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Abstract

Background Early detection of hypertension in children with autosomal polycystic kidney disease (ADPKD) may be ben-
eficial, but screening children at risk of ADPKD remains controversial. We investigated determinants of hypertension in
children with ADPKD to help identify a subgroup of children at risk of ADPKD for whom screening for the disease and/or
its complications would be more relevant.

Methods In a retrospective study including consecutive children with ADPKD aged 5-18 years and followed at Saint-Luc
Hospital Brussels between 2006 and 2020, we investigated the potential association between genotype, clinical characteris-
tics and parental phenotype, and presence of hypertension. Hypertension was defined as blood pressure > P95 during 24-h
ambulatory monitoring or anti-hypertensive therapy use. Parental phenotype was considered severe based on age at kidney
failure, Mayo Clinic Imaging Classification and rate of eGFR decline.

Results The study enrolled 55 children with ADPKD (mean age 9.9 +£2.2 years, 45% male), including 44 with a PKDI
mutation and 5 with no mutation identified. Nine (16%) children had hypertension. Hypertension in children was associated
with parental phenotype severity (8/27 (30%) children with severe parental phenotype vs. 1/23 (4%) children with non-severe
parental phenotype (p=0.03)) and height-adjusted bilateral nephromegaly (6/9 (67%) children with bilateral nephromegaly
vs. 3/44 (7%) children without bilateral nephromegaly (p <0.001)).

Conclusions Severe parental phenotype is associated with higher prevalence of hypertension in children with ADPKD.
Hence, children of parents with severe ADPKD phenotype may be those who will most benefit from screening of the disease
and/or yearly BP measures.
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Introduction

Autosomal dominant polycystic kidney disease (ADPKD)
is the most common inherited kidney disease and the fifth-
leading cause of kidney failure [1]. Progressive development
of numerous cysts leads to kidney enlargement and progres-
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ADPKD has long been considered an adult condition.
However, children with ADPKD may develop hypertension
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in about 20% of cases, as well as impaired urine concentra-
tion ability, proteinuria, macroscopic hematuria, glomerular
hyperfiltration, and increased left ventricular mass [8—-15].
Furthermore, hypertensive ADPKD children have sig-
nificantly larger kidneys and a higher left ventricular mass
[16-19].

Early detection and treatment of hypertension in children
with ADPKD could potentially slow disease progression and
prevent complications such as left ventricular hypertrophy
[18]. Children with ADPKD and hypertension may be those
who will most benefit from targeted therapies [20]. However,
screening children at risk of ADPKD is often a dilemma
for both parents and physicians [21, 22]. Here, we analyzed
the clinical characteristics, parental phenotype, and familial
genotype associated with hypertension in affected children.
These determinants could potentially identify a subgroup
of children at risk of ADPKD for whom screening for the
disease and/or its complications would be more relevant.

Materials and methods
Patient characteristics — children

This retrospective study included children aged 5-18 years
old with ADPKD seen consecutively at the pediatric outpa-
tient clinic at Cliniques universitaires Saint-Luc (Brussels,
Belgium) between January 1, 2006 and September 30, 2020.
The diagnosis of ADPKD was established if patients had
at least one kidney cyst and a positive family history [14,
22]. Prenatal diagnosis of ADPKD was defined by the pres-
ence of hyperechogenic fetal kidneys, bilateral nephromeg-
aly, and/or at least one kidney cyst on prenatal ultrasound.
Patients presenting a de novo PKD1 or PKD2 mutation were
excluded.

Clinical data extracted from patient records included
demographics, context of ADPKD diagnosis, personal or
familial genotype, presence of urological complications and
hypertension, estimated glomerular filtration rate (eGFR),
proteinuria, and ultrasonographic kidney measures. Hyper-
tension was determined as diurnal and/or nocturnal mean
systolic and/or diastolic blood pressure (BP)>95th per-
centile during 24-h ambulatory BP monitoring (ABPM)
or use of anti-hypertensive therapy. Nocturnal dipping was
absent when the nocturnal BP fall was inferior to 10% of
daytime values on ABPM [23]. Notably, our center has been
performing ABPM routinely in pediatric ADPKD patients
only for the last 2-3 years [14, 20, 21]. GFR was estimated
according to the revised Schwartz formula [24]. Nephro-
megaly was defined according to height-adjusted percentiles
(kidney length > 97.5th percentile) [25].

Molecular genetic testing was performed in the child
or affected family members for clinical purposes, using
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LR-PCR based Sanger sequencing for PKDI gene, Sanger
sequencing for PKD2 gene, multiplex ligation probe amplifi-
cation (MLPA), and/or targeted next-generation sequencing
(NGS) panel. Bioinformatic analysis of NGS data enables
the detection of germline single nucleotide variants, small
insertion-deletions, and copy number variants. The detected
variants were interpreted and classified (classes 1 to 5),
according to the ACMG guidelines [26].

Patient characteristics — parents

A severe phenotype in the affected parent was defined as
kidney failure before age 55 years and/or Mayo Clinic Imag-
ing Classification (MCIC) classes 1C to 1E and/or eGFR
(CKD-EPI) loss superior to 5 ml/min/1.73 m? per-year (with
at least 3 eGFR values available) [27-30].

The study was conducted in accordance with the
principles of the Declaration of Helsinki and received
approval from the Saint-Luc Hospital’s Ethical Committee
(2020/09JUL/364).

Statistical analysis

Baseline characteristics of ADPKD children, parental pheno-
type (including MCIC class), and familial genotype (PKD1
truncating vs. non-truncating mutation) were compared
between children with and without hypertension. Baseline
characteristics were also studied according to parental kid-
ney severity. Additionally, the characteristics of children
according to their age group at inclusion (> 5 and < 13 years
vs.>13 and < 18 years) were compared in order to assess a
potential age bias to the presence of hypertension. Continu-
ous data was examined and tested for normality and para-
metric or non-parametric tests used in consequence. Fisher’s
exact test was used for categorical variables and Student’s
t-test for continuous variables. Statistical significance was
set at p <0.05.

Results

Fifty-five children with ADPKD (42 pedigrees) were
included in the study. Mean age at the initial outpatient visit
was 9.9 +£2.2 years, and 45% were males (Table 1). ADPKD
was diagnosed at a mean age of 6.0+4.8 years, in the set-
ting of familial screening in 28 (51%) cases; evaluation for
hypertension, abdominal pain, hematuria or urinary tract
infection in 22 (40%) cases; and prenatal screening in 5 (9%)
cases. Estimated GFR was > 90 ml/min/1.73 m? in all chil-
dren, and > 140 ml/min/1.73 m? in 4 (8%) cases. The urinary
protein-creatinine ratio (PCR) was superior to 0.2 g/g on 2
distinct samples in 3 (5%) cases (ages 8, 10, and 12 years),
with orthostatic proteinuria excluded when relevant.
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Table 1 Clinical characteristics
of children with ADPKD of the

CUSL cohort (N=55) Demographics

Characteristics Value N
Age at visit — years 99+22 55
Gender — males 25 (45) 55
Race — White/Black/MENA 45 (82)/1 (2)/9 (16) 55
Birth weight — g 3087 +748 51

Diagnosis of ADPKD
Age at diagnosis — years 6.0+4.8 55
Circumstance — prenatal/screening/symptomati(:1 5(9)/ 28 (51)/22 (40) 55
Diagnosis before age 18 months 15 (27) 55
Genetic testing in familyz/child 49 (89)/17 (31) 55
Genetic testing in children — NGS/Sanger 7 (13)/10 (18) 55
Familial mutation — PKD] truncating 32 (65) 49
Familial mutation — PKDI non-truncating 12 (24) 49
Familial mutation — no mutation detected 5(10) 49

Urological complications of ADPKD
History of urinary tract infection 14 (25) 55
History of enuresis’ 6(11) 55
History of macroscopic hematuria 50) 55

Hypertension® 9 (16) 55
Anti-hypertensive treatment 7(13) 55
Age at treatment initiation — years 8.3+4.5 7
24-h ambulatory blood pressure monitoring performed 27 (49) 55
Age at 24-h ABPM — years 11.0+3.9 27
Diurnal hypertension (> P95) 5(19) 27
Nocturnal hypertension (> P95) 6 (22) 27
Diurnal and nocturnal hypertension (> P95) 5(19) 27
Nocturnal dip abolished 18 (67) 27

Echocardiography performed 19 (35) 55
Age at echocardiography — years 12.8+3.0 19
Mitral valve prolapse/LVH 0 (0)/0(0) 19

Laboratory results
e¢GFR — ml/min/1.73 m? 119+24 52
eGFR impairment/hyperfiltration’ 0 (0)/4 (8) 52
PCR>0.2 g/g (twice) 305 55
Urinary osmolality/age — mOsm/kg/year 825+212/9.2+4.6 42

Kidney ultrasound
Unilateral/bilateral kidney enlargement based on height-adjusted 21 (40)/9 (17) 53

PC
Presence of at least 1 kidney cyst >30 mm 12 (22) 54

Results are presented as number and percentage (%) or mean =+ standard deviation (SD)

N number of children with data available, MENA Middle Eastern and North African, NGS next generation
sequencing, ABPM ambulatory blood pressure monitoring, P95 95th percentile, LVH left ventricular hyper-
trophy, eGFR estimated glomerular filtration (Schwartz formula), PCR urinary protein creatinine ratio, PC

percentile

'Evaluation of hypertension, abdominal pain, hematuria or urinary tract infection

%In at least one of the affected family members

3>5 years old

“Treated and/or pathologic 24-h ambulatory blood pressure measurement (> P95)

3eGFR > 140 ml/min/1.73 m?
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Familial genotyping had been performed for clinical pur-
poses in 49/55 cases: 32, 12, 0, and 5 children were from fami-
lies with a PKD] truncating mutation, a PKDI non-truncating
mutation, a PKD2 mutation, and with no mutation detected,
respectively. PKDI mutations are detailed in Supplementary
Table 1. Genotyping was performed using Sanger sequencing
and next-generation sequencing targeted cystic panel in 10 and
7 children, respectively. No additional pathogenic variants of
non-PKD] and -PKD?2 genes were found in the 7 children who
had a ciliopathy NGS panel performed.

20
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154 = — Normal

Kidney length (cm)
e 2
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Fig. 1 Kidney length according to height at visit. Blue and red dots/
curves represent left and right kidney measures, respectively. Grey
curve represents control kidney lengths percentile 2.5-97.5 (grey
area), (data extracted from Obrycki, 2022; ref. 25); Spearman’s
rank correlation coefficient r=0.79 for right kidney (» <0.001). and
r=0.69 for left kidney (p <0.001)

Nine (16%) children had hypertension, of which 8 started
anti-hypertensive therapy at a mean age of 8.3 +4.5 years.
Hypertension was diagnosed using ABPM measures in 6
of the 9 children. None of the hypertensive children had a
history of low birth weight. There was an abolition of noc-
turnal dip in 18/27 (67%) children who underwent ABPM.
No mitral valve prolapse or left ventricular hypertrophy
was detected at echocardiography performed in 19 children
(of whom 5 were hypertensive). Twenty-one (40%) and 9
(17%) children had unilateral or bilateral kidney enlarge-
ment according to height-adjusted percentiles (length >97.5
percentile), respectively. Figure 1 shows the relationship
between kidney length and height.

Parental kidney phenotype was severe in 27/50 (54%)
cases. Seventeen children had parents reaching kidney fail-
ure before age 55. Five parents were either lost to follow-up
or deceased. Nineteen of 31 (61%) parents with PKD] trun-
cating mutations (mean age 41.4+7.3 years) had a severe
phenotype vs. 4/11 (36%) parents with PKD1 non-truncating
mutations (mean age 40.3+6.1 years) (p =0.18). Kidney
failure was reached before the age of 55 years in 13/31 (42%)
parents with PKD] truncating mutations vs. 3/11 (27%) par-
ents with PKDI non-truncating mutations (p =0.49).

The comparison between normotensive and hyperten-
sive children is shown in Table 2. Hypertension was asso-
ciated with bilateral nephromegaly (p = <0.001), severe
parental phenotype (p=0.03), and parental MCIC classes
1C-1E (p=0.01), but not with the presence of truncat-
ing vs. non-truncating PKDI mutation (p =0.66). Table 3
shows that diurnal and nocturnal hypertension, as meas-
ured by ABPM, was associated with a severe parental

Table 2 Determinants of
hypertension in children with

No hypertension N=46  Hypertension N=9  P-value

ADPKD Age at visit

Gender — males
Prenatal diagnosis

eGFR — ml/min/1.73 m?
Hyperfiltration'

Urinary osmolality — mOsm/kg

Unilateral nephromegaly (height-adjusted)
Bilateral nephromegaly (height-adjusted)

PCR>0.2 g/g (twice)
Severe parental phenotype®
Parental MCIC 1C-1E

Familial PKD] truncating mutation

9.8+3.2 10.5+3.4 0.61
20 (43) 5(56) 0.72
4/46 (9) 1/9 (11) 1.00
119426 119423 0.97
3/42 (7) 1/9 (11) 0.55
8424215 7424191 0.25
15/44 (34) 6/9 (67) 0.13
3/44 (7) 6/9 (67) <0.001
3/46 (7) 1/9 (11) 0.52
19/41 (46) 8/9 (89) 0.03
7/29 (24) 5/6 (83) 0.01
28/38 (74) 416 (67) 0.66

Results are presented as number out of available data and percentage (%), significant p-values are bolded

N number, eGFR estimated glomerular filtration (Schwartz formula), PCR urinary protein creatinine ratio,
MCIC Mayo Clinic Imaging Classification

LeGFR > 140 ml/min/1.73 m?

ZKidney failure before age 55 years and/or MCIC 1C-1E and/or eGFR loss > 5 ml/min/1.73 m? per-year
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Table 3 Comparison of children with a severe vs. non-severe parental phenotype

Non-severe parental Severe parental P-value

phenotype' N=23 phenotype' N=27
Hypertension® 123 (4) 8/27 (30) 0.03
High diurnal BP at 24-h ABPM (> P95) 0/10 (0) 5/13 (38) 0.05
High nocturnal BP at 24-h ABPM (> P95) 0/10 (0) 6/13 (46) 0.02
Abolition of nocturnal dip at 24-h ABPM 6/10 (60) 9/13 (69) 0.65
Prenatal diagnosis 3/23 (13) 1727 (4) 0.32
Unilateral nephromegaly (height-adjusted) 6/21 (29) 12/27 (44) 0.37
Bilateral nephromegaly (height-adjusted) 1721 (5) 7127 (26) 0.39
Hyperfiltration® 1719 (5) 3/27 (11) 0.63
PCR>0.2 g/g (twice) 1/23 (4) 3/27 (11) 0.61
Familial PKDI truncating vs. non-truncating mutation 14/19 (74) 18/22 (82) 0.71

Results are presented as number out of available data and percentage (%), significant p-values are bolded

N number, BP blood pressure, ABPM ambulatory blood pressure monitoring, P95 95th percentile, PCR urinary protein creatinine ratio

!Severe parental phenotype defined by kidney failure before age 55 years and/or Mayo Clinic Imaging Classification (MCIC) classes 1C to 1E

and/or eGFR loss superior to 5 ml/min/1.73 m? per-year

Treated and/or pathologic 24-h ambulatory blood pressure measurement (> P95)

3eGFR > 140 ml/min/1.73 m? based on Schwartz formula

n
o
1
o
]
o
o
a
N
o

Parental phenotype
1 Non-severe
Severe

N w P
o o o
| | |

-
o
|

Proportion children (%)

o
|

Fig.2 Proportion of children (%) presenting hypertension, high diur-
nal BP, or nocturnal BP (>95th percentile), according to severity of
parental phenotype. BP, blood pressure; ABPM, ambulatory blood
pressure monitoring

kidney phenotype (p =0.05 and p=0.02, respectively)
(Fig. 2). Abolition of nocturnal dip was, however, not
associated with severity of parental phenotype (p =0.65).
There was no association between hypertension and
age groups (=5 and < 13 years vs. > 13 and < 18 years)
(»=0.79).

Discussion

In a retrospective cohort study, we showed that hyperten-
sion was more likely to be present in children with ADPKD
whose parents have a severe kidney phenotype than in those
whose parents do not have a severe phenotype, based on
well-established criteria of age at kidney failure, MCIC
class, and rate of decline in eGFR. Our results, if confirmed
in larger studies, would suggest that children at risk of
ADPKD with parents who present a severe kidney pheno-
type are those who will most benefit from both screening of
ADPKD and/or yearly BP measures.

Diagnosis of hypertension in children with or at risk of
ADPKD is important, given its prevalence of approximately
20% in a relatively recent meta-analysis of ADPKD children
vs. 4% in the general pediatric population [11, 31]. We simi-
larly found hypertension to be present in 16% of our children
with ADPKD. Hypertensive ADPKD children have a more
rapid increase in kidney volume and are at risk for faster
kidney function decline and left ventricular hypertrophy [17,
18, 20]. Early treatment of hypertension in children with
ADPKD may be associated with long-term cardiovascular
and kidney benefits.

Identifying factors that worsen ADPKD children’s out-
come is of great importance to improve the benefit-to-risk
ratio of screening and/or therapies [32]. Indeed, screening
children at risk of ADPKD is controversial. On the one hand,
early diagnosis may lead to interventions on blood pressure
and proteinuria control and reduce the psychological burden
associated with uncertainty of ADPKD status. On the other
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hand, a positive result may be stressful and psychologically
detrimental for both children and parents, especially since
no curative therapies are yet available, and may have long-
term impacts on patients’ insuring and financing capabilities.

An alternative to screening would be BP monitoring in
all children at risk for ADPKD, whether affected or not,
as proposed by the Kidney Disease: Improving Global
Outcomes (KDIGO) ADPKD Controversies Conference.
KDIGO suggests screening for hypertension from the age of
5 years onward, with an interval of 3 years in cases in which
no hypertension is found [22]. A more recent international
consensus statement recommends at least yearly BP moni-
toring in asymptomatic at-risk children, based on a moderate
level of evidence [21]. Yearly BP monitoring is indeed non-
invasive and would lead to early diagnosis of hypertension
in at-risk children. This does, however, represent a burden
and cost for the potentially non-carriers. Pros and cons of
screening for hypertension in the general pediatric popula-
tion have also been addressed by the European Society of
Hypertension guidelines which recommend BP monitoring
starting from the age of 3 years onward, with an interval of
2 years if normotensive [23].

We further showed a significant association between the
presence of hypertension and kidney length in our cohort
of children with ADPKD, as previously reported in a larger
collaborative European study [14]. Previous studies have
also shown that increased kidney volume (and cyst volume)
measured by ultrasonography or MRI is associated with
hypertension in ADPKD children [16, 17, 19, 33]. Nephro-
megaly is also associated with faster total kidney volume
growth [19]. Of note, kidney volumes measured by ultra-
sonography are slightly smaller than those measured by
MRI [19, 33]. We did not have kidney volume measures and
defined nephromegaly based on established height-adjusted
kidney length percentiles. Indeed, a large multicenter study
recently reported that height was the most important deter-
minant of kidney length in children, independently of gen-
der [25]. In children with diagnosed ADPKD, the presence
of bilateral nephromegaly may warrant more intensive BP
monitoring and ABPM measures.

We were unable to show an association between PKD/
truncating vs. non-truncating mutation and hypertension
in children. We also did not observe the well-known geno-
type—phenotype correlation in affected parents, probably due
to the limited number of patients [7, 34]. Adult ADPKD series
also show that mutation class alone cannot be used to predict
disease severity at the individual level and that interfamilial
variability in phenotypic severity may be important [27, 28,
34]. Prenatal diagnosis was not associated with hypertension
either [13]. Lastly, eGFR was not associated with hyperten-
sion, probably due to the presence of hyperfiltration in the
early stages of ADPKD [11, 13, 14, 21]. Of note, eGFR was
estimated using the bedside Schwartz (CKiD) equation, as
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recommended by the KDIGO guidelines [35] and not the
newly-published CKiDU25 equation [36], pending its external
validation. In addition, we did not have cystatin C measures in
our cohort to improve GFR estimation [36].

The strengths of our study include the consistent and care-
ful recording of studied variables by a single team over the last
15 years and the availability of genotyping in around 90% of
families. Also, criteria for severity of adult ADPKD phenotype
are well-established [27-30]. We also acknowledge limitations,
including moderate sample size, the retrospective design of the
study, and the absence of ABPM performed in all children. Our
cohort was probably enriched for more progressive ADPKD in
view of the monocentric academic center setting with potential
referral bias and because children are more likely to undergo
screening when their parents have a severe phenotype. Thus,
we did not have any PKD?2 families in our cohort. Another
limit is the absence of systematic complete genotyping (NGS
ciliopathy panel) in all children. Indeed, rare cases of digenic
ADPKD with variants in PKD1 and other cystic genes have
been reported in children with severe phenotype [13].

In conclusion, our observations suggest that children of
parents with a severe ADPKD phenotype may be those who
will most benefit from screening of the disease and/or yearly
BP measures.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00467-022-05870-1.
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