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ABSTRACT

Background. Cardiovascular disease (CVD) is a common cause of morbidity and mortality even in young people with chronic
kidney disease (CKD). We examined structural and functional CV changes in patients <30 years of age with CKD Stages 4
and 5 and on dialysis.

Methods. A total of 79 children and 21 young adults underwent cardiac computed tomography for coronary artery
calcification (CAC), ultrasound for carotid intima-media thickness (cIMT), carotid–femoral pulse wave velocity (cfPWV) and
echocardiography. Differences in structural (CAC, cIMT z-score, left ventricular mass index) and functional (carotid
distensibility z-score and cfPWV z-score) measures were examined between CKD Stages 4 and 5 and dialysis patients.

Results. Overall, the cIMT z-score was elevated [median 2.17 (interquartile range 1.14–2.86)] and 10 (10%) had CAC. A total of
16/23 (69.5%) patients with CKD Stages 4 and 5 and 68/77 (88.3%) on dialysis had at least one structural or functional CV
abnormality. There was no difference in the prevalence of structural abnormalities in CKD or dialysis cohorts, but
functional abnormalities were more prevalent in patients on dialysis (P<0.05). The presence of more than one structural
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abnormality was associated with a 4.5-fold increased odds of more than one functional abnormality (95% confidence
interval 1.3–16.6; P<0.05). Patients with structural and functional abnormalities [cIMT z-score >2 standard deviation (SD) or
distensibility <�2 SD) had less carotid dilatation (lumen:wall cross-sectional area ratio) compared with those with normal
cIMT and distensibility.

Conclusions. There is a high burden of subclinical CVD in young CKD patients, with a greater prevalence of functional
abnormalities in dialysis compared with CKD patients. Longitudinal studies are required to test these hypothesis-
generating data and define the trajectory of CV changes in CKD.

Keywords: cardiovascular disease, carotid intima–media thickness, chronic kidney disease, coronary artery calcification,
pulse wave velocity

INTRODUCTION

Cardiovascular disease (CVD) is the most common cause of
morbidity and mortality in young people with chronic kidney
disease (CKD) [1]. Mineral dysregulation in CKD–mineral and
bone disorder (CKD-MBD) is causally linked with calcium (Ca)
and phosphate (P) deposition in the medial layer of the arteries
[2], with an increase in arterial thickness and stiffening of the
vessels [3–5]. Vascular damage and calcification may be present
early in the course of CKD [6, 7] and progresses rapidly once di-
alysis is initiated [2]. It has been suggested that structural
changes lead to arterial stiffness that in turn causes an in-
creased left ventricular (LV) pressure load [6] and LV hypertro-
phy (LVH), but correlations between structural and functional
vascular changes and factors associated with these changes
have not been fully examined.

In a cohort of children and young adults <30 years of age, we
examined structural changes [including coronary artery calcifi-
cation (CAC), cIMT and LV mass], functional changes (carotid
distensibility and arterial stiffness) and evidence of CV remodel-
ling. Our hypothesis was that young people with CKD Stages 4
and 5 and on dialysis would have a high prevalence of subclini-
cal CVD. We also wanted to examine the association of struc-
tural changes and functional abnormalities in this age group.
This study is part of a longitudinal, multicentre study examin-
ing bone and CV health in children and young adults with CKD.
Young adults are included, as the skeleton continues to miner-
alize until the third or fourth decade of life [8], accruing Ca and
perhaps acting as a ‘buffer’ to prevent vascular calcification.
The baseline cross-sectional data relating to CV health are pre-
sented in this article.

MATERIALS AND METHODS
Study participants

This cross-sectional study included young people with CKD
Stages 4 and 5 (including individuals receiving dialysis) from
five paediatric and four adult nephrology units. Our inclusion
criteria were age 5–30 years and CKD Stages 4 and 5 [estimated
glomerular filtration rate (eGFR), by the Schwartz formula [9],
<30 mL/min/1.73 m2] or on dialysis. It is thought that the high
Ca requirement of the growing skeleton may exert a buffering
capacity, reducing the incidence of extraosseous calcification.
As skeletal mineralization can continue until 30 years of age,
when peak bone mass is reached, we have included young
adults up to 30 years of age [8]. Cross-sectional data on bone
health of this cohort have been published previously [10]. We
excluded patients with a functioning kidney transplant and
those who would not have tolerated the scanning procedures.
Informed written consent was obtained from all parents or

caregivers and adult participants. Assent was obtained from
children where appropriate. The study was approved by the lo-
cal research ethics committees.

A total of 130 patients were identified and 112 agreed to par-
ticipate. Twelve withdrew consent prior to taking part. A total of
100 children and young adults with CKD completed the study
and were included in the analyses.

Investigations performed

Details on anthropometric measurements and serum biomarker
collection have been published previously [10] and are described
in detail in the Supplementary Materials. Manual blood pressure
(BP) was recorded at routine clinic visits or before a midweek
haemodialysis session by a single investigator (A.D.L.) and
expressed as z-scores, adjusted for age, sex and height [11].
Hypertension (HTN) was defined as a systolic BP (SBP) and/or di-
astolic BP (DBP) measurement above the 95th centile for age and
height as per the 2016 European Society of Hypertension (ESH)
guidelines [12].

Given the age range of our patients, all age-related measures
(including CV measures) are presented as z-scores. The z-scores
reflect normative changes due to age, height and sex and allow
for comparison of the vascular measures across all age groups.

cIMT and distensibility. cIMT measurements were obtained by
ultrasound according to the Mannheim consensus [13]. The
mean cIMT was calculated as the average IMT measurements of
both carotids 1–2 cm below the bifurcation using automatic soft-
ware (Vivid iq, GE Healthcare, Chicago, IL, USA) and analysed
offline in a blinded fashion. The M-mode was used for vessel
systolic and diastolic diameter (see Supplementary Materials
for detailed description). The mean wall cross-sectional area
(WCSA), mean lumen cross-sectional area (LCSA) [14], their ratio
(LCSA:WCSA; reflecting the ability of the vessel to dilate in rela-
tion to vessel wall thickening), distensibility coefficient (reflect-
ing the functional properties of the carotid and its ability to
distend with each cardiac cycle) were also calculated (Figure 1)
[15]. cIMT measurements were expressed as z-scores according
to Doyon et al. [15]. Adults’ z-scores were calculated using inter-
polation of the difference between 17 and 18 years old (the an-
nual increase of absolute cIMT each year to the age of 30 years
was assumed to be the same as the increase from 17 to
18 years). For comparison, we also generated z-scores for adults
using other healthy reference databases [16, 17] (see
Supplementary data, Table S2 and Figure S1A).

Cardiac computed tomography. Coronary artery and valvular
calcification were examined by computed tomography (CT;
Somatom Force; Siemens, Munich, Germany or GE Discovery
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750HD, GE Healthcare) using the machines’ standard Ca scoring
protocol. Prospective echocardiography (ECG) triggering was
used to obtain images in diastole. Calcification was expressed
as the Agatston score [18] and analysed offline in a blinded fash-
ion, confirmed independently by two observers (A.D.L. and
K.H.M.) using Syngo Via software (Siemens, Cambridge, UK).

ECG. LV measures were collected from two-dimensional ECG.
The LV mass was calculated according to the Devereux equation
[19] and indexed to height2.7(g/m2.7) (LVMI) [7]. LVH was defined
as sex- and age-specific LVMI above the 95th percentile as de-
fined by Khoury et al. [20]. Evaluation of LV geometry (concentric
versus eccentric hypertrophy) was done using the relative wall
thickness (RWT) formula and normalized for age 10 years for
participants <18 years old and age 46 years for participants
>18 years old as described by de Simone et al. [21]. The 95th per-
centile cut-off values were used to define concentric geometry
with 0.38 for children and 0.43 for adults [21].

cfPWV and pulse wave augmentation. Carotid–femoral pulse
wave velocity (cfPWV) was measured with the Vicorder
Oscillometric PWV device (SMART Medical, Moreton in Marsh,
UK), which has been validated against applanation tonometry
[22]. cfPWV results were expressed as z-scores based on refer-
ence values normalized for height and age [23]. Adult z-scores
were calculated using interpolation of the values between 17
and 18 years old, similar to the cIMT z-scores (see
Supplementary Materials for comparison with other healthy
reference databases) [24, 25]. Pulse wave augmentation and aug-
mentation index (AIx) were obtained with the same Vicorder
device (SMART Medical).

CV abnormality scoring . We separated the CVD measures into
structural (CAC, cIMT and LVMI) and functional (carotid disten-
sibility and cfPWV) changes. We assigned 1 point for each mea-
sure above a z-score of 2 or above the 95th centile for all
continuous data and into presence or absence of CAC based on

the Agatston score. The total structural and functional scores
for each patient were calculated.

Statistics

All results are presented as the median with interquartile
range (IQR) or number and percentage. Spearman rank testing
was used for univariable correlations. Kruskal–Wallis analysis
of variance was used for non-normally distributed data with
Dunn’s correction for multiple comparisons. Mann–Whitney
U-tests were used for between-group non-parametric compari-
sons. A series of linear regression models were performed,
with the CVD measures (cIMT z-score, LVMI, distensibility, ca-
rotid dilatation, PWV z-score and augmentation) as the depen-
dent variables. All independent variables with univariable
associations of P� 0.15 were included in the multivariable
models (see Supplementary Materials). All regression models
included the CKD stage as a binary measure (CKD Stages 4 and
5 or dialysis) nominal category split. Since z-scores are ad-
justed for age and sex, these were not included as a dependent
variable. The association of structural and functional changes
was expressed as odds ratios with 95% confidence intervals
(CIs) and an associated P-value was calculated using Fisher’s
exact test. SPSS version 25 (IBM, Armonk, NY, USA) was used
for all statistical analyses and GraphPad Prism (GraphPad
Software, San Diego, CA, USA) was used to create figures. A
two-sided P-value �0.05 was considered to indicate a statisti-
cally significant difference.

RESULTS

The demographics of the study population are shown in
Table 1. Dialysis participants were older [median 14.3 (IQR 11.1–
22.0) versus 11.5 (6.8–13.6) years; P¼ 0.002], more likely to be
Asian (29.9% versus 17.4%) or Black (23.4% versus 8.7%, respec-
tively; P¼ 0.03) and more likely to have an underlying glomeru-
lar disease (16.9% versus 0%; P¼ 0.001).

Mean systolic diameter (sD) = (LsD + RsD)/2

Mean diastolic diameter (dD) = (RdD + LdD)/2 

Mean wall cross-sectional area (WCSA) = π*(dD/2 + IMT)2 – π*(dD/2)2  

Mean lumen cross-sectional area (LCSA) = π*dD2/4

Distensibility coefficient (DC) = 2(ΔD/dD)/(ΔP/10*1.33*100)

LsD = left common carotid artery systolic diameter
RsD = right common carotid artery systolic diameter
LdD = left common carotid artery diastolic diameter 
RdD = right common carotid artery diastolic diameter
IMT = carotid intima media thickness
ΔD = sD – dD
ΔP = systolic BP – diastolic BP

Tunica adventitia

Tunica media (MT) 

Tunica intima (IT)

Intima-media
thickness = IT + MT

Carotid lumen

= lumen cross-sectional area

+ = wall cross-sectional area

FIGURE 1: Schematic representation of the constituent parts of the carotid wall and the carotid measure equations [14, 15].
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As per the ESH guidelines, 28% of the cohort was hyperten-
sive. HTN was more prevalent in patients on dialysis (33.8% ver-
sus 8.6%; P¼ 0.03). There was no difference between those with
glomerular versus non-glomerular (38.5% versus 26.4%; P¼ 0.51)
disease. About 8% of the cohort were on antihypertensive medi-
cation (Table 1), and of these, 50% had uncontrolled HTN.

Patients on dialysis had lower 25-hydroxyvitamin D
[25(OH)D; 61 versus 94 nmol/L; P¼ 0.01] and higher parathyroid
hormone (PTH) levels compared with CKD patients [5� versus
1� the upper limit of normal (ULN); P¼ 0.0005; Table 1].

Vascular measures

The structural and functional vascular measures for the total
cohort as well as the CKD Stages 4 and 5 and dialysis groups are
summarized in Table 2.

Structural measures

cIMT. The cIMT z-scores were high across the entire study pop-

ulation and there was no evidence of a difference between

Table 1. Patient characteristics

Patient characteristics Total CKD Dialysis

Between group
comparison

(P-value)

Patients, n (%) 100 23 (23) 77 (77) NA
Age (years) 13.82 (10.68–16.46) 11.46 (6.80–13.58) 14.25 (11.10–21.95) 0.002

5–18, n (%) 79 (79) 23 (100) 56 (73) 0.17
19–30, n (%) 21 (21) 0 21 (27) NA

Female, n (%) 44 6 (26.1) 38 (49.4) 0.06
Race (Caucasian/Asian/Black/Other), n 52/27/20/1 17/4/2/0 35/23/18/1 NA
Height z-score �1.09 (�1.93 to �0.36) �0.84 (�1.6–0.04) �1.42 (�2.02 to �0.43) 0.06
Weight z-score �0.56 (�1.67–0.20) �0.21 (�1.02–0.64) �0.78 (�1.77–0.02) 0.02
BMI z-score 0.14 (�0.88–0.92) 0.52 (�0.66–1.28) 0.01 (�0.95–0.83) 0.06
SBP z-score 0.89 (0.03–1.67) 0.40 (�0.10–1.13) 0.96 (0.12–1.83) 0.02
DBP z-score 0.72 (�0.14–1.36) 0.50 (�0.18–1.11) 0.87 (�0.04–1.45) 0.30
Dialysis modality (HD/HDF/home HD/PD), n 44/14/3/16 NA 44/14/3/16 NA
P-binder therapy (Ca based/non-Ca based/both/none), n 39/23/5/33 16/1/0/6 23/22/5/27 NA
Anti-hypertensive therapy (ACEi, ARB/b-blocker/Ca-chan-

nel blocker/diuretic/combination), n
1/0/1/2/4 0/0/0/0/0 1/0/1/2/4 NA

eGFR (mL/min/1.73 m2) NA 13.33 (9.72–18.05) NA NA
Years with eGFR<30 mL/min/1.73 m2 5.58 (2.02–10.10) 3.68 (1.10–8.81) 5.63 (2.50–10.45) 0.09
Dialysis vintage (years) 2.51 (0.75–5.11) NA 2.51 (0.75–5.11) NA
Serum biomarkers

Total Ca (mmol/L) 2.47 (2.37–2.56) 2.48 (2.43– 2.53) 2.47 (2.35–2.58) 0.99
Ionized Ca (mmol/L) 1.21 (1.12–1.29) 1.22 (1.16– 1.27) 1.20 (1.11–1.29) 0.46
P (mmol/L) 1.53 (1.30–1.87) 1.46 (1.32– 1.60) 1.58 (1.29–1.90) 0.20
ALP (IU/L) 183.50 (116.80–267.50)184.00 (156.00–227.00)183.00 (102.50–285.50) 0.93
25(OH)D (nmol/L) 78.00 (37.55–113.80) 94.00 (71.00–144.00) 61.00 (36.00–106.70) 0.01
PTH (� ULN) x3 (x1 to x10) x1 (<1 to x3) x5 (x1 to x13) 0.0005

Values are presented as median (IQR) unless stated otherwise. NA, not applicable ; HD, haemodialysis; HDF, haemodiafiltration; PD, peritoneal dialysis; ACEi, angioten-

sin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ALP, alkaline phosphatase.

Table 2. Structural and functional CV measures in CKD and dialysis cohorts

Vascular measures Total CKD Dialysis
Between group

comparison (P-value)

Structural measures
cIMT z-score 2.17 (1.14–2.86) 2.46 (1.04–2.76) 2.01 (1.14–2.94) 0.72
CAC, % (Agatston score range) 10 (0–412.6) 4.3 (0–6.4) 12 (0–412.6) 0.36
LVMI (g/m2.7) 31.8 (28.0–37.6) 30.23 (23.51–33.44) 32.74 (29.48–42.48) 0.01
RWT 0.34 (0.29–0.40) 0.32 (0.29–0.38) 0.37 (0.30–0.44) 0.08
Functional measures

Distensibility �1.11 (�2.17 to �0.15) �0.39 (�1.34–0.47) �1.46 (�2.29 to �0.30) 0.009
cfPWV z-score 1.45 (�0.16–2.57) 0.61 (�0.78–2.23) 1.52 (0.28–2.81) 0.03
Augmentation (mmHg) 6.00 (4.00–10.00) 6.33 (4.17–9.5) 5.33 (3.33–10.67) 0.60
Aix (%) 15.83 (10.67–24.00) 16.00 (11.17–22.50) 13.67 (9.00–25.67) 0.73
Carotid dilatation (LCSA:WCSA) 3.06 (2.78–3.36) 3.22 (3.03–3.61) 2.98 (2.68–3.29) 0.006

Values are presented as median (IQR) unless stated otherwise. Investigations were performed in the entire cohort, except echocardiography, which was performed in

21/23 CKD patients and 62/77 dialysis patients.
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dialysis and CKD cohorts. Serum alkaline phosphatase (ALP)
levels were correlated with cIMT z-scores (r¼ 0.26, P¼ 0.009).
There were no independent associations of cIMT z-scores on
multivariable analyses (Supplementary data, Tables S4–S7).

CAC. Ten participants (nine on dialysis and one with CKD) had
CAC; the Agatston score ranged from 0.8 to 412.6. There were no
significant correlations between the Agatston score and other
vascular measures or serum biomarkers (Supplementary data,
Tables S4–S6). There was no difference between those with CAC
and those without in terms of age, time on dialysis or serum
biomarkers, and the presence of CAC did not correlate with
other vascular measures (Supplementary data, Table S8).

LVMI. LVMI was higher in dialysis patients compared with CKD
patients (P¼ 0.01). LVMI correlated with HTN (r¼ 0.39, P< 0.001)
and distensibility (r¼�0.32, P¼ 0.003). On multivariable regres-
sion, LV ejection fraction (b¼�0.39, P¼ 0.001), CAC Agatston
score (b¼ 0.25, P¼ 0.02) and HTN (b¼ 0.40, P< 0.0001) were inde-
pendent associations of LVMI (R2¼ 0.35) (Supplementary data,
Table S9).

A total of 21.7% of patients had an LVMI above the 95th cen-
tile. In the participants with LVMI above the 95th centile, 61.1%
showed concentric hypertrophy with RWT above the 95th cen-
tile and 38.9% with eccentric hypertrophy. A total of 14.5% had
RWT above the 95th centile. Of the patients with a high RWT,
58.3% had LVMI above the 95th centile. Therefore 41.6% showed
evidence of cardiac remodelling without a significant increase
in LVMI.

Functional measures

Carotid distensibility. The carotid distensibility z-score was
lower in patients on dialysis compared with CKD [�1.46 (IQR
�2.29 to �0.30) versus �0.39 (�1.34–0.47), P¼ 0.009] (Table 2).
The carotid distensibility z-score correlated with the number of
years with an eGFR<30 mL/min/1.73 m2 (r¼�0.22, P¼ 0.03), SBP
z-score (r¼�0.25, P¼ 0.01), ionized Ca ( iCa; r¼ 0.21, P¼ 0.03)
and 25(OH)D (r¼ 0.28, P¼ 0.006) (Supplementary data, Tables
S10 and S11). On multivariable analysis, the SBP z-score was the
strongest independent predictor of distensibility (b¼�0.33,
P¼ 0.002; Supplementary data, Table S12). Being on dialysis
(versus being in CKD Stages 4 and 5) was also an independent
predictor of reduced distensibility (b¼�0.22, P¼ 0.03, Model 1
R2¼ 0.27; Supplementary data, Table S12). When replacing the
binary CKD/dialysis with years with an eGFR<30 mL/min/

1.73 m2, this was also significant (b¼�0.26, P¼ 0.01, Model 2
R2¼ 0.28).

cfPWV and pulse wave augmentation. The median cfPWV z-
score was 1.45 (IQR �0.16–2.57) and higher in dialysis than CKD
patients (1.52 versus 0.61; P¼ 0.03; Table 2). cfPWV z-scores cor-
related with SBP and DBP z-scores (r¼ 0.41, P< 0.0001 and
r¼ 0.39, P< 0.0001, respectively), as well as the presence of HTN
(r¼ 0.26, P¼ 0.009; Supplementary data, Tables S11 and S12).
There were no independent associations of cfPWV z-scores on
multivariable regression, with only the DBP z-score approaching
significance (b¼ 0.26, P¼ 0.056; Supplementary data, Table S14).

There was no difference between dialysis and CKD Stages 4
and 5 for augmentation or AIx. Augmentation was associated
with the DBP z-score (r¼ 0.22, P¼ 0.03) and HTN (r¼ 0.20,
P¼ 0.048) (Supplementary data, Tables S10 and S11). The pres-
ence of HTN was an independent association of augmentation
(b¼ 0.28, P¼ 0.02, R2¼ 0.05) (Supplementary data, Table S15). AIx
had no correlates or independent associations on multivariable
regression.

Prevalence of abnormal structural and functional CV
measures

The percentages of CKD Stages 4 and 5 and dialysis patients
with structural and functional measures >2 standard deviation
(SD) are summarized in Table 3. There was no difference in the
prevalence of structural abnormalities between the CKD and di-
alysis cohorts (P¼ 0.43). Patients on dialysis had a higher func-
tional abnormalities score compared with the CKD cohort
(P¼ 0.046). The odds of having any structural or functional ab-
normality were 17.3 times higher in the dialysis compared with
the CKD cohort [95% CI 5.28–53.52; P< 0.0001; sensitivity 64.00%
(95% CI 44.52–79.75), specificity 90.67% (95% CI 81.97–95.41)].
Overall, the presence of more than one structural abnormality
increased the odds of more than one functional abnormality by
4.5-fold [95% CI 1.27–16.59; P¼ 0.045; sensitivity 88.76% (95% CI
80.54–93.78), specificity 36.36% (95% CI 15.17–64.62).

The role of arterial dilatation

Carotid dilatation (LCSA:WCSA ratio) was lower in the dialysis
cohort compared with the CKD Stages 4 and 5 cohort (2.98 ver-
sus 3.22; P¼ 0.006; Table 2) and correlated with dialysis vintage
(r¼�0.23, P¼ 0.045), cIMT z-score (r¼ 0.36, P< 0.0001), HTN
(r¼ 0.25, P¼ 0.01) and distensibility (r¼ 0.28, P¼ 0.004;

Table 3. Structural and functional abnormalities scores depicting the proportion of CKD and dialysis patients with vascular measures >2 SDs
from the mean or the 95th centile

Vascular measures CKD, % (n¼ 23) Dialysis, % (n¼ 77)

Between-group
comparison
(P-value)

Structural abnormalities
cIMT 60.87 50.65 0.47
CAC (presence of) 4.35 11.69 0.44
LVMI, g/m2.7 4.76 27.42 0.03
Total structural score 0/1/2/3 39.13/52.17/8.70/0.0 32.47/51.95/14.29/1.30 0.43

Functional abnormalities
Distensibility (less than �2 SD) 13.04 36.36 0.04
cfPWV 30.43 38.96 0.47
Total functional score 0/1/2 60.87/34.78/4.35 37.65/49.35/13.00 0.046
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Supplementary data, Table S11). Distensibility and HTN were in-
dependent associations (b¼ 0.29, P¼ 0.004 and b¼ 0.25, P¼ 0.03,
respectively; R2¼ 0.19; Supplementary data, Table S13).

The carotid dilatation was lower in patients with cIMT z-
scores >2 SD compared with <1 SD [2.91 (IQR 2.66–3.29) versus
3.33 (2.95–3.72); P¼ 0.003] (Figure 2A). The same was true when
comparing patients with cIMT z-scores <2 SD and >2 SD [3.18
(IQR 2.89–3.49) versus 2.91 (2.66–3.29); P¼ 0.006]. Changes in ca-
rotid dilatation were not attributable to higher WCSA or lower
LCSA in isolation, as there was no difference in LCSA or WCSA
between those with cIMT<1, 1–2 and >2 SD for either measure
(P¼ 0.07 and P¼ 0.76, respectively).

The carotid dilatation was significantly lower in patients
with impaired arterial distensibility (<�2 SD) than those with
distensibility >�1 SD [2.89 (IQR 2.66–3.29) versus 3.21 (2.96–3.49);
P¼ 0.02] (Figure 2B), without corresponding changes in cIMT z-
score [1.80 (IQR 1.14–2.93) versus 2.31 (0.99–2.88), P¼ 0.82].
Carotid dilatation was greater in those with HTN compared
with those without HTN [3.30 (IQR 2.94–3.51) versus 2.98 (2.77–
3.27), P¼ 0.02]. There was no difference in carotid dilatation be-
tween those with LVMI above the 95th centile and those without
[3.14 (IQR 2.72–3.39) versus 3.08 (2.82–3.38); P¼ 0.72].

DISCUSSION

In this study we showed that subclinical CV abnormalities/
changes are significantly prevalent in children and young adults
with stages CKD Stages 4 and 5 and on dialysis, with up to 69.5%
of CKD and 88.3% of dialysis patients having at least one struc-
tural or functional CV abnormality. This is the first study in a
young CKD cohort, to our knowledge, examining structural and
functional CV abnormalities, with a comprehensive panel of
surrogate vascular measures including CAC. The prevalence of
structural abnormalities did not differ between the non-dialysis
and dialysis cohorts, but functional abnormalities were more
prevalent in patients on dialysis. The presence of more than
one structural abnormality increased the odds of more than one
functional abnormality 4.5-fold. These data highlight the bur-
den of subclinical CVD even in a young cohort of CKD Stages 4
and 5 and dialysis patients, stressing the importance of preven-
tative strategies to halt the development or attenuate the

progression of CVD in CKD. Also, our study suggests that there
may be a temporal association between early structural changes
that progress to functional CVD abnormalities when potential
compensatory mechanisms, such as carotid dilatation that pre-
serves vessel patency even in the presence of wall thickening,
are overwhelmed; these hypothesis-generating data will be ex-
plored in future longitudinal studies.

Substantial structural CV changes were evident in our co-
hort, with a high cIMT z-score in 53% and the presence of CAC
in 10%. The prevalence of CAC in our cohort is lower than in
previously published studies [2, 26, 27], but the prevalence of
CAC remains a concern, as it has been shown to be a significant
predictor of major adverse CV events and mortality, due to its
direct effect on myocardial perfusion [28, 29], and once coronary
calcification is present, it progresses rapidly. In this young co-
hort, patients on dialysis had higher age-adjusted vascular stiff-
ness measures compared with the CKD cohort, indicating a
greater prevalence of functional CVD. Both the carotid distensi-
bility z-score as well as cfPWV z-score were above normal, im-
plying that arterial stiffness was present in multiple vascular
beds. While dialysis per se was independently associated with
reduced distensibility, the years with a low eGFR (<30 mL/min/
1.73 m2) was also an independent predictor of vessel stiffness,
implying cumulative CV damage due to prolonged exposure to
the uraemic milieu or that dialysis treatment may be deleteri-
ous. Aortic stiffness, as assessed by cfPWV, is an independent
predictor of progression to dialysis and mortality in adult
patients with CKD Stages 2–5 [30, 31].

We examined the structural and functional abnormalities
separately, but the carotid dilatation (LCSA:WCSA ratio) offers a
way of assessing structural and functional changes simulta-
neously. In our cohort, we showed that the carotid dilatation
was lower in patients with high cIMT z-scores (>2 SD), but this
was not due to a WCSA increase or an LCSA decrease alone. In
fact, the LCSA did not differ between patients with cIMT z-
scores of <1, 1–2 and >2 SD. This raises the possibility that ves-
sel patency is maintained by arterial dilatation as a compensa-
tory mechanism for increased cIMT early in the process of
arterial wall thickening, but that there exists a physical limit be-
yond which the capacity to dilate is overwhelmed. This is also
demonstrated by the fact that the patients with poor carotid
distensibility (z-score <�2 SD) had lower dilatation compared
with patients with distensibility >�1 SD. The cIMT z-scores did
not correlate with distensibility, indicating that the dilatation is
a separate mechanism to the structural changes that occur. The
arterial tree functions as a network of conduits, but it also acts
as a temporary reservoir for the cardiac output [32]. The elastic
properties of the arteries are due to the presence of elastin
fibres. However, elasticity of the vessels is a non-linear prop-
erty. At lower pressures, elastin-distensible fibres bear the ten-
sion, but at higher pressures, elasticity is sustained by collagen
fibres (which are less extendible), making the vessel progres-
sively stiffer [33]. This loss of distensibility is compensated for,
in part, by dilatation of the arteries [33]. Above a certain thresh-
old, at which distensibility is significantly decreased and dilata-
tion is no longer sufficiently compensatory, an increase in PWV
is seen. Arterial stiffening is also observed in the otherwise
healthy ageing population [34] and in disease groups, such as
William’s syndrome, wherein elastin mutations affect the elas-
tic extracellular matrix structure of the arteries [35]. Even in
people with essential HTN, arterial eutrophic remodelling (in-
creasing LCSA:WCSA with static WCSA), highlighting the dilata-
tion in the context of sustained increased pressure, is
associated with vessel stiffness and functional changes [36]. In
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CKD, arterial stiffening is likely to be a multifactorial process
caused by the uraemic environment, inflammation, oxidative
stress and HTN, which all contribute to direct vascular damage
[32]. The subsequent remodelling is hypertrophic, with increas-
ing WCSA due to cIMT changes, as well as increasing
LCSA:WCSA [37]. In turn, arterial stiffness increases the cardiac
afterload, leading to LV remodelling [38]. The structural
changes, such as cIMT increase and subsequent stiffening, be-
gin in early CKD stages, and functional abnormalities due to
remodelling occur in later stages with progression of CVD [6].
This may be evident in our cohort, as years spent with a low
eGFR was a significant negative predictor of carotid
distensibility.

Few other studies have examined structural and functional
abnormalities separately in young people with CKD [39]. Litwin
et al. [6] showed that there is an increase in IMT in the early
stages of CKD preceding arterial stiffening. After renal trans-
plantation, the cIMT potentially decreases, whereas the arterial
dilatation does not, suggesting that the structural and func-
tional changes are associated but not inextricably linked [6]. In
adult patients with mild to moderate CKD, carotid diameter was
larger than age- and sex-adjusted hypertensive and non-
hypertensive controls [36]. The same was true of carotid compli-
ance (compliance ¼ arterial cross-sectional area change/local
pulse pressure) (CKD versus hypertensive patients, P< 0.001)
but carotid distensibility was lower, indicating that, in this
study by Briet et al. [36], an increase in arterial diameter appears
to serve as a compensatory mechanism to maintain perfusion.
This temporal association of structural changes with functional
abnormalities needs to be elucidated further, and a longitudinal
study is currently under way with this aim.

In our cohort, a fifth of patients had LVMI above the 95th
centile (21.7%), of which almost 40% had eccentric hypertrophy.
More than 40% of patients with evidence of cardiac remodelling
did not meet the criteria for LVH. Abnormal LV geometry is
common in CKD [40], with impaired systolic mechanical func-
tion in a significant proportion [41]. In the Cardiovascular
Comorbidity in Children with CKD study, a prospective multi-
centre longitudinal follow-up of >700 children with CKD Stages
3–5 and on dialysis, a third of patients had LVH, but 26% of the
cohort showed cardiac remodelling even with normal LV mass
[7]. In a substudy of 272 children, detailed echocardiographic
analysis showed 55% had LVH and concentric hypertrophy was
present in 65% of those with LVH. Despite the high prevalence
of cardiac geometric remodelling, all the patients had a normal
ejection fraction (>56%); the authors speculate that concentric
hypertrophy may not be a compensatory effect but rather a re-
flection of structural alterations of the myocardium showing
impaired contraction [41].

Our study is limited by the absence of ambulatory assess-
ment of BP, as we performed single office-based manual BP
measurements in the clinic or prior to a dialysis session. Even
though masked HTN is unlikely if BP is in the low-normal range
[42], 28% of our cohort was defined as hypertensive. The cross-
sectional design of the study does not allow us to explain the
role of HTN in any detail as a cause or effect of structural and
functional changes in this cohort. The likely bidirectional effect
of HTN on arterial stiffness in the general as well as in the CKD
population has been explored extensively [43].

For this cross-sectional analysis we used only single time-
point measurements of serum biomarkers, which may explain
why we did not find associations between CKD-MBD biomarkers
and vascular measures. The longitudinal follow-up study of
this cohort will include the time-averaged measurements of

routinely measured serum biomarkers as well as research bio-
markers of CVD in CKD. All the young adults in our study were
on dialysis, so CVD changes in adult-onset CKD could not be
studied. The z-scores were used to express all vascular meas-
ures, to enable comparison across the age range. Further longi-
tudinal studies are in progress to better understand the
temporal association between structural and functional CVD
measures and risk factors associated with their progression.

In summary, this cross-sectional study shows a high preva-
lence of subclinical CVD in children and young adults with CKD
and on dialysis. The prevalence of structural changes including
cIMT increase and CAC was comparable in CKD and dialysis
cohorts, but indices of arterial stiffness were higher in patients
on dialysis, perhaps having developed when compensatory
mechanisms such as arterial dilatation are overwhelmed.
Further longitudinal studies are required to define the trajectory
of CV changes in children and young adults with CKD in order
to identify early intervention strategies.
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