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Summary
Background Despite significant cardiovascular (CV) morbidity in children on dialysis and after kidney transplantation,
data on the evolution of CV damage in children with chronic kidney disease (CKD) approaching kidney replacement
therapy (KRT) is unknown.

Methods The burden, progression, and predictors of CV damage before KRT onset were explored in two prospective
multicenter cohorts from Europe and Canada: Cardiovascular Comorbidity in Children with CKD (4C) and Hae-
modiafiltration, Heart and Height (3H) studies, conducted from 2009–19 and 2013–16, respectively. CV damage and
risk factors were evaluated (i) cross sectionally at KRT-start (n = 248), and (ii) longitudinally over the 2-years preceding
KRT start (n = 157; 331 patient-visits). Longitudinal analyses with mixed-effects models estimated associations of
modifiable CV risk factors with change in carotid intima-media thickness (cIMT) standard deviation score (SDS),
pulse wave velocity (PWV-SDS), left ventricular (LV) mass and systolic dysfunction.

Findings 248 patients, age 14.3 (12.2, 16.2) years were evaluated at median 35 (28–114) days before KRT start. Elevated
cIMT-SDS and PWV-SDS were present in 43% and 25%, and LV hypertrophy and systolic dysfunction in 49% and
33%. Aortic stiffness and LV hypertrophy significantly increased, especially in the year before KRT start (adjusted
odds ratio, OR 0.33, P = 0.002 and OR 0.54, P = 0.01, respectively). 79% of children had >3 modifiable CV risk
factors at KRT onset. Diastolic BP and BMI were strongly associated with a linear increase in all CV measures.
After controlling for CV risk factors, the time to KRT onset no longer predicted the burden of CV damage.

Interpretation This comprehensive CV evaluation shows the progressive accrual of modifiable risk factors and a high
burden of CV damage in the years preceding KRT onset. CV damage in the pre-KRT period is preventable.
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Research in context

Evidence before this study
A systematic literature search was conducted to find
longitudinal data on changes in CV measures before KRT
onset in children and adolescents with advanced chronic
kidney disease (CKD). PubMed was searched up to February
24, 2024, using the terms: “intima-media thickness” OR
“pulse wave velocity” OR “systolic dysfunction” OR “fractional
shortening” OR “left ventricular mass” OR “left ventricular
hypertrophy” OR “aortic stiffness” OR “arteriopathy” OR
“carotid thickness” OR “cardiac geometry”; AND “chronic
kidney disease”; AND “prospectiv* OR longitudinal* OR
observational OR follow-up”; AND “adolescent OR adolescen*
OR child* OR pediatr* OR paediatr*”. Nine studies examining
predictors of time-varying left ventricular hypertrophy, cardiac
structure and function, and pulse wave velocity were
identified, however, patients with mild-moderate CKD were
included, the vast majority of whom did not require KRT. The
relationship between modifiable CV risk factors with
evolution of CV damage in the years preceding KRT was not
evaluated.

Added value of this study
This prospective study enrolled 248 children and adolescents
with advanced CKD (stages 4–5) from two independent
multicenter prospective cohorts and examined 331 patient-
visits within 2-years before KRT start. Multiple abnormal CV
measures and CV risk factors were present in 80–90% of
patients approaching KRT. CV damage progressively
accumulated over time, particularly one year before KRT
onset. Modifiable risk factors, especially diastolic BP and body
mass index were strongly associated with a linear increase in
CV damage over time. After controlling for CV risk factors, the
time to KRT onset no longer predicted CV damage.

Implications of all the available evidence
In the years preceding KRT onset children have accrued a high
burden of CV damage, largely associated with traditional and
uremic risk factors. Risk factors for CV damage are modifiable
and their early diagnosis and management before KRT onset
is crucial to mitigate CV damage.
Introduction
Cardiovascular (CV) disease is the leading cause of
death in children receiving kidney replacement therapy
(KRT).1 According to the American Heart Association,
children with end-stage kidney disease are at the highest
risk for developing CV disease.2 Converging evidence
from epidemiological, clinical, and basic science
research indicates that dialysis initiation is associated
with exposure to CV risk factors leading to well-
recognized complications of maladaptive cardiomyopa-
thy, accelerated athero- and arteriosclerosis, and
vascular calcification, with increased risk of adverse CV
outcomes.3 While intensified dialysis and pre-emptive
transplantation may mitigate the progression of sub-
clinical CV damage,4,5 CV mortality remains unaccept-
ably high, accounting for ∼30% of all deaths on dialysis
and after transplantation.1 This suggests that the burden
of CV damage accrued before KRT onset cannot be
ameliorated by KRT and may continue to influence long-
term outcomes.

Validated measures to evaluate subclinical CV disease
include carotid artery intima-media thickness (cIMT) and
pulse wave velocity (PWV), which indicate arteriosclerosis
and arterial stiffness respectively, and abnormalities in
left ventricular (LV) mass and systolic function. These CV
measures have been associated with future CV events in
adults.6–8 Although changes in CV measures are well
documented in children on dialysis or after kidney
transplantation, little is known about the evolution of CV
damage and its association with CV risk factors in the
pre-KRT chronic kidney disease (CKD) population,9–12

with no longitudinal studies that examine the evolution
of morphological and functional CV changes in advanced
pre-KRT CKD. We hypothesized that children with pre-
KRT CKD have a high burden of modifiable CV risk
factors that lead to structural and functional CV damage.
Therefore, we comprehensively examined the burden,
progression and predictors of CV damage in the years
preceding KRT onset in patients from two international
prospective pediatric CKD cohorts.
Methods
The study followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE)
reporting guidelines.

Study design and participants
Patients were included from two prospective multi-
center cohort studies: the Cardiovascular Comorbidity
in Children with Chronic Kidney Disease (4C) study and
the Haemodiafiltration, Heart and Height (3H) study,
www.thelancet.com Vol 74 August, 2024
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both with published study designs and primary out-
comes.4,13,14 The 4C study is a prospective cohort of CKD
patients aged 6–17 years with an estimated glomerular
filtration rate (eGFR) between 10 and 60 ml/min/
1.73 m2 enrolled from 55 centers in 12 European
countries. The 3H study is a multicenter, non-
randomized, parallel-arm interventional study
comparing CV outcomes on different dialysis modalities
in children between 5 and 20 years of age from 28 pe-
diatric dialysis centers in 10 countries across Europe
and Canada. Details of study design and investigations
are in Supplementary Methods S1 (p.2).

We identified patients already enrolled in these co-
horts who had CKD stages 4–5 approaching KRT, and
those with a study visit up to 200 days before or 20 days
after KRT start (time point T0) were included. Data from
visits up to 750 days before time point T0 were included
for longitudinal assessment. These visits occurred
approximately one (n = 110) and two years (n = 64)
before KRT start (time points T-1 and T-2; Fig. 1).

CV measures
Vascular and echocardiographic measures including ca-
rotid intima-media thickness (cIMT), pulse wave velocity
(PWV), left ventricular (LV) mass index and mid-wall
fractional shortening were measured in the 4C and 3H
studies following identical protocols as previously
described.13–15

I Carotid intima-media thickness: Briefly, high-
resolution ultrasound of the common carotid
Fig. 1: Flow of study participants included from the prospective 4C and 3H
(KRT) were analysed cross-sectionally in 248 patients (T0). Of these, 157 pa
longitudinal analyses. Data at visits 1-year (T-1) and 2-year (T-2) prior to
chronic kidney disease, eGFR estimated glomerular filtration rate.

www.thelancet.com Vol 74 August, 2024
artery was used to obtain cIMT measurements
using a portable 8-MHz annular array ultrasound
device (Acuson P50; Siemens Medical Solutions
USA, Inc.) with integrated digital image evaluation
software (Syngo US Workplace; Siemens Medical
Solutions USA, Inc), according to the Mannheim
consensus.16 Five segments of the left and right
common carotid artery in the anterior-posterior
projection were examined and averaged. All ex-
aminations were performed by eight trained in-
vestigators as described previously.14,16 cIMT values
were normalized to derive age and sex-specific
standard deviation scores (SDS) from published
reference ranges.16

II Pulse wave velocity: Aortic PWV was measured with
a validated oscillometric Vicorder device using the
distance from the suprasternal notch to the femoral
recording point via the umbilicus as path length,
according to a standardized procedure.17 Briefly,
patients were investigated in a quiet room after
15 min of rest. Measurements were performed in a
supine position with head and shoulders tilted to
approximately 30◦. The neck cuff was placed with
the neck pad over the right carotid artery. The thigh
cuff was placed on the patient’s upper right thigh
and tightened. No talking or moving was allowed
during the measurements. Three measurements
each capturing at least 10 beats with good quality
waves were performed, and the mean value used
for further analysis. PWV was standardized to
derive sex and height-specific SDS from published
study cohorts Parameters at initiation of kidney replacement therapy
tients with at least one visit before KRT initiation were included for
KRT start were available in 110 and 66 patients respectively. CKD
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reference ranges.17 PWV standardized to height
has been used in the present analysis, based on
previous data showing underestimation of PWV
when standardized to age in a growth-restricted
population18; data on PWV standardized to age is
shown as Supplementary Analysis.

III Left ventricular mass index: Two-dimensional
transthoracic echocardiography was performed in
accordance with the guidelines of the American
Society of Echocardiography.19 LV mass was ana-
lysed from LV wall thickness and chamber di-
mensions, that were viewed on the parasternal long
axis or M-mode short axis at the midventricular
level, on three consecutive beats.19 LV mass index
was defined as the ratio of LV mass to
(height2.16 + 0.09) for age-independent normaliza-
tion of LV mass. LV mass index ≥45.0 g/m2.16,
representing the 95th percentile, was defined as LV
hypertrophy20; this partition value showed no false-
positivity for identification of LV hypertrophy in
previous validation cohorts.20 Relative wall thick-
ness was normalized to age, and a cutoff value of
0.38, was used to define concentric geometry.21

Mid-wall fractional shortening was calculated as
suggested by Lang et al.19 and, systolic dysfunction
was defined as mid-wall fractional shortening
<15.7%.11

Modifiable risk factors
We examined modifiable (i) traditional CV risk factors:
body mass index (BMI) SDS, level of physical activity
(<1, 1–2, ≥3 h/week), and blood pressure (BP SDS, both
clinic and ambulatory (classification detailed in
Supplementary Methods S1), (ii) uremic risk factors:
calcium, phosphate, intact parathyroid hormone (iPTH),
hemoglobin, bicarbonate, albumin, low density lipo-
protein cholesterol (LDL-C), high density lipoprotein
cholesterol (HDL-C), triglyceride, and (iii) urine
albumin-creatinine ratio.

Statistical analysis
Data were summarized as median (interquartile range)
and number (percentage), as appropriate, and analysed
using R version 4.3.2. (R Core Team 2021). Right-
skewed continuous variables used in regression ana-
lyses were log-transformed, as required. The ‘nlme’
package was used for longitudinal linear mixed-effect
modelling. Tests for significance between groups
included the Wilcoxon rank-sum and Chi-squared test.
Two-tailed P < 0.05 was considered significant.

The evolution of CV risk factors and CV measures
(cIMT-SDS, PWV-SDS, LV mass index and mid-wall
fractional shortening) was studied in 157 patients with
pre-KRT measurements available at T0 as well as at T-1,
T-2, or both. The average rate of change (linear slope) of
each parameter was estimated by longitudinal linear
mixed-effect models with random patient-level
intercepts while statistically controlling for patients’ visit
age, sex, and country. A supplementary analysis was
performed to restrict these analyses to patients with
non-glomerular disease. Changes in the prevalence of
elevated cIMT and PWV (defined as >2 SDS for both),
LV hypertrophy and systolic dysfunction (mid-wall
fractional shortening <15.7%) were analysed by longi-
tudinal logistic mixed-effect regression with random
patient-level intercepts, statistically controlling for pa-
tients’ visit age, sex, and country.

These association between CV risk factors with CV
measures were tested separately for the entire patient
sample (n = 248) at KRT onset using multivariable linear
regression, and longitudinally within patients (n = 157)
across the 2-year observation period by multivariable
linear mixed-effect models with random patient-level
intercepts. The final set of covariates per modelled car-
diovascular measure was determined using Akaike in-
formation criterion (AIC)-based variable backward
elimination. The starting set of explanatory covariates
comprised those that were always retained in the final
model such as visit age, sex, country, time-varying esti-
mated GFR, (and time to KRT onset in the case of linear
mixed-effect models), and all CV risk factors including
BMI SDS, etiology (glomerular/non-glomerular), sys-
tolic BP SDS, diastolic BP SDS, 24-hr mean ambulatory
blood pressure (MAP) SDS, calcium, phosphate, intact
parathyroid hormone (iPTH), hemoglobin, bicarbonate,
albumin, low density lipoprotein cholesterol (LDL-C),
high density lipoprotein cholesterol (HDL-C), triglycer-
ide, high-sensitivity C-reactive protein (hs-CRP), and
urine albumin-creatinine ratio. To ensure estimation
precision for the effects of risk factor covariates multi-
collinearity was reduced by including systolic BP SDS,
diastolic BP SDS, and 24-hr MAP SDS in separate
models. Variance inflation factors were calculated for all
candidate explanatory covariates in linear and logistic
mixed-effects models before variable backward elimi-
nation and never exceeded a value of 4. As urine albu-
min levels were only measured in a subgroup at KRT
onset, it was considered in a separate model.

To determine the association of structural and
functional CV measures, the association over time of (i)
cIMT-SDS with PWV-SDS, and (ii) LV mass index with
mid-wall fractional shortening were analysed. To find
the association of cIMT-SDS with PWV-SDS over time,
multivariable linear mixed-effect models with patient-
level random intercepts were employed, statistically
controlled for patients’ age, sex, and country, (and
additionally for systolic BP and diastolic BP in different
models) in 3 subgroups: patients with (i) elevated cIMT
at all time points T0, T-1 and T-2 (ii) elevated cIMT at any
time-point T0, T-1 or T-2, (iii), and normal cIMT
(≤2 SDS) at all time points. The association between LV
mass index and mid-wall fractional shortening was
examined in a multivariable linear mixed-effect model
with patient-level random intercepts, statistically
www.thelancet.com Vol 74 August, 2024
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controlled for patients’ age, sex, and country (and
additionally for systolic BP and diastolic BP in different
models).

Ethics statement
Ethical aspects and details of the data acquisition are
described elsewhere.13,14 Both the 4C and 3H studies
were designed and performed according to the Decla-
ration of Helsinki. The protocols were approved by each
local institutional review boards. Written informed
consent was obtained from the parents and adolescents,
and assent from younger children.

Role of the funding source
The study sponsors had no role in the study design;
access to the dataset; collection, analysis or interpreta-
tion of data; writing of the report; or the decision to
submit the paper for publication. Prof. Shroff and Prof.
Schaefer had full access to the dataset and were
responsible for the decision to submit for publication.
Results
Characteristics of patients
A total of 248 patients of median age 14.3 (12.2, 16.2)
years, were evaluated at a median of 35 (28, 114) days
before KRT start (T0), with a median eGFR of 12.2 (8.1,
14.6) ml/min/1.73 m2. The study flow is shown in Fig. 1
and Table 1 shows their characteristics at T0. Parameters
of 157 of 248 patients included for longitudinal analysis
were similar to the overall cohort (Supplementary
Table S1).

Modifiable CV risk factors
Patients had a high prevalence of modifiable CV risk
factors including anemia (52%), metabolic acidosis
(60%), hyperphosphatemia (58.1%), hyperparathyroid-
ism (72.5%), and dyslipidemia (35.7% had ≥2 abnormal
lipid levels) at KRT start (Table 2). Hypertension was
present in 127 (51.2%) patients. Among 170 patients
with ABPM records, ambulatory hypertension was pre-
sent in 80 (47.1%) and masked hypertension in 25
(14.6%). Of 84 (38.4%) patients receiving antihyperten-
sive agents, >2 agents were prescribed in 43 (19.6%).
Uncontrolled hypertension was present in 40 of 66
(60.6%) patients prescribed antihypertensive agents,
while a further 48 (50%) with ambulatory hypertension
were untreated. 15 (6%) were obese, 55 (22.2%) over-
weight and 81 (34%) performed little or no physical
activity. Multiple CV risk factors occurred concurrently
with 91.9% and 78.6% of the cohort having >2 and > 3
CV risk factors, respectively.

CV risk factors worsened with CKD progression from
T-2 to T0 (adjusted eGFR slope, −4.72 ± 0.35 ml/min/
1.73 m2 per year; Table 2). Median 24-hr MAP SDS was
elevated at 1.6 (0.4, 2.4) SDS at KRT onset (N = 106) and
remained constantly elevated over time (Table 2). Levels
www.thelancet.com Vol 74 August, 2024
of phosphate, iPTH, and triglyceride showed linear in-
creases with time until KRT start (P < 0.001 for all,
Table 2). Analysis in a subgroup of patients with
non-glomerular etiology (N = 147) showed similar slope
coefficients (Supplementary Table S2).

The CV risk profile of patients starting dialysis
(n = 166) or pre-emptive transplant recipients (n = 82) is
shown in Table 1. Median eGFR at KRT onset was
significantly lower in the dialysis group (10.6 vs.
13.8 ml/min/1.73 m2; P < 0.001). On adjusting for
eGFR at KRT onset, diastolic BP SDS was higher in the
dialysis group (Table 1). Also, hemoglobin and albumin
concentrations were lower, and iPTH and hs-CRP
higher in patients starting dialysis (Table 1).

CV measures
CV measures at KRT onset
In total, 175 (75.8%) patients had at least one abnormal
CV measure at KRT start, defined by an elevated cIMT,
PWV, LV hypertrophy or systolic dysfunction. Elevated
cIMT and PWV (defined as values > 2 SDS) were pre-
sent in 98 (42.6%) and 58 (24.8%) patients at KRT start,
respectively. LV hypertrophy and systolic dysfunction
were present in 111 (49.3%) and 47 (32.9%) patients,
respectively. Patients with concentric LV hypertrophy,
present in 70 (31.1%), had higher prevalence of systolic
dysfunction compared to those with eccentric LV hy-
pertrophy (54% versus 8%, respectively; P < 0.001).

PWV-SDS at KRT onset was higher in patients
starting dialysis than in those receiving a pre-emptive
kidney transplant, but was comparable between the
groups when adjusted for eGFR at KRT onset (Table 1)
cIMT-SDS, LV mass index and mid-wall fractional
shortening were comparable (Table 1).

Changes in CV measures in the years preceding KRT onset
The trajectory of CV measures over the 2-year observa-
tion period is shown in Fig. 2. A longitudinal linear
mixed-effect model analysis controlling for visit age, sex
and country showed a significant increase in PWV-SDS
and LV mass index over the 2-years preceding KRT
onset (β = 0.18 ± 0.08 SDS per year; P = 0.02, and
β = 2.04 ± 0.73 g/m2.16 per year; P = 0.006, respectively;
Table 2). The population-level average of cIMT-SDS and
mid-wall fractional shortening remained unchanged in
the 2-year observation period until KRT onset (Fig. 2)
which was corroborated by a non-significant slope in a
longitudinal linear mixed-effect model (Table 2). Fig. 3
shows the prevalence of elevated cIMT, elevated PWV,
LV hypertrophy and systolic dysfunction during follow-
up. The prevalence of elevated PWV-SDS significantly
increased with time in the year prior to KRT-onset from
T-1 to T0 (adjusted odds ratio, OR 0.33, 95% CI
0.17–0.66, P = 0.002; Fig. 3, Supplementary Table S3).
Similarly, proportion of patients with LV hypertrophy,
chiefly concentric in geometry, significantly increased
over 2-years follow-up from T-2 to T0 (adjusted OR 0.54,
5
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Characteristic Total N = 248 Initiating dialysis, N = 166 Pre-emptive transplant, N = 82

Age, years 14.3 (12.2, 16.2) 14.4 (12.2, 16.4) 14.0 (12.2, 16.1)

Boys 155 (62.5) 98 (59.0) 57 (69.5)

eGFR, ml/min/1.73m2 12.2 (8.1, 14.6) 10.6 (6.8, 14.2) 13.8 (12.1, 15.7)

Height SDS −1.6 (−2.6, −0.5) −1.8 (−2.8, −0.6) −1.0 (−2.0, 0.2)

Years with eGFR <60 ml/min/1.73 m2 7.3 (4.0, 12.3) 6.2 (4.0, 11.5) 8.9 (4.0, 13.0)

Etiology

Non-glomerular 224 (90.3) 144 (86.8) 80 (97.6)

Glomerular 24 (9.7) 22 (13.3) 2 (2.4)

Systolic blood pressure, SDS 1.3 (0.3, 2.2) 1.4 (0.4, 2.4) 1.0 (0.1, 1.9)

Diastolic blood pressure, SDS 0.9 (0.1, 1.6) 0.9 (0.2, 1.8) 0.6 (0.1, 1.3)

24-h MAP, SDSa 1.9 (0.7, 2.7) 2.0 (0.7, 3.0) 1.6 (0.3, 2.1)

Body mass index SDS 0.0 (−0.8, 0.8) −0.1 (−0.9, 0.9) 0.2 (−0.6, 0.9)

Physical activity

<1 h/week 81 (34.0) 53 (33.3%) 28 (35.4%)

1–2 h/week 102 (42.9) 72 (45.3%) 30 (38.0%)

≥3 h/week 55 (23.1) 34 (21.4%) 21 (26.6%)

Cardiovascular measures

Carotid intima-media thickness SDS 1.65 (1.04, 2.52) 1.7 (1.1, 2.5) 1.8 (1.2, 2.4)

Pulse wave velocity SDS 0.89 (−0.28, 2.03) 1.3 (−0.1, 2.2) 0.5 (−0.4, 1.3)

Left ventricular mass index, g/m2.16 44.4 (36.4, 57.2) 44 (35, 57) 44 (37, 54)

Left ventricular hypertrophy 111 (49.3) 77 (50) 34 (47.9)

Concentric 70 (31.1) 46 (29.9) 24 (33.8)

Eccentric 41 (18.2) 31 (20.1) 10 (14.1)

Concentric left ventricular modelling 42 (36.8) 28 (18.2) 14 (19.7)

Mid-wall fractional shortening, %a 17.0 (15.1, 19.2) 16.8 (15.0, 18.6) 17.4 (15.2, 19.4)

Systolic dysfunctiona 47 (32.9) 22 (31.9) 25 (33.8)

Biochemistry

Hemoglobin, g/dL 10.9 (9.9, 11.9) 10.7 (9.7, 11.7) 11.4 (10.2, 12.2)

Albumin, g/dL 4.1 (3.7, 4.4) 4.0 (3.6, 4.3) 4.1 (3.8, 4.5)

Calcium, mg/L 9.5 (8.8, 10.1) 9.3 (8.7, 9.9) 9.7 (9.0, 10.4)

Phosphorus, mg/L 5.4 (4.8, 6.5) 5.5 (4.8, 6.6) 5.2 (4.7, 6.3)

25-hydroxy Vitamin D, ng/mLa 20.6 (9.4, 34) 22.4 (10, 34.2) 13.6 (6.3, 27.2)

Intact PTH, pg/mL 476 (179, 165) 988 (291, 2828) 165 (59, 475)

Bicarbonate, mEq/L 21 (18.3, 23.5) 21 (18.1, 23) 21.6 (19, 24)

LDL cholesterol, mg/dL 89 (68, 111) 86 (64, 105) 98 (73, 124)

HDL cholesterol, mg/dL 44 (36, 52) 43 (35, 50) 47 (37, 57)

Triglyceride, mg/dL 144 (114, 197) 143 (114, 191) 144.3 (114, 212)

C-reactive protein, mg/dL 0.12 (0.03, 0.34) 0.13 (0.05, 0.45) 0.05 (0.02, 0.19)

Urine-albumin-creatinine ratio, g/ga 1.5 (0.4, 3.2) 2.0 (0.5, 3.4) 0.9 (0.2, 2.2)

Therapya

Antihypertensive agents

RAASi 31 (14.2) 27 (17.8) 4 (6.0)

Calcium channel blockers 58 (23.4) 44 (29.0) 14 (20.9)

Beta blockers 21 (8.5) 17 (11.2) 4 (5.9)

Diuretics 8 (3.2) 7 (4.7) 1 (1.5)

Nil 135 (61.6) 89 (58.6) 46 (68.7)

Phosphate binders

Calcium based 75 (34.3) 60 (36.1) 15 (18.3)

Non-calcium based 62 (28.3) 54 (32.5) 8 (9.8)

Erythropoiesis stimulating agent 125 (57.1) 100 (20.2) 25 (30.5)

Values are median (interquartile range) or N (%). eGFR estimated glomerular filtration rate, HDL high density lipoprotein; LDL low density lipoprotein cholesterol, MAP
mean ambulatory blood pressure, PTH parathyroid hormone, SDS standard deviation score, RAASi renin angiotensin aldosterone synthase inhibitor. SI conversion factors:
To convert hemoglobin to grams per liter, multiply by 10.0; albumin to grams per liter, multiply by 10.0; calcium to millimoles per liter, multiply by 0.25; phosphorus to
millimoles per liter, multiply by 0.323; 25-hydroxy Vitamin D, to nanomoles per liter, multiply by 2.496; Intact PTH to nanograms per liter, multiply by 1.0; bicarbonate to
millimoles per liter, multiply by 1.0; LDL cholesterol to millimoles per liter, multiply by 0.0259; HDL cholesterol to millimoles per liter, multiply by 0.0259; triglyceride to
millimoles per liter, multiply by 0.0113; C-reactive protein, to milligrams per liter, multiply by 10.0. a24-h mean arterial pressure, mid-wall shortening/systolic dysfunction,
25-hydroxy vitamin D, urine albumin and information on therapy available 170, 143, 114, 163 and 219 patients in the whole cohort, respectively.

Table 1: Clinical and biochemical characteristics at onset of kidney replacement therapy.
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Parameters Cut-off Prevalence, % (95% CI)
N = 248

Slope ± SEa (unit per year)
N = 157

P

eGFR, ml/min/1.73m2 – – −4.72 ± 0.35 <0.001

Cardiovascular measures

Carotid intima-media thickness SDS >2 42.6 (36.3, 49.1) 0.02 ± 0.08 0.83

Pulse wave velocity SDS >2 24.8 (19.6, 30.8) 0.18 ± 0.08 0.02

Left ventricular mass index, g/m2.16 >45 49.3 (42.8, 55.9) 2.04 ± 0.73 0.006

Mid-wall fractional shortening, %b <15.7 32.9 (25.2, 40.6) −0.24 ± 0.26 0.35

Risk factors

Body mass index SDS >1.04 22.2 (17.4, 27.8) 0.04 ± 0.05 0.43

Systolic blood pressure SDS ≥2 29.8 (24.4, 35.9) 0.29 ± 0.10 0.003

Diastolic blood pressure SDS ≥2 16.5 (12.4, 21.7) 0.16 ± 0.07 0.03

24-hr mean ambulatory pressure SDSc ≥2 47.1 (39.6, 54.6) 0.19 ± 0.13 0.14

Hemoglobin, g/dL <11.0 52.0 (45.7, 58.3) −0.18 ± 0.09 0.05

Bicarbonate, mEq/L <22.0 60.0 (53.6, 66.1) −0.10 ± 0.21 0.62

Calcium, mg/L <8.8 20.3 (15.6, 25.9) 0.02 ± 0.02 0.20

Phosphate, mg/L 5–16 yr > 5.8
>16 yr > 4.8

58.1 (51.8, 64.1) 0.16 ± 0.02 <0.001

Intact PTH, pg/mL >200 72.5 (66.5, 77.8) 7.62 ± 2.21 <0.001

LDL cholesterol, mg/dL ≥130 13.6 (9.7, 18.5) 0.82 ± 2.14 0.70

HDL cholesterol, mg/dL <40 65.5 (59.2, 71.4) −1.44 ± 0.83 0.09

Triglyceride, mg/dL <10-yr: ≥100
≥10-yr: ≥130

64.4 (58.2, 70.3) 19.9 ± 4.53 <0.001

Albumin, g/dL <4.0 42.5 (36.4, 48.9) 0.25 ± 0.36 0.49

CI confidence intervals, eGFR estimated glomerular filtration rate, HDL high density lipoprotein; LDL low density lipoprotein, PTH parathyroid hormone, SDS standard
deviation score. SI conversion factors: To convert hemoglobin to grams per liter, multiply by 10.0; albumin to grams per liter, multiply by 10.0; calcium to millimoles per
liter, multiply by 0.25; phosphorus to millimoles per liter, multiply by 0.323; Intact PTH to nanograms per liter, multiply by 1.0; bicarbonate to millimoles per liter, multiply
by 1.0; LDL cholesterol to millimoles per liter, multiply by 0.0259; HDL cholesterol to millimoles per liter, multiply by 0.0259; triglyceride to millimoles per liter, multiply by
0.0113. aSlope estimates and standard errors (SE) are obtained from a linear-mixed-effect model which adjusted for patients’ visit age, sex, and country; linear mixed-effect
models were specified with patient-level random intercepts and were applied to N = 157 patients with visits at KRT onset (T0) and at least one pre-KRT visit (at T-2, T-1, or
both). Positive linear slope estimates indicated increasing parameters towards KRT onset, and vice versa. bN = 143 available for calculation of prevalence and slope. cN = 170
and N = 106 available for calculation of prevalence and slope.

Table 2: Prevalence of abnormal cardiovascular measures and risk factors at onset of kidney replacement therapy (KRT) and the change in the two
years preceding KRT onset.
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95% CI 0.34–0.87; P = 0.01, Fig. 3; and adjusted OR
0.55, 95% CI 0.34–0.88; P = 0.01; Supplementary
Table S4). Although the prevalence of systolic dysfunc-
tion increased from 20.7% at T-2 to 32.9% at KRT start, it
was not statistically significant (P = 0.13; Fig. 3).

Association between structural and functional CV measures
The proportion of patients with structural CV damage
(elevated cIMT-SDS, LV hypertrophy) significantly excee-
ded those with functional abnormalities (elevated PWV-
SDS, systolic dysfunction) at all time points (Chi-
squared P < 0.01; Fig. 3). Positive linear increase in PWV-
SDS was associated with higher cIMT in a longitudinal
linear mixed-effect model model adjusted for visit age, sex,
country and time-varying eGFR (β = 0.13, 95% CI 0.06,
1.91; P = 0.06), with this association reaching statistical
significance when limited to patients with elevated cIMT-
SDS (β = 0.61, 95% CI 0.12–1.10; P = 0.03), even after
controlling for systolic and diastolic BP (β = 0.71, P = 0.01
and β = 0.66, P = 0.02, respectively; Supplementary
Table S5). A linear decrease in mid-wall fractional short-
ening was associated with higher LV mass index in a
www.thelancet.com Vol 74 August, 2024
longitudinal linear mixed-effect model model adjusted for
visit age, sex, country and time-varying eGFR (β = −0.06,
95% CI −0.03, −0.09; P < 0.001); the association remained
significant on adjusting for systolic and diastolic BP
(Supplementary Table S6).

Predictors of changes in CV measures
The predictors of CV measures in multivariable
regression models at KRT onset are shown in
Supplementary Tables S7 and S8. On multivariable
longitudinal linear mixed-effect model analysis, diastolic
BP (β = 0.15, P = 0.02), BMI SDS (β = 0.14, P = 0.02),
and iPTH (β = 0.005, P = 0.01) were significant pre-
dictors of cIMT-SDS over time till KRT start (Table 3;
model with best fit highlighted). PWV-SDS showed
significant positive linear relationships with diastolic BP
(β = 0.15, P = 0.03), 24-hr MAP (β = 0.31, P < 0.001),
BMI SDS (β = 0.19, P = 0.01), physical activity of less
than 1–2 h/week (β = −0.41, P = 0.04), high levels of
LDL-C (β = 0.01, P < 0.001), and hypoalbuminemia
(β = −0.04, P = 0.04) (Table 3). LV mass index showed
positive linear association with systolic and diastolic BP
7
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Fig. 2: Scatter plots showing (A) carotid intima-media thickness standard deviation score (SDS), (B) pulse wave velocity SDS, (C) left ventricular
mass index, and (D) mid-wall fractional shortening in the 2-years prior to kidney replacement therapy (KRT) onset. Lines show predicted mean
trajectory, grey areas are 95% confidence intervals. Slopes (± standard errors) represent one unit (SDS, g/m2.16 or %) change per year and are
regression coefficients obtained in a linear mixed-effect model with patient-level random intercepts, controlling for patients’ visit age, gender
and country.
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in separate models (β = 1.32, P = 0.005; β = 1.44,
P = 0.02), and with BMI SDS (β = 1.85, P = 0.006),
physical activity of less than 3 h/week (β = −5.4,
P = 0.008), metabolic acidosis (β = −0.66, P = 0.005),
hypoalbuminemia (β = −0.35, P = 0.01), and eGFR
(β = −0.46, P = 0.003) (Table 3). Low serum albumin
predicted significant increase of mid-wall fractional
shortening over time in all models (β = 0.08, P = 0.04).
Models with PWV standardized to age are shown in
Supplementary Table S9.
www.thelancet.com Vol 74 August, 2024
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Fig. 3: Prevalence of cardiovascular damage in the form of elevated carotid intima-media thickness (>2 standard deviation score (SDS)), elevated
pulse wave velocity (>2 SDS), left ventricular hypertrophy (left ventricular mass index >45 g/m2.16) and systolic dysfunction (mid-wall fractional
shortening <15.7%) at onset, 1-yr and 2-yr before onset of kidney replacement therapy (KRT). P values represent change in prevalence per year,
obtained from a logistic mixed-effect model with patient-level random intercepts, controlling for patients’ visit age, gender, and country.
Prevalence of elevated elevated carotid intima-media thickness SDS was higher than elevated pulse wave velocity SDS (Chi squared P < 0.001, at
all time points), prevalence of left ventricular hypertrophy was higher than systolic dysfunction (Chi squared P < 0.001, P = 0.002 and P = 0.01,
at onset, 1-yr and 2-yr before KRT start, respectively).
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The inclusion of identified risk factor effects in the
above longitudinal linear mixed-effect models resulted
in non-significant linear slopes, indicating that time to
KRT onset ceases to be a predictive covariate for pa-
tients’ burden of CV damage when the known modifi-
able risk factors are adjusted for (Table 3).
Discussion
This study comprehensively evaluates the longitudinal
progression and predictors of CV damage in children
with pre-KRT CKD. The study found that three-quarters
of patients showed evidence of subclinical CV damage,
and nearly 80% had >3 modifiable traditional or uremic
risk factors at KRT start. CV damage measures pro-
gressively accumulated over time, particularly one year
before KRT onset. Modifiable CV risk factors, especially
BP and BMI, strongly associated with and influenced
the linear increase in CV damage with time. Notably,
our statistical models confirm that the linear slopes of
CV measures become non-significant once the associ-
ated CV risk factors are controlled for, indicating that
the progression of CV damage is not inevitable. Chil-
dren have a lifetime of KRT ahead of them, so early
intervention before KRT start is essential to mitigate CV
damage, as shown by a randomized controlled trial in
adults22 and a post-hoc analysis of the ESCAPE trial,11

demonstrating lower post-dialysis CV mortality,22
www.thelancet.com Vol 74 August, 2024
regression of LV mass index,11 and systolic dysfunc-
tion11 with strict pre-KRT BP control.

Although we do not have hard outcome measures in
pediatric studies, measures of subclinical CV damage
are validated predictors of future CV mortality. cIMT, a
well-established surrogate measure of coronary artery
disease, has been correlated with hard endpoints
including strokes and myocardial infarction in adults
without CKD23 and CV events in CKD.6 Similarly,
increased PWV has been associated with higher mor-
tality rates even in young adults on dialysis6 and
improved the prediction of CV mortality-risk in pre-KRT
CKD beyond classical risk factors.7 Systolic dysfunction,
a well-recognized consequence of CKD progression in
adults, predicts cardiac failure and mortality in KRT.8

Therefore, subclinical CV damage well before KRT
start in out cohort, has important clinical relevance.
Previous studies have examined the trajectory of PWV-
SDS,24 cIMT-SDS,25 LV mass index,9,11,12 and mid-wall
fractional shortening,11,26 but also included patients
with mild-moderate CKD who did not progress to
require KRT.

We found a significant linear increase in arterial
stiffness and LV mass in the years preceding KRT,
similar to findings in adults with advanced CKD.27,28 The
progressive accumulation of CV damage measures,
especially one year before KRT start, emphasizes the
need to consider CV health when determining the
9

http://www.thelancet.com


Parameters Model 1: Inclusion of systolic BP
SDS, N = 157

Model 2: Inclusion of diastolic BP SDS
N = 157

Model 3: Inclusion of 24-hr mean ambulatory pressure
(MAP) SDS, N = 106

β 95% CI P Parameters β 95% CI P Parameters β SE P

Predictors of carotid intima-media thickness SDS

(Intercept) 2.25 1.40, 3.10 <0.001 (Intercept) 2.20 1.37, 3.04 <0.001 (Intercept) 2.34 1.12, 3.56 <0.001

Years to KRT onset 0.16 −0.08, 0.40 0.21 Years to KRT onset 0.17 −0.07, 0.41 0.17 Years to KRT onset 0.22 −0.12, 0.57 0.21

Systolic BP SDS 0.05 −0.04, 0.14 0.27 Diastolic BP SDS 0.15 0.03, 0.26 0.02 24-hr MAP SDS 0.09 −0.02, 0.19 0.13

BMI SDS 0.13 0.02, 0.24 0.02 BMI SDS 0.14 0.03, 0.24 0.02 – – – –

iPTH 0.005 0.00, 0.01 0.02 iPTH 0.005 0.001, 0.01 0.01 iPTH 0.01 0.00, 0.01 0.02

Predictors of pulse wave velocity SDS

(Intercept) −2.37 −4.52, −0.21 0.04 (Intercept) −1.34 −4.52, 0.42 0.14 (Intercept) −3.36 −5.31, −1.4 0.001

Years to KRT onset −0.14 −0.38, 0.09 0.25 Years to KRT onset −0.14 −0.33, 0.09 0.25 Years to KRT onset 0.01 −0.25, 0.28 0.91

Glomerular disease 1.12 0.20, 2.04 0.02 Glomerular disease 0.99 0.13, 1.89 0.03

Diastolic BP SDS 0.15 0.01, 0.29 0.03 24-hr MAP SDS 0.31 0.19, 0.42 <0.001

BMI SDS 0.21 0.06, 0.35 0.007 BMI SDS 0.19 0.05, 0.33 0.01

Activity 1–2 h/wk −0.42 −0.81, −0.02 0.04 Activity 1–2 h/wk −0.41 −0.81, −0.02 0.04

Activity ≥3 h/wk −0.31 −0.74, 0.13 0.18 Activity ≥3 h/wk −0.32 −0.76, 0.11 0.15

LDL cholesterol 0.01 0.00, 0.01 0.001 LDL cholesterol 0.01 0.00, 0.01 <0.001 LDL cholesterol 0.01 0.00, 0.01 0.001

Albumin −0.04 0.01, 0.08 0.01 Albumin −0.04 0.01, 0.07 0.04 Albumin −0.03 0.00, 0.07 0.07

Predictors of left ventricular mass index

(Intercept) 66.7 49.1, 84.3 <0.001 (Intercept) 68.6 51.0, 86.2 <0.001 (Intercept) 55.1 36.4, 73.9 <0.001

Years to KRT onset 0.63 −1.53, 2.80 0.57 Years to KRT onset 0.44 −1.70, 2.58 0.69 Years to KRT onset −0.22 −3.07, 2.64 0.88

eGFR −0.46 −0.76, −0.17 0.003 eGFR −0.50 −0.76,`−0.18 0.003 eGFR −0.33 −0.70, 0.05 0.10

Systolic BP SDS 1.32 0.43, 2.21 0.005 Diastolic BP SDS 1.44 0.22, 2.66 0.02

BMI SDS 1.85 0.57, 3.12 0.006 BMI SDS 2.05 0.78, 3.31 0.002 BMI SDS 3.12 1.54, 4.71 0.003

Activity 1–2 h/wk −2.70 −6.36, 0.97 0.15 Activity 1–2 h/wk −3.17 −6.83, 0.49 0.10 Activity 1–2 h/wk −3.90 −8.61, 0.79 0.11

Activity ≥3 h/wk −5.41 −9.29, −1.53 0.008 Activity ≥3 h/wk −6.38 −10.3, −2.49 0.002 Activity ≥3 h/wk −5.86 −10.6, −1.09 0.02

Bicarbonate −0.66 −1.10, −0.22 0.005 Bicarbonate −0.59 −1.14, −0.26 0.003 Bicarbonate −0.90 −1.45, −0.34 0.003

Albumin −0.35 −0.61, −0.09 0.01 Albumin −0.41 −0.60, −0.07 0.02

Predictors of mid-wall fractional shortening

(Intercept) 14.0 9.4, 18.6 <0.001 (Intercept) 14.0 9.4, 18.6 <0.001 (Intercept) 15.1 11.2, 19.0 <0.001

Years to KRT onset 0.16 −0.56, 0.88 0.67 Years to KRT onset 0.16 −0.56, 0.88 0.67 Years to KRT onset 0.01 −0.71, 0.72 0.98

eGFR 0.08 −0.02, −0.18 0.12 eGFR 0.08 −0.02, −0.18 0.12 eGFR 0.05 −0.05, 0.15 0.31

HDL cholesterol −0.03 −0.06, 0.00 0.06 HDL cholesterol −0.03 −0.06, 0.00 0.06

Phosphate 1.12 −0.19, 2.42 0.10 Phosphate 1.12 −0.19, 2.42 0.10

Albumin 0.08 0.004, 0.15 0.04 Albumin 0.08 0.004, 0.15 0.04 Albumin 0.08 0.004, 0.15 0.04

iPTH −0.0 −0.02, 0.01 0.52

BP blood pressure, BMI body mass index, HDL high density lipoprotein, LDL low density lipoprotein, iPTH intact parathyroid hormone, KRT kidney replacement therapy, MAP mean ambulatory blood
pressure, SDS standard deviation score. Three separate longitudinal, linear mixed-effects models were obtained per modelled cardiovascular measure after Akaike information criteria (AIC) based variable
backwards elimination of three different candidate covariate pools. Model 1: Included systolic BP SDS in the candidate covariate pool but neither diastolic BP SDS, nor 24-hr MAP. Model 2: Included diastolic
BP SDS in the candidate covariate pool but neither systolic BP SDS, nor 24-hr MAP. Model 3: Included 24-hr MAP in the candidate covariate pool but neither systolic BP SDS, nor diastolic BP SDS. The
model with the best model fit by AIC is highlighted. Model 2 showed best fit compared to model 1 for regression of carotid intima-media thickness SDS (AIC 798 vs. 802) and pulse wave velocity SDS (AIC
877 vs. 879); model 1 showed the best fit compared to model 2 for regression of left ventricular mass index (AIC 1981 vs. 1984). Models adjusted for age, sex, country and estimated glomerular filtration
rate.

Table 3: Time-varying associations of cardiovascular measures over 2-year follow-up prior to the onset of kidney replacement therapy.

Articles

10
timing of KRT initiation. Subclinical CV measures have
not been examined as outcomes in registry studies that
showed no significant difference in mortality, access to
transplantation, or growth with early versus late KRT
initiation.29 Prospective studies in children have shown
an improvement in BP and attenuated progression of
cIMT with hemodiafiltration,4 improved LV mass index
6-months after initiating hemodialysis,30 and stable or
even improving vascular measures with pre-emptive
transplantation.5,31 Despite antihypertensive medica-
tions, 60% of our cohort had uncontrolled hypertension.
Further studies are required to explore the role of an
earlier KRT start to limit preventable CV damage in
cases where rigorous control of CV risk factors is not
possible with medical management.

We observed a strikingly high prevalence of multiple
modifiable traditional and uremic CV risk factors that
were strongly associated with CV damage. More than
one-half of the cohort had ambulatory hypertension,
anemia, acidosis, hyperparathyroidism, hyper-
phosphatemia, or hypoalbuminemia. Patients with
mild-moderate CKD enrolled in the CKiD cohort were
www.thelancet.com Vol 74 August, 2024
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similarly found to have multiple traditional CV risk
factors in one-quarter of the cohort.32 The present study
confirms previously reported associations of CV risk
factors with cIMT, PWV and LV hypertrophy in children
with pre-KRT CKD, including exposure to mineral
dysregulation (high levels of PTH, low calcium and
acidosis that contributes to a pro-calcific milieu),10,25

anemia,12,15 dyslipidemia,24,33 and low serum albumin.34

Previous publications from the CKiD cohort showed
persistence of hypertension and dyslipidemia in
20–50% patients over median follow up of 4 and 6.5
years, respectively, with worsening dyslipidemia in pa-
tients with faster declining GFR, worsening proteinuria,
and increasing BMI.35,36 Results from our study
emphasize the extent to which these risk factors are
inadequately treated in leading centers and the need to
reinforce therapeutic targets to improve CV health in
pre-KRT CKD.

Importantly, we show that traditional risk factors
such as BP and BMI have a substantial independent
impact on CV damage. Even in the non-CKD population
of otherwise healthy children, it has been shown that
these CV risk factors in childhood predict subclinical CV
damage as well as CV events in mid-adulthood. A 35-
year follow-up study of ∼38,000 healthy children
showed that traditional CV risk factors (BMI, systolic
BP, total cholesterol, triglyceride, and smoking) were
independently associated with CV events in mid-adult-
hood.37 We found a strong association of diastolic BP on
almost all measures of CV remodelling. This is consis-
tent with the well-established association of clinic and
ambulatory hypertension with LV hypertrophy,12,38

PWV,39 and cIMT33 in pre-KRT CKD, with recent re-
ports of long-term association on cIMT even in children
without CKD.40

While CKD was traditionally thought to be a state
of malnutrition, in keeping with the global pandemic
of childhood obesity, we found that approximately
20% of the cohort was overweight or obese. Notably,
BMI and physical inactivity independently predicted
LV mass and PWV. Adiposity has been associated with
LV mass41 and PWV34 in children with mild-moderate
and advanced CKD, respectively. BMI is also the
strongest independent predictor of LV mass and pre-
dicts accelerated deterioration of vascular structure
and function, even in children without CKD.42,43

Obesity prevention and treatment in children with
CKD is essential, stressing the importance of behav-
ioural modifications such as increasing physical ac-
tivity, weight loss, and reducing screen time to
improve CV health.

Our study suggests that early structural CV damage
precedes functional abnormalities. We believe that
maladaptive arterial wall remodelling triggers compen-
satory adaptive mechanisms like carotid lumen dilata-
tion to mitigate the effect of increasing cIMT on shear
stress.10,25,44,45 Circumferential sclerosis or calcium
www.thelancet.com Vol 74 August, 2024
deposition would ultimately stiffen the artery once these
adaptive mechanisms are exhausted. Our findings that
patients with high cIMT >2 SDS exhibit a linear increase
in PWV, and accelerated increase of aortic stiffness
nearer to KRT onset, support the above hypotheses.
While an observation period of 2-years is adequate allow
changes in cIMT-SDS,5,25 the differential effect of carotid
dilatation causing a relative increase in carotid lumen to
wall cross-sectional area may explain a relatively stable
but high cIMT over time.10,44,45 We propose that as CKD
progresses, the increased LV mass becomes maladap-
tive, compromising cardiac function, as shown by the
strong negative association we observed between sys-
tolic function and LV mass.

However, there are limitations to this study
including its observational nature which precludes
causal inference. Due to the explorative nature of the
study, no formal sample size estimation was performed.
The overrepresentation of patients with CAKUT limits
generalizability of results to patients with glomerular
diseases, who are at an even greater CV risk. The data
did not allow for examination of center-specific treat-
ment regimens. Some potential risk factors, such as 25-
hydroxy vitamin D levels and urine output, were not
measured in all patients and could not be included. The
reliability of albuminuria as a CV risk factor at low eGFR
is uncertain. Levels of physical activity assessed in the
study are extremely low, and assessment of a wider
range of activity will be useful in future studies.
Although many exploratory statistical models were used
as sensitivity analyses, they might have increased the
probability of false positive results. The strengths of our
study are its novel findings, prospective multicenter
design, and being the largest study exploring longitu-
dinal changes in burden of CV damage in pre-KRT
CKD.

In conclusion, in the years preceding KRT onset
children have accrued a high burden of CV damage,
largely from modifiable risk factors. Controlling for
these risk factors mitigated the linear progression of CV
damage in our statistical models. The changing profile
of modifiable CV risk factors highlights the need for
early diagnosis, careful monitoring, and aggressive
management from the earliest stages of CKD to opti-
mize CV health.
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