.1003 0.4156
Office DBP 0.07021 0.5694
LDL-C 0.1113 0.3255
Triglycerides —0.0147 0.897
Fasting Plasma Glucose 0.04954 0.6625
Uric acid 0.1273 0.2576

BUN —0.06777 0.5478
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Table 2. Cont.

Baseline Characteristics n=_81
Parameter r p Value
Creatinine 0.00657 0.9536

UPCR —0.04278 0.7045
Hemoglobin 0.2011 0.0718
WBC 0.01874 0.0939
Platelets 0.05743 0.6106
Sodium 0.01947 0.863
Potassium 0.03792 0.7368
Calcium 0.3268 0.0029 (**)
Inorganic Phosphate —0.136 0.226

p <0.05 (*), and p < 0.01 (**) by Pearson’s correlation analysis.

3.4. Correlation Between Calmodulin and Cardiovascular/Imaging Parameters

To investigate the association between calmodulin and early cardiovascular changes,
we analyzed its correlation with echocardiographic, carotid artery ultrasonography, and

ABPM findings (Table 3).
Table 3. Correlation between plasma calmodulin levels and cardiovascular parameters in children
with CKD.
Echocardiography n=_81
Parameter r p Value
LVPWd 0.1254 0.2678
LVIDd 0.1164 0.3038
Ivsd 0.2492 0.0258 (*)
LV mass 0.2472 0.0271 (%)
FS 0.03405 0.7643
EF 0.03019 0.7904
Carotid Artery Ultrasound n=44
Parameter r p Value
Left catotid IMT 0.2748 0.071
Left catotid beta 0.1433 0.3533
Left catotid Al 0.001298 0.9933
Left catotid PWV 0.1766 0.2514
Left catotid artery diameter maximum 0.08736 0.5728
Left catotid artery diameter mininum 0.06935 0.6547
Right catotid IMT 0.3836 0.0104 (**)
Right catotid beta 0.1562 0.3111
Right catotid Al —0.01228 0.9369
Right catotid PWV 0.1721 0.2623
Right catotid artery diameter maximum 0.1086 0.4831

Right catotid artery diameter mininum 0.09321 0.5473
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Table 3. Cont.

ABPM n=238
Parameter Y p Value
Overall SBP 0.4934 0.0016 (**)
Overall DBP 0.294 0.0732
Overall Mean BP 0.008937 0.9575
Overall SBP load 0.4746 0.0026 (**)
Overall DBP load 0.233 0.1592
Awake SBP 0.5094 0.0011 (**)
Awake DBP 0.3118 0.0567
Awake Mean BP —0.01725 0.9181
Awake SBP Load 0.4955 0.0016 (**)
Awake DBP load 0.2329 0.1549
Asleep SBP 0.3798 0.0187 (*)
Asleep DBP 0.2017 0.2247
Asleep Mean BP —0.0304 0.8562
Asleep SBP load 0.3681 0.023 (*)
Asleep DBP load 0.1892 0.2552
SBP Asleep Dipping percentage 0.138 0.4088
DBP Asleep Dipping percentage 0.06934 0.06791
AASI 0.1226 0.4634

p <0.05 (*), and p < 0.01 (**) by Pearson’s correlation analysis.

3.4.1. Echocardiography

Calmodulin was positively correlated with interventricular septal end-diastolic thick-
ness (IVSd) (r = 0.2492, p = 0.0258) and left ventricular mass (LV mass) (r = 0.2472, p = 0.0271)
(Table 3). No significant associations were observed with left ventricular posterior wall
thickness at end-diastole (LVPWd), left ventricular internal diameter at end-diastole
(LVIDd), ejection fraction (EF), or fractional shortening (FS).

3.4.2. Carotid Artery Ultrasonography

Calmodulin was positively correlated with right carotid intima—media thickness (IMT)
(r =0.3836, p = 0.0104) (Table 3), while no significant correlations were observed with left
carotid IMT, left and right carotid 3-stiffness index (left/right carotid beta), left and right
carotid augmentation index (left/right carotid Al), or left and right carotid pulse wave
velocity (left/right carotid PWYV).

3.4.3. 24 h ABPM

Calmodulin levels were significantly positively correlated with multiple systolic blood
pressure (SBP) parameters (Table 3). These included overall SBP (r = 0.4934, p = 0.0016),
percentage of overall SBP readings above the 95th percentile (overall SBP load) (r = 0.4746,
p = 0.0026), awake SBP (r = 0.5094, p = 0.0011), and percentage of awake SBP readings
above the 95th percentile (awake SBP load) (r = 0.4955, p = 0.0016). Significant correlations
were also observed with asleep SBP (r = 0.3798, p = 0.0187) and percentage of asleep SBP
readings above the 95th percentile (asleep SBP load) (r = 0.3681, p = 0.0230). No significant
correlations were found between calmodulin levels and diastolic blood pressure (DBP), per-
centage of DBP readings above the 95th percentile (DBP load) during overall/awake/sleep,
mean BP, percentage drop in SBP/DBP during sleep compared to awake period (SBP/DBP
Asleep Dipping percentage), or the ambulatory arterial stiffness index (AASI).

3.5. Association Between Clinical Variables and Abnormal BP

Participants were classified into two groups based on their BP status. The abnormal
BP profile group included individuals who met any of the criteria for office BP elevation,
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office hypertension, or abnormal ABPM patterns as defined above, or who were receiving
antihypertensive medications. The normal BP profile group consisted of participants with
both office BP and ABPM within normal limits and not on antihypertensive treatment.

Univariate logistic regression was performed to examine associations between clinical
variables and abnormal BP profile (Table 4). Significant associations were observed for
BMI (OR = 1.158, p = 0.0339), office SBP (OR = 1.10, p = 0.0013), office DBP (OR = 1.078,
p =0.0361), and calmodulin (OR = 1.008, p = 0.0167). Other variables, including age, male
(vs. female), CAKUT (vs. non-CAKUT), eGFR, lipid profile, uric acid, UPCR, electrolytes,
and hemoglobin, were not significantly associated with abnormal BP.

Table 4. Clinical predictors of abnormal BP profile in children with CKD.

Univariate Multivariate
Variable OR 95% CI p Value Adjusted OR 95% CI p Value
Age (years) 0.9588 0.8500 to 1.079 0.4855
Male (vs. Female) 1.53 0.6170 to 3.818 0.3583
CAKUT (vs. non-CAKUT) 1.329 0.4256 to 4.029 0.6154
eGFR (mL/min/1.73 m?) 0.993 0.9730 to 1.012 0.471
BMI (kg/m?) 1.158 1.021 to 1.342 0.0339 (*) 0.9376 0.7654 to 1.141 0.5188
Office SBP (mmHg) 1.1 1.044 to 1.174 0.0013 (**) 1.14 1.063 to 1.245 0.001 (**)
Office DBP (mmHg) 1.078 1.013 to 1.168 0.0361 (*)
Fasting Plasma Glucose 1.014 0.9581 to 1.077 0.6374
(mg/dL)
LDL-C (mg/dL) 1.005 0.9914 to 1.020 0.5066
Triglycerides (mg/dL) 0.9998 0.9931 to 1.007 0.9502
Uric Acid (mg/dL) 1.339 1.013 to 1.916 0.0705 1.039 0.7154 to 1.611 0.8505
UPCR (mg/g) 1 0.9999 to 1.001 0.5979
Hemoglobin (g/dL) 0.9926 0.6955 to 1.402 0.9661
Sodium (mEq/L) 0.9575 0.7064 to 1.282 0.7721
Potassium (mEq/L) 2.227 0.5677 t0 9.800 0.2651
Calcium (mg/dL) 1.143 0.4238 to 3.040 0.7856
Inorganic Phosphorus 1.618 0.7031 to 3.906 0.2652
(mg/dL)
Calmodulin (x10? pg/mL) 1.008 1.002 to 1.016 0.0167 (*) 1.012 1.003 to 1.024 0.029 (*)

p <0.05 (*), and p < 0.01 (**) by univariate and multivariate logistic regression analysis.

A total of five variables with p < 0.1 in univariate analysis (BMI, office SBP, office DBP,
uric acid, and calmodulin) were initially considered for multivariable analysis (Table 4).
Variance inflation factor testing showed no multicollinearity (all VIFs < 5; Table S3). Be-
tween office SBP and DBP, only office SBP was retained in the final model due to its
stronger association with abnormal BP and greater clinical relevance. Thus, four variables
(BM], office SBP, uric acid, and calmodulin) were included in the multivariate logistic
regression model.

In the multivariate model (Table 4), office SBP (adjusted OR = 1.14, p = 0.001) and
calmodulin (adjusted OR = 1.012, p = 0.029) remained independently associated with
abnormal BP.

3.6. Predictive Performance of Calmodulin for Abnormal BP

To further assess the predictive utility of calmodulin, an ROC curve analysis was
performed (Figure 2). Calmodulin alone yielded an area under the curve (AUC) of 0.71,
indicating acceptable discriminatory power. A model combining traditional risk factors
(office SBP, BMI, and uric acid) achieved an AUC of 0.79. When calmodulin was added to
this model, the AUC improved to 0.85, suggesting that calmodulin provides additional
predictive value beyond conventional clinical parameters.
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Figure 2. Receiver operating characteristic (ROC) curves evaluating the predictive performance
of different models for abnormal BP profiles in children with CKD. The red dashed diagonal line
represents a random classifier (AUC = 0.5).

3.7. Diagnostic Value of Plasma Calmodulin

Using the ROC curve and the Youden index (Table S4), the optimal cut-off value
for calmodulin to identify abnormal BP profile was determined as 131.04 x 10? pg/mL.
At this threshold, calmodulin demonstrated a sensitivity of 74%, specificity of 67.74%,
positive predictive value (PPV) of 78.72%, and negative predictive value (NPV) of 61.76%
(Table 5). These findings suggest a possible association between plasma calmodulin and
early cardiovascular changes, though the evidence remains preliminary.

Table 5. Predictive performance of plasma calmodulin levels for identifying abnormal BP profiles in

children with CKD.
Calmodulin Abnormal BP .
(x10% pg/mL) Profile Normal BP Profile Total
>131.04 37 10 47 PPV: 78.72%
<131.04 13 21 34 NPV: 61.76%
Total 50 31

Sensitivity: 74%  Specificity: 67.74%

4. Discussion

This study investigated the association between plasma calmodulin and cardiovascu-
lar risk markers in children with CKD. Our findings revealed that calmodulin levels were
significantly correlated with systolic parameters on ABPM, as well as with LV mass, IVSd,
and right carotid IMT. Furthermore, calmodulin independently predicted abnormal BP pro-
files even after adjusting for conventional cardiovascular risk factors. When incorporated
into a traditional risk model, calmodulin improved its predictive performance, suggesting
its potential utility as a biomarker for early CVD in pediatric CKD.

Calmodulin is encoded by three distinct genes (CALM1, CALM2, and CALM3), all
of which produce an identical amino acid sequence—highlighting its evolutionary conser-
vation and essential role in calcium signaling. As a ubiquitously expressed intracellular
calcium-binding messenger protein, calmodulin participates in numerous physiological
processes and is typically not associated with disease-specific expression patterns. Histori-
cally, the detection of circulating calmodulin has been attributed to pre-analytical artifacts,
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either due to its lack of classical secretion signals (e.g., an N-terminal signal peptide) or
to non-specific release from platelets during coagulation [23]. However, recent studies
suggest that plasma calmodulin may instead reflect pathological conditions such as cellular
injury [24] and exosome-mediated release [25]. For example, a study by Esteras et al. on
Alzheimer’s disease (AD) reported significantly elevated calmodulin levels in both plasma
and peripheral cells of AD patients, achieving 89% sensitivity and 82% specificity in dis-
tinguishing AD from healthy controls [26]. Notably, this elevation was not seen in other
neurodegenerative diseases, implying that calmodulin may exhibit a degree of disease
specificity beyond being a general inflammatory marker. These findings suggest that condi-
tions involving AD and systemic cellular stress may also elevate plasma calmodulin levels,
potentially limiting its specificity for cardiovascular outcomes in CKD. Therefore, elevated
calmodulin levels should be interpreted with caution and considered in the broader clinical
context, especially when other causes of cellular injury may coexist. In our study, children
with CKD and abnormal BP profiles showed higher plasma calmodulin levels than those
with normal BP. These levels also correlated with cardiac structural changes and carotid
remodeling, supporting calmodulin’s role as a sensitive, albeit non-specific, biomarker of
early CVD.

We demonstrated that besides office SBP, plasma calmodulin also retains independent
predictive value for abnormal BP profiles in children with CKD, even after adjusting for
potential confounders. Calmodulin exhibited good discriminatory performance, with a
sensitivity of 74%, specificity of 67.74%, PPV of 78.72%, and NPV of 61.76%. The relatively
high sensitivity and PPV suggest that calmodulin can effectively identify most children
with true BP abnormalities and provide a reliable positive prediction. However, its moder-
ate specificity and NPV indicate a non-negligible proportion of false positives and false
negatives. According to the KDIGO guidelines [16], routine cardiovascular evaluation
is recommended beginning at CKD stage 3. However, our findings suggest that plasma
calmodulin levels may increase during earlier CKD stages (stages 1-2), indicating poten-
tial subclinical cardiovascular changes. This highlights the potential role of calmodulin
as an early biomarker to identify patients who may benefit from earlier cardiovascular
assessment. Notably, traditional cardiovascular risk markers, such as BMI, lipid profiles,
and glucose levels, did not show independent associations with BP abnormalities in our
pediatric CKD cohort. This may be due to the strong influence of age, gender, hormonal
fluctuations, and developmental stage in children, which may undermine the predictive
stability of these conventional markers in cross-sectional analyses.

Although our study revealed significant correlations between plasma calmodulin
levels and subclinical cardiovascular parameters, we acknowledge that the current evi-
dence is exploratory and does not establish a causal relationship. Nonetheless, animal and
cell studies have demonstrated that calmodulin and its downstream kinases play critical
roles in BP regulation and the development of cardiovascular pathology. As a primary
intracellular calcium sensor, calmodulin activates multiple downstream effectors, including
Ca?%*/ calmodulin-dependent protein kinase II (CaMKII) [27,28], eukaryotic elongation
factor 2 kinase (eEF2K) [29], and death-associated protein kinase 3 (DAPKS3) [29], which
participate in various physiological and pathological processes in vascular smooth muscle
cells such as contraction, proliferation, inflammation, and remodeling. In spontaneously
hypertensive rats, calmodulin activity has been found to be significantly elevated in the
heart and kidney tissue, even in the absence of overt renal dysfunction [30]. This suggests
that renal calmodulin activity upregulation may reflect an early response to hemodynamic
or oxidative stress rather than structural kidney damage. Given calmodulin’s regulatory
role in calcium handling within renal tubular cells—including modulation of TRPV5 chan-
nels and calcium reabsorption [31]—its activation in the kidney may be linked to intrarenal
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calcium signaling disturbances driven by hypertension. Moreover, CaMKII in vascular
smooth muscle is activated by vasoconstrictors such as angiotensin II, promoting intracellu-
lar calcium elevation and sympathetic excitation, thereby contributing to the development
of hypertension [27,28]. In central nervous system regions such as the subfornical organ
(SFO), CaMKII has also been identified as a redox-sensitive signaling molecule involved
in angiotensin II-induced neuronal activation and BP elevation [32]. Collectively, these
studies provide strong evidence supporting the potential pathogenic role of calmodulin
and its associated kinases in hypertension. Additionally, the downstream effector, CaMKII
is also known to mediate chronic cardiac remodeling [33,34], including hypertrophy, apop-
tosis, inflammation, and fibrosis [34]. Persistent CaMKII activation has been implicated in
the development of arrhythmias and heart failure [35], positioning calmodulin as a core
integrator of mechanical and oxidative stress signaling in the myocardium. As previously
mentioned, calmodulin may also be released extracellularly via non-classical pathways,
including exosome-mediated secretion [25], which further supports its role as a circulating
biomarker in stress-related conditions. This may explain why plasma calmodulin positively
correlates with subclinical CVD patterns in our study. An integrative scheme summarizing
the proposed role of plasma calmodulin in early cardiovascular changes among pediatric
CKD patients is presented in Figure 3.

Pediatric CKD (with eGFR = 60ml/min/1.73m?)

'

Early subclinical cardiovascular changes

v

1 Plasma calmodulin levels
* Cardiovascular structural remodeling (1IVSd, 1LV mass)
» Vascular changes (tcarotid IMT)
* Abnormal SBP (ABPM and Office BP)

}

Early detection of cardiovascular risk

v

Potential to guide early cardiovascular
assessment ( before CKD stage 3)

Figure 3. Integrative scheme of study findings.

This study has several limitations. First, its cross-sectional design precludes any in-
ference of causality between plasma calmodulin levels and cardiovascular phenotypes.
Second, the relatively small sample size—particularly for the ABPM and carotid ultrasound
subgroups—may have limited the statistical power to detect subtle associations. Third,
plasma calmodulin is not a disease-specific biomarker and may be elevated in other con-
ditions associated with cellular injury or systemic stress. Fourth, the lack of a non-CKD
control group precluded direct comparison with hypertensive or obese individuals without
kidney disease. Given that hypertension alone may influence calmodulin levels, it remains
unclear whether the observed associations reflect CKD-specific mechanisms or general
cardiovascular stress. Fifth, the absence of renal resistive index and renin-aldosterone
measurements limited our ability to assess potential associations between calmodulin and
intrarenal vascular resistance. Sixth, as this was a single-center study involving mostly
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early-stage CKD patients with preserved renal function, the generalizability of the findings
to broader or more advanced pediatric CKD populations may be limited. Finally, the cost-
effectiveness and feasibility of measuring plasma calmodulin in clinical practice remain to
be determined. Further studies are needed to evaluate whether the use of calmodulin as a
biomarker is practical and economically justified.

5. Conclusions

In this study, we demonstrated that plasma calmodulin levels are independently
associated with BP profiles in children with CKD, even after adjusting for conventional
cardiovascular risk factors. Elevated calmodulin levels also correlated with markers of
subclinical cardiovascular remodeling, including increased LV mass and carotid IMT. These
findings suggest that plasma calmodulin may serve as a sensitive, though non-specific,
biomarker of early CVD in pediatric CKD. Unlike traditional risk markers that may be
influenced by developmental and hormonal variability in children, calmodulin retained
predictive stability in our cohort. Thus, plasma calmodulin offers promise for improving
early cardiovascular risk stratification in this high-risk population. Further longitudinal
studies and mechanistic investigations are warranted to validate calmodulin’s clinical utility
and to clarify the pathways underlying its release into circulation during CKD-related
cardiovascular remodeling.
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Abbreviations

The following abbreviations are used in this manuscript:

ABPM ambulatory blood pressure monitoring
BMI body mass index
BP blood pressure
BUN blood urea nitrogen
CAKUT congenital anomalies of the kidney and urinary tract
CKD chronic kidney disease
CVD cardiovascular disease
Calmodulin  calcium-binding messenger protein
DBP diastolic blood pressure
eGFR estimated glomerular filtration rate
EF ejection fraction
FS fractional shortening
IVSd interventricular septal thickness at end-diastole
LDL-C low-density lipoprotein cholesterol
LV mass left ventricular mass
LVIDd left ventricular internal diameter at end-diastole
LVPWd left ventricular posterior wall thickness at end-diastole
Al augmentation index
IMT intima-media thickness
PWV pulse wave velocity
beta [-stiffness index
NPV negative predictive value
PPV positive predictive value
Pi inorganic phosphate
SBP systolic blood pressure
UPCR urinary protein-to-creatinine ratio
WBC white blood cell count
eGFR estimated glomerular filtration rate
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