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Abstract

Background: Primary hypertension (PH) poses significant risksto children and adolescents. Few prediction models for the risk
of PH in children and adolescents currently exist, posing a challenge for doctors in making informed clinical decisions.

Objective: This study aimed to investigate the incidence and risk factors of PH in Chinese children and adolescents. It also
aimed to establish and validate a nomogram-based model for predicting the next year’s PH risk.

Methods: A training cohort (n=3938, between January 1, 2008, and December 31, 2020) and a validation cohort (n=1269,
between January 1, 2021, and July 1, 2023) were established for model training and validation. An independent cohort of 576
individuals was established for external validation of the model. The result of the least absolute shrinkage and selection operator
regression technique was used to select the optimal predictive features, and multivariate logistic regression to construct the
nomogram. The performance of the nomogram underwent assessment and validation through the area under the receiver operating
characteristic curve, concordanceindex, calibration curves, decision curve analysis, clinical impact curves, and sensitivity analysis.

Results. The PH risk factors that we have ultimately identified include gender (odds ratio [OR] 3.34, 95% Cl 2.88 to 3.86;
P<.001), age (OR 1.11, 95% CI 1.08to 1.14; P<.001), family history of hypertension (OR 42.74, 95% CI 23.07 to 79.19; P<.001),
fasting blood glucose (OR 6.07, 95% CI 4.74 to 7.78; P<.001), low-density lipoprotein cholesterol (OR 2.03, 95% CI 1.60 to
2.57; P<.001), and uric acid (OR 1.01, 95% CI 1.01 to 1.01; P<.001), while factor breastfeeding (OR 0.04, 95% CI 0.03 to 0.05;
P<.001) has been identified as a protective factor. Subsequently, a nomogram has been constructed incorporating these factors.
Areas under the receiver operating characteristic curves of the nomogram were 0.892 in thetraining cohort, 0.808 in the validation
cohort, and 0.790 in the external validation cohort. Concordance indexes of the nomogram were 0.892 in the training cohort,
0.808 in the validation cohort, and 0.790 in the external validation cohort. The nomogram has been proven to have good clinical
benefits and stability in calibration curves, decision curve analysis, clinical impact curves, and sensitivity analysis. Finaly, we
observed noteworthy differencesin uric acid levels and family history of hypertension among various subgroups, demonstrating
ahigh correlation with PH. Moreover, the web-based calculator of the nomogram was built online.
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Conclusions: We have developed and validated a stable and reliable nomogram that can accurately predict PH risk within the
next year among children and adolescentsin primary care and offer effective and cost-efficient support for clinical decisions for

therisk prediction of PH.

(J Med Internet Res 2024;26:€58686) doi: 10.2196/58686
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Introduction

Inthe past 20 years, primary hypertension (PH) has becomethe
dominant cause of arterial hypertension (AH) in children aged
older than 6 years, especialy in adolescents [1]. The American
Heart Association suggested that pediatric PH is a condition
that is severely underrecognized in the latest scientific statement
[2]. In an analysis of a large pediatric hedth care claims
database, PH was found to be approximately 10 times more
prevalent than secondary hypertension (SH; 0.2% versus 0.02%)
[3]. PH in children and adolescents is the early phase of a
condition that exists on acontinuum acrossthelife course, with
higher BP exposure over time contributing to subclinical
outcomes in childhood and CVD events later in life [2,3].
However, the diagnosis of PH is a diagnosis of exclusion, the
etiology of PH has not been elucidated yet [2].

For newly diagnosed children and adolescents with AH,
screening for PH ischallenging and time-consuming. According
to thelatest guideline proposed by aconsensus panel composed
of multiple ingtitutions such as the European Society of
Cardiology Associations and Councils, the differential diagnosis
between primary and SH should include detailed family history,
physical examination, and laboratory tests [4]. In case of
abnormal examination results, the consensus panel agrees that
further diagnostic investigations are needed [4]. This contributes
to atime-consuming and costly diagnostic processfor PH. The
current situation is that inexperienced clinicians cannot make
suspected diagnoses to recommend proper examinations and
tend to recommend too many examinations, which leads to a
waste of medical resources and delayed intervention measures
[5]. Therefore, the American Heart Association recommends
using clinical decision-support toolsfor detecting hypertension
in children and adolescents to achieve the goal of simple,
accurate, and cost-effective risk prediction [2,6,7].

However, al of thefollowing studies have the same deficiencies
[8-10]. (1) Neglecting PH: the above studies focused on the
disease of AH in children and adolescents, neglecting that PH
has become the predominant subtype of AH in children and
adolescents over the past two decades, with a more complex
diagnostic process and severe long-term effects on organs in
adulthood. (2) Inadequate use of electronic health record (EHR)
data: the risk prediction models discussed in the above studies
were developed using survey data and ignored that EHR data
encompasses a broader array of both confirmed and potential
PH-related risk factors, which allows for a more accurate
reflection of the physical state of children and adolescents. This
omission could be one of the reasons behind the suboptimal
prediction results observed in the prediction models. (3) None
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of the aforementioned studies have undergone external
validation or prospective validation, which significantly impairs
the usability of the prediction model.

To address the above limitations, we analyzed the medical
condition of PH in children and adolescents and aimed to
develop an accurate, rapid, and cost-effective nomogram to
predict their PH risk within the next year based on their EHR
data. The nomogram was trained and validated on the data of
the First Affiliated Hospital of Nanjing Medical University and
performed external validation on the data of the Fourth Affiliated
Hospital of Nanjing Medical University and the Sugian Hospital.
Additionally, we have devel oped afree onlinetool implementing
nomograms to assist doctors in accurate and |ow-cost
identification of high-risk populations for PH in a timely
manner.

Methods

Study Population and Data Callection

Data from the EHR database of the First Affiliated Hospital of
Nanjing Medical University were used for model devel opment.
As shown in Figure 1, we identified a cohort of patients aged
6-18 yearswho had at least two primary clinical visits between
January 1, 2008, and July 1, 2023 (5245 participants). Patients
were excluded if they had any diagnosis of hypertension,
pregnancy, or were using antihypertensive drugs at cohort entry.
Participants who had >30% missingness (38 participants) were
also excluded. Overall, atotal of 5207 participants were finally
enrolled after rigorous screening. For the prediction modeling
cohort, casesin the training population referred to patientsfrom
January 1, 2008, to December 31, 2020 (3938 participants),
whereas cases in the validation cohort were patients from
January 1, 2021, to July 1, 2023 (1269 participants), and were
used for model validation.

An independent cohort from the Fourth Affiliated Hospital of
Nanjing Medical University and the Sugian Hospital was used
for external validation. In brief, we screened a total of 53
children and adolescents with PH and 523 children and
adolescents without PH from the EHR databases of these two
hospitals using the same screening process as when modeling.

The demographic and clinical parameters from all the EHR
databases were collected, including diagnosis of PH, gender,
age, family history of hypertension, family history of diabetes,
breastfeeding situation, white blood cell count, lymphocyte
count (LY C), lymphocyte percentage (LY P), platelet distribution
(PDW), mean platelet volume, plateletcrit, platelet count, red
blood cell distribution width-coefficient of variation, mean cell
hemogl obin concentration, mean corpuscular hemoglobin, mean
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corpuscular volume (MCV), hematocrit, hemoglobin, red blood
cell count, basophil count, basophil percentage, eosinophil count,
eosinophil percentage, neutrophil count, neutrophil percentage
(NEUTP), monaocyte count (MONOC), monocyte percentage,
retinol-binding protein, kalium, natrium, chlorine, calcium,
phosphorus, magnesium, fasting blood glucose (FBG),
creatinine, urea, uric acid (UA), total protein, albumin,
triglycerides, aspartate aminotransferase, alanine
aminotransferase, lactate  dehydrogenase,  y-glutamyl
transpeptidase, alkaline phosphatase, total bilirubin, direct
bilirubin, indirect bilirubin (IBIL), total cholesterol (TC),
high-density lipoprotein cholesterol, low-density lipoprotein

Qinetd

cholesterol (LDL-C), lipoprotein(a), creatine kinase, adenosine
deaminase, white/bulb ratio, globulin, a-hydroxybutyrate
dehydrogenase. Thefamily history of diabetesand hypertension
was defined by the reported history of diabetes and hypertension
in immediate family members.

For participants with an outcome event, theindex date is defined
as the date of the first PH diagnosis. For those without an
outcome event, the index date is set as the date of the last
non-PH diagnosis. The EHR data from all participants within
the year preceding the respective index date is averaged for
model training, validation, and external validation.

Figure 1. Flowchart of the procedure. A total of 5245 participants aged 6-18 years in the EHR database of the First Affiliated Hospital of Nanjing
Medical University from January 1, 2008, to July 1, 2023, were enrolled in this study. A total of 3938 participants were finally enrolled in the training
cohort to construct the nomogram and 1269 participants were finally enrolled in the validation cohort for nomogram validation, respectively. A total
of 576 participants aged 6-18 yearsin the EHR database of the Fourth Affiliated Hospital of Nanjing Medical University and the Sugian Hospital from
January 1, 2008, to July 1, 2023, were finally enrolled for independent external validation. EHR: electronic health record.

[ A total of 5245 participants aged 6-18 years in the EHR database of the First

Affiliated Hospital of Nanjing Medical University

A total of 636 participants aged 6-18 years in the EHR database of the Fourth
Affiliated Hospital of Nanjing Medical University and Sugian Hospital

Include individuals:
Had at least two primary
clinical visits between
January 1, 2008, and
December 31, 2020
(n=3965)

Exclude individuals:
Had > 30% missingness

Include individuals:
Had at least two primary
clinical visits between
January 1, 2021, and
July 1, 2023

(n=1280)

Exclude individuals:
Had > 30% missingness

(n=27) (n=11)

Training cohort
(n=3938)

Ethical Consider ations

Our study was performed per the Transparent Reporting of a
Multivariable Prediction Model for Individual Prognosis or
Diagnosis statement [11]. All procedures were reviewed and
approved by the Ethics Committee of Nanjing Medica
University (2023-SR-500). Written informed consent for
participation was not required for this study per the national
legidation and the ingtitutional requirements. All personal
privacy information waswell protected and removed during the
process of analysis and publication.

Validation cohort

(n=1269)

Data Preprocessing

A total of 58 variables were reviewed (Table S1 in Multimedia
Appendix 1), and 14 variableswith missing data exceeding 20%
were excluded from the analysis. To address the missing data
for the remaining 44 variabl es, we used chained random forests
with predictive mean matching [12]. After imputation,
continuous variables were transformed into standardi zed scores
(z scores) by subtracting their respective means and dividing
by their SDs. Finally, we apply the RandomOverSampler
algorithm to the training dataset to solve the problem of sample
imbalance [13].
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Definition of PH

Our outcome was PH, with the adoption of the ICD-10-CM
(International Classification of Diseases, 10th Revision, Clinical
Modification) since October 1, 2015, the diagnosis of PH was
defined using the ICD-10-CM category 110.

Statistical Analysis

Continuous variables following a normal distribution were
reported as means (SD) and analyzed with the Student t test
(2-tailed) to assess differences between the training and
validation cohorts. For continuous variables with skewed
distributions, they were described as median (25th percentile,
75th percentile) and analyzed with the Mann-Whitney U test.
Categorical data were represented as numbers (percent) and
analyzed through the chi-square test or Fisher exact test to make
comparisons.

Wefirst used the least absol ute shrinkage and sel ection operator
(Lasso) regression technique to identify significant featuresin
the training cohort, which can be obtained from the R (R
Foundation) package glmnet [14]. Then, the multivariable
logistic regression model was constructed through sequentially
selected candidate variablesin the Lasso regression. Predictors
were eliminated using the forward stepwise regression strategy
based on their respective P values to construct the final model
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[15]. The nomogram was devel oped using factorsthat exhibited
a two-sided P value <.05 in the multivariate analysis,
implemented by the R package rms. We used the area under the
receiver operating characteristic curve (AUC) and concordance
index (C-index) to assess the predictive accuracy and
discriminatory ahility of the model using the R package pROC
and Hmisc, respectively. The calibration curve was used to
evaluate the consistency between nomogram-predicted and
observed risks. The decision curve analysis (DCA) was
conducted to gauge the net benefit of identifying true high-risk
patients that ought to have intervention and the net reduction
of unnecessary interventions using the R package rmda. The
clinical utility of the nomogram was also measured by the
clinical impact curves for a population size of 1000. Stratified
analyses were displayed by forest plots using the R package
forestploter.

Statistical analyses were performed with R software (version
4.2.3; RRID:SCR_001905). Two-sided P value <.05 was
considered to be statistically significant.

Results

Baseline Characteristics

A total of 5207 participants from the EHR database of the First
Affiliated Hospital of Nanjing Medical University were finally
enrolled after rigorous screening. Table S1 in Multimedia
Appendix 2 shows the baseline characteristics of participants
in the training and validation cohort. For model training, 3938
participants between January 1, 2008, and December 31, 2020,
were used to build the training cohort, and 1269 participants
between January 1, 2021, and July 1, 2023, were used to build
the validation cohort for model validation. Thetotal prevalence
of PH in the whole cohort was 10% (521 participants). The
training cohort consisted of 3938 participants, while the
validation cohort had 1269 participants assigned to it. The
prevalence of PH in the training cohort was 9.8% (385
participants) and 10.7% (136 participants) in the validation
cohort, respectively. Of the training cohort, the median age of
children and adolescents was 14 years with a range from 6 to
17, and 15 years with a range from 6 to 17 in the validation
cohort. More than half of the participants were girls both in the
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training cohort (55.51%, 2186 participants) and validation cohort
(54.5%, 692 participants). There were no significant differences
in the characteristics of diagnosis of PH, family history of
hypertension, family history of diabetes, gender, age, albumin,
calcium, FBG, hematocrit, hemoglobin, IBIL, LDL-C, LYC,
LYR, MCV, MONOC, NEUTP, PDW, red blood cell count,
TC, triglycerides, UA, and urea between 2 cohorts.

A total of 576 participantsfrom the EHR database of the Fourth
Affiliated Hospital of Nanjing Medical University and the
Sugian Hospital were used for external validation. There were
53 participants with PH and 523 participants without PH in the
external validation cohort. Table S2 in Multimedia Appendix
1 showsthe baseline characteristics of participantsinthetraining
cohort and external validation cohort.

Development and Construction of Nomogram

According to the Lasso regression model, 38 candidate
predictors had nonzero coefficientsincluding gender, age, family
history of hypertension, family history of diabetes,
breastfeeding, PDW, mean platel et volume, platel etcrit, platel et
count, red blood cell distribution width-coefficient of variation,
mean cell hemoglobin concentration, MCV, hematocrit,
hemoglobin, neutrophil count, NEUTP, MONOC, monocyte
percentage, LYC, LYP, kalium, natrium, calcium, FBG,
creatinine, UA, albumin, lactate dehydrogenase, total bilirubin,
direct bilirubin, TC, high-density lipoprotein cholesterol,
LDL-C, lipoprotein(a), white/bulb ratio, globulin, IBIL, and
creatine kinase (Figures 2A and 2B). Out of these candidate
predictors, we used the forward stepwise regression strategy to
construct thefinal multivariate logistic regression model, which
revedled that gender, age, family history of hypertension,
breastfeeding, FBG, LDL-C, and UA were independent risk
factors for PH (Table 1). Using the coefficient estimates from
thisfinal logistic model, nomogram was defined as:

Nomogramg,ye = —257.5045 + 45.4545 x FBG +
17.8043 x LDL-C + 0.2351 x UA + 30.3525 x
Gender + 2.5831 x AGE + 94.6279 x Family history
of hypertension — 83.3383 x Breastfeeding
These 7 independent factors were used to construct the
nomogram (Figure 3).
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Figure 2. Predictor selection using the Lasso binary logistic regression model. (A) The optimal penalization coefficient A in the Lasso model was
identified through 10-fold cross-validation in thetraining cohort. (B) Lasso coefficient profilesof al predictors. Thetrajectory of each coefficient related
to PH features was observed within the Lasso coefficient profiles as the A parameter changed in the Lasso algorithm. Lasso: least absolute shrinkage

and selection operator.
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Table 1. Risk factorsfor primary hypertension in the training cohort.
Predictors B coefficient Oddsratio (95% CI) P values
Family history of hypertension
No Reference _a —
Yes 3.76 42.74 (23.07 to 79.19) <.001
Breastfeeding
No Reference — —
Yes -3.31 0.04 (0.03t0 0.05) <.001
Gender
Female Reference — —
Male 1.2 3.34(2.88 10 3.86) <.001
Age (years) 0.1 1.11 (1.08 to 1.14) <.001
Fasting blood glucose 1.8 6.07 (4.741t0 7.78) <.001
Low-density lipoprotein cholesterol 0.71 2.03(1.6t02.57) <.001
Uric acid 0.01 1.01(1.01t01.01) <.001
3ot applicable.
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Figure 3. Nomogram for the prediction of primary hypertension. To use the nomogram, add up the scores for each feature of the participantsto cal culate
the total score. Then, draw a vertical line at the corresponding position on the total score axis to determine the associated risk of PH. For example, a
girl aged 10 years with afamily history of hypertension and a history of breastfeeding, FBG 6 mmol/L, LDL-C 2 mmol/L, and UA 400 umol/L has a
total score of 10+0+95+0+91+10+59=265. This indicates that the risk of developing PH is 83%. FBG: fasting blood glucose; LDL-C: low-density

lipoprotein cholesterol; PH: primary hypertension; UA: uric acid.
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Assessment of the Nomogram

The nomogram was constructed to predict the risk of PH in
children and adolescents by using gender, age, family history
of hypertension, breastfeeding, FBG, LDL-C, and UA. First,
we calculated the total nomogram points for each participant
and divided the points into two subgroups according to the
median. Figure 4 shows that the risk of PH increased with the
total nomogram points, and participants in the high point
subgroup (total points: 97.61-303.29) had asignificantly higher
PH risk than those in the low point subgroup. We next
constructed the AUC and C-index to assess the performance of

150

200 250 300 350 400 450

the model. The AUC vaue of the nomogram in the training
cohort was 0.892 (95% CI 0.884-0.899), and the AUCs of
gender, age, family history of hypertension, breastfeeding, FBG,
LDL-C, and UA were0.692 (95% CI 0.681-0.702), 0.744 (95%
Cl 0.733-0.756), 0.555 (95% CI 0.549-0.560), 0.735 (95% ClI
0.727-0.744), 0.567 (95% CI 0.553-0.581), 0.670 (95% CI
0.657-0.684), and 0.782 (95% CI 0.771-0.794), respectively
(Figure5A). The C-index of the nomogram was 0.892 (95% ClI
0.884-0.899) in the training cohort, signifying its robust
predictive discriminatory ability. Moreover, the calibration
curve of thetraining cohort revealed ahigh consistency between

prediction and actual observation (Figure 6A).

Figure 4. Association between the total points of the nomogram and primary hypertension.

Total points Odds ratio (95% CI)  Pvalue
0-97.61 . 1(1t01) <.001
97.61-303.29 > 51.40 (28.13 to 107.93) <.001
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Figure 5. ROC curves for the prediction of primary hypertension in the training, validation, and external validation cohort. (A) ROC curves of the
factors and nomogram in the training cohort. (B) ROC curves of the factors and nomogram in the validation cohort. (C) ROC curves of the factors and
nomogram in the external validation cohort. AUC: area under the receiver operating characteristic curve; ROC: receiver operating characteristic.
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Figure6. Calibration curvesof the nomogram prediction in thetraining, validation, and external validation cohort. (A) Calibration curves of nomogram
prediction in thetraining cohort. (B) Calibration curves of nomogram prediction in the validation cohort. (C) Calibration curves of nomogram prediction
in the external validation cohort. PH: primary hypertension.
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Validation of the Nomogram

The data of the validation cohort were used to independently
validate the nomogram. In the validation cohort, the AUC value
of the nomogram was 0.808 (95% CI 0.769-0.846; Figure 5B),
and the AUC of UA was 0.742 (95% CI 0.692-0.791). The
nomogram exhibited a C-index of 0.808 (95% CI 0.770-0.846)
in the validation cohort, indicating commendable predictive
discrimination within the model. However, the calibration curve
revealed a relatively modest consistency between predictions
and actual observations (Figure 6B).

We have performed an external validation of the nomogram
using an independent cohort. The AUC value of the nomogram
was 0.790 (95% CI 0.751-0.830), and the C-index of the
nomogram was 0.790 (95% CI 0.764-0.849) in the external
validation (Figure 5C). Moreover, the calibration curve revealed
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a high consistency between prediction and actual observation
in the external validation (Figure 6C).

Clinical Net Benefits With Nomogram

The DCA illustrated that the nomogram conferred more clinical
net benefits than several competing intervention strategies,
namely, intervention for all and intervention for none, as
depicted in Figure 7A. Specifically, with athreshold probability
of 0.8, the nomogram presented the best net benefit. Similar
findings were observed in the validation cohort represented in
Figure 7B and the external validation cohort represented in
Figure 7C. The clinical impact curves for the nomogram
revedled a close alignment between predicted and actual
probabilities in the training cohort, asillustrated in Figure 8A.
Comparable results were observed in the validation cohort
(Figure 8B) and the external validation cohort (Figure 8C).
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Figure 7. DCA of the nomogram prediction in the training, validation, and external validation cohort. (A) DCA of nomogram prediction in the training
cohort. (B) DCA of nomogram prediction in the validation cohort. (C) DCA of nomogram prediction in the external validation cohort. DCA: decision
curve analysis.
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Figure 8. Clinica impact curves of the nomogram prediction in the training, validation, and external validation cohort. (A) Clinical impact curves of
nomogram prediction in the training cohort. (B) Clinical impact curves of nomogram prediction in the validation cohort. (C) Clinical impact curves of
nomogram prediction in the external validation cohort.
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. . . cohort, 0.730 (95% ClI 0.695-0.764) to 0.933 (95% CI
Sensitivity Analysis of Nomogram Prediction 0.851-0.999) in the validation cohort, and 0.716 (95% Cl
To assess the robustness of the nomogram, we performed a  0.694-0.832) to 0.900 (95% Cl 0.808-0.926) in the external
series of subgroup analyses with subgroups defined by age, validation cohort (Figures 9A-9C). It is worth noting that the
gender, and PH status. The nomogram had reasonable AUCS  nomogram performed better in the population aged 11 years or

in all of these subpopulations, ranging from 0.796 (95% Cl  younger than in the population aged older than 11 yearsin the
0.773-0.819) to 0.960 (95% CI 0.931-0.990) in the training sengitivity analysis across all three cohorts.
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Figure 9. Subgroup analyses of nomogram. (A) Prediction accuracy for PH in the training cohort. (B) Prediction accuracy for PH in the validation
cohort. (C) Prediction accuracy for PH in the external validation cohort. PH: primary hypertension.

Subgroup N
Age (years)

AUC (35% CI)
NA

<11 1795 —— 0.941(0.909 to 0.974)
=11 2143 —— 0.812 (0.791 to 0.834)
Gender NA
Female 2186 —— 0.900 (0.871 to 0.929)
Male 1752 —— 0.832 (0.812 to 0.852)
(A) Family history of hypertension MNA
Yes 56 — 0.816 (0.714 to 0.871)
No 3882 == 0.880 (0.866 to 0.894)
Breastfeeding NA
Yes 1767 —— 0960 (0.931 to 0.990)
Mo 2171 —— 0.796 {0.773 to 0.819)
[],‘7 UIS U?Q ‘II
Subgroup N AUC (95% CI)
Age (years) NA
=1 325 —®&———— 0933 (0.851 to 0.999)
=11 944 —— 0.775 (0.732 to 0.818)
Gender MNA
Female gz —l—— 0.731 (0.623 to 0.839)
Male 57T 0.750 (0.695 to 0.805)
(B) Family history of hypertension NA
Yes 15 . 0.769 (0.296 to 0.999)
No 1254 —=%— 0.730 (0.695 to 0.764)
Breastfeeding MNA
Yes 296 ——&—— (.932 (0.867 to 0.997)
Mo 973 —_— 0.778 (0.735 to 0.821)
[],‘7 U?S U?Q ‘II
Subgroup N AUC (95% CI)
Age (years) NA
<11 316 —- 0.906 (0.808 to 0.926)
=11 20 —jl— 0.740 (0.660 to 0.819)
Gender NA
Female 243 L 0.793 {0.678 to 0.908)
Male 333 — B — 0.750 (0.664 to 0.837)
(C) Family history of hypertension NA
Yes 22 0.777 (0.640 to 0.914)
No 554 — 0.802 (0.733 to 0.871)
Breastfeeding NA
Yes 80 L 0.897 (0.782 to 0.999)
No 496 —— 0.888 (0.815 to 0.962)
[],‘7 [],‘8 U?Q 1‘

Website of Nomogram

A web-based nomogram cal culator for PH has been devel oped
and is freely accessible online [16]. This tool is designed to
provide diagnostic probability, facilitating guardians and
physicians in the user-friendly identification of PH among
children and adol escents.

Discussion

Principal Results

In this study, we have constructed and validated arisk prediction
model of future 1-year incident PH in children and adolescents.
The EHR-based nomogram achieved 0.892, 0.808, and 0.790
AUCs in training, validation, and external validation cohorts,
respectively. Moreover, the DCA and clinical impact curve
indicated that a substantial proportion of the threshold
probabilities in this model yielded favorable net benefits. In
sensitivity analysis, the nomogram showed rel atively stable and
consistent results in subgroups of age, gender, and PH status,

https://www.jmir.org/2024/1/e58686

RenderX

making it the most sensitive predictive tool for PH risk while
ensuring accuracy.

Accurately, timely, and low-cost identification of children and
adolescents at high risk of PH is of great significance. Previous
studies have preliminarily constructed risk prediction models
targeting the hazards of AH [8-10]. However, as the leading
typeof AH in children and adolescents, the differential diagnosis
of PH is more challenging and time-consuming. PH children
are highly likely to become PH adults and to have measurable
target organ injury if timely intervention is not applied. It is
therefore suggested to build a model to identify children and
adolescents at high risk of PH and intervene promptly to
minimize harm as much as possible.

Our study differed from previous research in that we constructed
a nomogram using EHR data to achieve initial screening of
children and adolescents at high PH risk. Compared to survey
data, EHR data encompasses a broader array of both confirmed
and potential PH-related risk factors, which allows for a more
accurate reflection of the physical state of children and
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adolescents. Furthermore, EHR data is readily accessible in
clinical settings, providing a reliable and objective source of
information unaffected by subjective influences from patients.
Meanwhile, EHR data can be shared among different medical
institutions, which is beneficial for the external validation of
predictive models. The application of the EHR-based nomogram
in primary careingtitutions can effectively improvethe diagnosis
of pediatric PH, reducing its difficulty and time consumption.
This suggests that our model can serve as a clinica
decision-support tool to assist clinicians in screening children
and adol escents with high PH risk.

We used Lasso as a variable selection technique to reduce the
number of parameters, thereby reducing the overfitting and
complexity of the model, making it easier to interpret, and
reducing operational complexity. Previous studies have
demonstrated that Lasso regression isawidely used method for
high dimensional predictor selection and nomogram construction
[10,17], it shrinksthe size of the coefficients of theindependent
variables depending on their predictive power. Some coefficients
may shrink down to zero, allowing us to restrict the model to
variables with nonzero coefficients. In our study, we calculated
the mean sguared error for each variable individually. The A
that provided the minimum mean squared error (MinNMSE) on
the data was 0.00007 and the A with the minMSE + 1 SE of
minM SE (minM SE + 1 SE) was 0.00308. Considering that after
thevalue of A reached acertain threshold, further increasing the
number of independent variables in the model did not
significantly improve the model’s performance. Therefore, we
decided to use the minMSE + 1 SE criterion to select the best
predictivefeature. This approach allowed usto maintain model
performance while simultaneously reducing model complexity
and mitigating overfitting.

The nomogram incorporated 7 parameters including gender,
age, family history of hypertension, breastfeeding, FBG, LDL-C,
and UA.. Consistent with prior research findings, our study also
identified gender and age as potential high-risk factors for PH
[1,18,19]. Notably, there was a more pronounced sex-related
disparity, indicating ahigher ratio of boysto girls(3-4:1) among
adolescents with PH (Figure S1 in Multimedia Appendix 1).
To delve deeper into the variations in PH influenced by gender
and age, we conducted a subgroup analysis. Wefirst categorized
the participants into two subgroups based on their PH status
both in the training cohort and validation cohort (Table S3 in
Multimedia Appendix 1). In the training cohort, males
constituted asubstantial majority among PH patients, comprising
77.7% (299 participants), in stark contrast to females who
accounted for only 22% (86 participants). Additionally,
individuals without PH were generally younger than their
counterparts with PH. These trends were consistently observed
in the validation cohort. Then, we divided the participantsinto
two subgroups using the age of 11 years as the cutoff point in
the training and validation cohorts (Table S4 in Multimedia
Appendix 1). In the training cohort, diagnoses with PH were
recorded for 1% (n=25) of participantsaged 11 yearsor younger
and 16.8% (360 participants) of participants aged older than 11
years, the results in the validation cohort are approximately
similar. Finaly, we divided both the training and validation
cohortsinto male and femal e subgroups based on gender (Table
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S5 in Multimedia Appendix 1). In the training cohort,
participants with PH were recorded for 4% (86 participants) of
females and 17.1% (299 participants) of males, and 3% (21
participants) of females and 19.9% (115 participants) of males
in the validation cohort, respectively.

We observed significant differences in UA levels among
different subgroups in all 3 subgroup analyses. Accumulating
evidence supportsthe notion that elevated UA levelsin children
and adolescents are an independent risk factor for hypertension.
In 2000, Fujiwara et a [20] confirmed that elevated UA levels
are atypical characteristic of PH in children and adolescents.
A recent report from the Study of High Blood Pressure in
Pediatrics, Adult Hypertension Onset in Youth highlighted that
mean UA concentrations increased from 5.3 to 5.9 mg/dL as
blood pressure values escalated from below the 80th to above
the 90th percentile [21]. Moreover, a cohort study with an
average follow-up time of 5.7 years also confirmed that higher
baseline UA levelsincreased the risk of incident hypertension
(hazard ratio 1.19, 95% CI 1.03-1.38) [22]. Thisaignswith the
results observed in our research, further reinforcing the
association between elevated UA levels and an increased risk
of PH in children and adolescents.

Our research findings indicate that children and adolescents
who were breastfed exhibit a lower risk of PH compared to
those who were not breastfed. Several studies have demonstrated
that breastfeeding, considered an environmental factor, exerts
a protective effect on blood pressure [23-25]. Moreover, our
study revealed that children and adolescents with a positive
family history of hypertension face an elevated risk of
developing PH. While there is a widespread consensus on the
genetic factors contributing to PH in children and adolescents,
the specific underlying mechanism still requiresfurther research
[26-28]. In our study, we observed a noteworthy escalation in
therisk of PH among children and adolescentswith rising levels
of FBG. The reason may be that insulin resistance and
hyperinsulinemia can trigger the activation of the sympathetic
nervous system, representing key mechanisms associated with
the pathophysiology of obesity-related hypertension in children
and adolescents [29-32].

Evidence has been raised that childhood obesity is linked not
only to the onset of PH during childhood but also to an elevated
risk of cardiovascular disease in adulthood [33-36]. Giussani
et al [37] aso confirmed elevated BMI is the most potent risk
factor for PH in children and adolescentsin one of their studies.
In 2012, an analysisincluded datafrom 63,025 overweight and
obese children and adolescents found that high LDL-C levels
are related to an increased BMI. In 2012, an analysis
incorporating data from 63,025 overweight and obese children
and adol escents reveal ed an association between el evated levels
of LDL-C with increased BMI [38]. In our research, we
observed a correlation between obesity and PH in children and
adolescents. Our findings indicated that with the elevation of
LDL-C values, the risk of PH in children and adolescents also
increased. This further substantiates the robust connection
between obesity and PH in this demographic.

Importantly, al of these predictors are routinely accessible
through standard clinical examinations. This implies that the
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model we have established in our study could serve as a
potentially valuable tool for the rapid assessment of PH in
children and adolescents, surpassing the capabilities of previous
models. In the macro-view, identifying the PH predictors for
youthswould relieve the burden of monitoring and administering
youth health and economizing facilities and resources.
Furthermore, these identifications can facilitate the
implementation of early interventions for those at risk. These
interventions encompass arange of strategies, including but not
limited to ingtilling disease awareness in children and
adolescents from an early age and preemptively averting the
transition to other potentia hazards, such as adverse
cardiovascular events.

Limitations

Thereare also somelimitationsin our study. First, dueto various
factors such as cuff size, poor compliance, and rapid changes
in the body during growth, medical institutions often struggle
to record accurate BP in children and adolescents [39-42].
Bearing thisinmind, we decided not to include BPin our study.
Second, as previously mentioned, distinguishing between PH
and SH can be chalenging; thus, it is possible that some

Qinetd

individuals diagnosed with SH may have been inadvertently
included in this study. Moreover, in practical applications, the
model faceslimitations regarding input and output dataformats.
Third, the predictive accuracy of the nomogram can still be
improved, which may imply the need for the inclusion of
additional factors such as physical examination results and
survey data. The prediction accuracy could perhapsbeimproved
in further studies with a wider population coverage, larger
sample size, and more variables.

Conclusions

To promptly and accurately identify children and adolescents
at high risk of PH with maximum efficiency and at alow cost,
aiming to minimize the potential harm to this population, we
develop and validate a straightforward and dependable
nomogram. The nomogram uses conventional EHR data to
predict risk with strong accuracy, discrimination, and clinical
utility in both training and validation cohorts, signifying its
robust performancein practical applications. Thisvisual model
and accompanying website will assist patients and physicians
in forecasting the PH risk and enhance clinical management in
atimely manner.
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