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Abstract
Background and objectives Autosomal dominant polycystic kidney disease is the most common inheritable
kidney disease, frequently thought to become symptomatic in adulthood. However, patients with autosomal
dominant polycystic kidney disease may develop signs or symptoms during childhood, in particular
hypertension. Although ambulatory BP monitoring is the preferred method to diagnose hypertension in
pediatrics, data in children with autosomal dominant polycystic kidney disease are limited.

Design, setting, participants, & measurements Our retrospective multicenter study was conducted to collect
ambulatoryBPmonitoring recordings frompatientswith autosomal dominant polycystic kidneydisease age,18
years old. Basic anthropometric parameters as well as data on kidney function, BP treatment, and kidney
ultrasound were also collected.

ResultsData from 310 children with autosomal dominant polycystic kidney disease with a mean age of 11.564.1
years oldwere collected at 22 European centers.At the timewhen ambulatoryBPmonitoringwas performed, 95%
of children had normal kidney function. Reference data for ambulatory BP monitoring were available for 292
patients.Theprevalence rates of childrenwithhypertensionand/or thosewhowere treatedwithantihypertensive
drugs were 31%, 42%, and 35% during daytime, nighttime, or the entire 24-hour cycle, respectively. In addition,
52% of participants lacked a physiologic nocturnal BP dipping, and 18% had isolated nocturnal hypertension.
Logistic regression analysis showed a significant association between a categorical cyst score that was calculated
on the basis of the number of cysts.1 cm per kidney and daytime hypertension (odds ratio, 1.70; 95% confidence
interval, 1.21 to 2.4; P=0.002), nighttime hypertension (odds ratio, 1.31; 95% confidence interval, 1.05 to 1.63;
P=0.02), or 24-hour hypertension (odds ratio, 1.39; 95% confidence interval, 1.08 to 1.81; P=0.01). Kidney length,
expressed as SD score, was also significantly associated with nighttime hypertension (odds ratio, 1.23;
95% confidence interval, 1.06 to 1.42; P=0.10).

Conclusions These data indicate high prevalence of hypertension in children with autosomal dominant
polycystic kidney disease starting at young ages.
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Introduction
Autosomal dominant polycystic kidney disease (ADPKD)
is the most common hereditary kidney disease (1),
and it is usually considered to be an adult condition.
In recent years, however, observational and prospec-
tive studies have shown that a significant proportion
of patients already have hypertension during child-
hood (2–7). Less frequently, children show hematuria,
proteinuria, or early impairment of kidney function
(3,6,8,9). Additional signs include impaired urine
concentration ability, glomerular hyperfiltration,
and increased left ventricular mass (4,10–12). The
severity of symptoms is associated with early de-
velopment of cysts, nephromegaly, and from a genetic

standpoint, truncating mutations in the PKD1 gene
(2,5,8,13,14).
Children with hypertension are more likely to

experience rapid decline in kidney function (2), an
association that is usually not observed in the adult
population, because hypertension is nearly always
present. Although ambulatory BP monitoring (ABPM)
is the preferred method to diagnose hypertension in
children (15,16), ABPM data in children with ADPKD
remain scant (5).
With the development of new therapies aimed at

reducing cyst growth, early detection of hypertensionwith
ABPM in asymptomatic children with ADPKD may be
useful in selecting candidates for early treatment (17–19).

Due to the number of
contributing authors,
the affiliations are
listed at the end of
this article.

Correspondence:
Dr. Francesco Emma,
Division of
Nephrology, Bambino
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On these premises, we have established the ADPKiDs
study, a European multicenter retrospective cohort study
of children with ADPKD who had undergone ABPM. The
goal was to better analyze the prevalence of BP abnormal-
ities in this population and their relationship with age and
the severity of kidney involvement.

Materials and Methods
Overview
The study was coordinated by the Bambino Gesù Child-

ren’s Hospital in Rome, Italy, and it was approved by its
Internal Ethical Review Committee. It was performed in
adherence to the Declaration of Helsinki and included
22 centers from 14 European countries, namely Belgium,
Czech Republic, France, Germany, Italy, Lithuania, Poland,
Portugal, Romania, Russia, Serbia, Slovakia, Spain, and
Turkey. Referring physicians of each collaborating center
obtained parental consent to transfer anonymized data to
the coordinating center.
A web-based data collection form was developed,

allowing participating centers to provide patient data
and upload ABPM files. In each center, patients ,18 years
old with an established diagnosis of ADPKD who had
undergone an ABPM recording were recruited. ADPKD
was diagnosed if patients had at least one kidney cyst
and a positive family history or a proven mutation in the
PKD1 or PKD2 genes.
Mandatory data were limited to age, sex, height, weight,

and BP medications. GFR was estimated (eGFR) using
recently published quadratic formulas on the basis of height,
sex, age, and serum creatinine (20). If available, centers were
asked to provide kidney ultrasound data, including kidney
length and the number of cysts. In the interests of simplicity
and consistency, cyst burden was stratified on the basis of the
number of large cysts. Five classes were defined according to
the number of cysts .1 cm in each kidney as follows: none,
one to two, three to five, six to ten, and more than ten cysts.
Each kidney was scored separately. To evaluate the global
cyst burden, a “cyst score”was created by giving incremental
points (from zero to four) to each cyst class and adding the
scores from each kidney.
Total kidney volume could not be assessed retrospec-

tively. The magnitude of kidney enlargement was approx-
imated using kidney length measured by ultrasonography.
Nephromegaly was defined as a mean kidney length .2
SD scores using previously reported reference values (21).
Of the 310 participants with ABPM, eGFR and ultra-

sound data were available in 257 (83%), ultrasound data
alone were available in 13 (4%), eGFR data alone were
available in 21 (7%), and no eGFR or ultrasound data were
available in 19 participants (6%).

ABPM and Rhythm Analyses
ABPMs were performed between 2008 and 2015, and

results were collected in any available format. Most files
(229 of 310) included the complete ABPM dataset. In a
minority of patients (81 of 310), results were restricted
to mean BP and heart rate (HR) values during daytime,
nighttime, and 24 hours. These latter records could not be
used for rhythm analysis, which also required at least 22
hours of recording with no gaps exceeding 65 minutes in

duration. These conditions were fulfilled in 137 ABPM files.
The procedure has been described elsewhere (22,23) and
uses partial Fourier analyses to fit a cosine function on
a circadian (24 hours) rhythm or ultradian rhythms (12, 8,
or 6 hours). In addition, the software estimates rhythm
amplitudes and acrophases (Supplemental Figure 1).
ABPM values were expressed as SD scores on the basis of

reference values calculated on 1254 healthy white children
(24), and they were converted to percentiles. For 18 chil-
dren,5 years old and,120 cm, the SD scores could not be
calculated due to lack of reference values. ABPM outcome
measures were on the basis of European and North
American guidelines for the interpretation of BP values in
children (15,25). Hypertension was diagnosed in the pres-
ence of a mean systolic BP (SBP) and/or diastolic BP (DBP)
.95th percentile. Isolated nocturnal hypertension was de-
fined as the presence of nocturnal hypertension in the
absence of abnormal BP values during daytime. High-
normal BP was defined as a mean SBP and/or DBP $90th
and ,95th percentile. Optimal BP was defined on the basis
of the European Society of Hypertension guidelines for
children with nonproteinuric CKDs, which recommend a
target BP ,75th percentile (15). Consequently, suboptimal
BP was defined as a mean SBP and/or DBP $75th and
,90th percentile. The absence of nocturnal dipping (“non-
dipping”) was defined as a nocturnal BP fall of ,10% of
daytime values (night-to-day BP ratio .0.9) (15). For the
analysis of rhythm prevalence and characteristics, data were
used from already collected analyses conducted in 938
children without kidney disease who participated in a
multicenter trial performed by the German Working Group
on Pediatric Hypertension (22).

Statistical Analyses
Data were analyzed using IBM SPSS Statistics 21.0.0.2.

All data are two sided and considered significant for
P values ,0.05. Normal data are expressed as mean6SD.
Data that do not follow a normal distribution are expressed
as median value and interquartile range. Variables in-
cluded in the multivariable logistic analysis were restricted
to those that had a P value ,0.10 at the univariable level.
Cyst score was used in the model as a categorical variable.
Odds ratios were adjusted for age, sex, center effect, and the
use of BP medications. The analysis of center effect is
provided in Supplemental Table 1, showing that only
patients from one center were at significantly higher risk
of being hypertensive.

Results
Overall, 310 patients, equally distributed between sexes,

were included in the study (Table 1). The mean age was
11.564.1 years old, and the age distribution was homoge-
neous between the ages of 4 and 18 years old (Supple-
mental Figure 2). The diagnosis of ADPKDwas on the basis
of clinical and ultrasonographic findings in the vast
majority of participants. Family history was negative in 9%
of patients. In these patients, the diagnosis was established by
genetic analysis documenting PKD1 gene mutations. No
PKD2 mutation was reported.
CKD was observed in 5% of participants. Twelve patients

had an eGFR between 60 and 90 ml/min per 1.73 m2, and
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three had an eGFR of 45–59 ml/min per 1.73 m2. One fifth of
the children were treated with BP medications at the time of
the ABPM recording. The majority were taking one drug,
usually an angiotensin-converting enzyme inhibitor or an
angiotensin receptor blocker;,5% of patients received two or
three BP medications.

Kidney Ultrasound
Ultrasonographic data were available in 270 patients (87%).

Approximately one half of the cohort had zero to two cysts
.1 cm per kidney, whereas ,20% had more than ten cysts
.1 cm per kidney (Figure 1). The prevalence of nephromegaly
was 36% in children ages,11 years old as opposed to 50% in
older children (P=0.04) (Supplemental Figure 3).

ABPM Results
On average, most BP values were within the normal

range during the day, whereas a significant shift toward
higher BP levels was observed at night, indicating lack of
the nocturnal dipping in a large proportion of patients
(Figure 2, Supplemental Figure 4). Conversely, HR was, on
average, low during daytime but not at night.
ABPM results are summarized in Table 2. Approximately

one fifth of patients (21%) had BP higher than the 95th

percentile during the entire day/night cycle. When con-
sidering patients receiving BP medications at the time of
the ABPM recording, approximately one third of the cohort
(35%) had either hypertension or were under treatment for
hypertension. Less than one half of the cohort had BP
values within the optimal range (,75th percentile) without
taking BP medications. In addition, one half of the cohort
lacked a significant BP dipping at night (52%), and nearly
one fifth (18%) had isolated nocturnal hypertension.

Risk Factor Analyses
Table 3 shows the results of a logistic regression analysis

aimed at identifying risk factors for different hypertension
outcomes. High cyst score was a significant risk factor for
hypertension. Kidney length was only significantly asso-
ciated with nighttime and isolated nocturnal hypertension.
These results are apparent in Figure 3, which shows the
distribution of mean arterial pressure for different sub-
classes of cyst score or kidney length. Conversely, cyst
score and kidney length did not affect nocturnal dipping.
Thirty patients did not have cysts .1 cm (cyst score =0). In
these patients, the prevalence of 24-hour hypertension was
14% compared with 24% for the remainder of the cohort;
differences did not reach statistical significance (P=0.27).
Low birth weight and eGFR were not associated with
hypertension (Supplemental Table 2).

Rhythm Analyses
Typically, most children have a circadian rhythm of their

BP and HR, with values being lower at night, whereas
ultradian rhythms are only present in a minority of partici-
pants. Figure 4 shows the prevalence of circadian and ultra-
dian rhythms in childrenwith ADPKD comparedwith normal
prepubertal and pubertal children. A marked increase in the
prevalence of ultradian rhythms was observed. In addition,
rhythms in childrenwith ADPKDwere characterized by lower
amplitudes and higher acrophases compared with controls
(Supplemental Table 3). No association was observed between
age and the prevalence of ultradian rhythms, which for the
most part, were not associated with hypertension or the
absence of nocturnal dipping (Supplemental Table 3).

Sensitivity Analyses
Referring centers were asked to specify the indications for

performing ABPM and the total number of patients with
ADPKD that they were following at the time of the study. It
was estimated that 410 patients ages 4–18 years old were
followed in referring centers during the study period. Of these,
76%underwent ABPM.Overall, 66%performedABPMas part
of a systematic clinical evaluation of children with ADPKD,
whereas 27% underwent ABPM in the suspicion of hyperten-
sion or because hypertension had been established. For the
remaining 7% of patients, no specific protocol was followed.
To study the effect of variables on results, sensitivity

analyses were performed. After excluding patients from
centers that did not have ABPM as a systematic test and
patients taking BP medications, no significant effect on
ABPM findings was observed (Table 4). In addition, no
difference was observed after removing patients from one
center, in which a higher prevalence of hypertension was
observed (Supplemental Table 4). Because antihypertensive

Table 1. Participant characteristics of 310 children with
autosomal dominant polycystic kidney disease

Patient characteristics Number (percent)
Mean6SD

No. of patients 310
Age, yr 11.564.1
Sex, boy-to-girl ratio 162:148 (52:48)
Birth weight, ga 32916620
Family history
Paternal inheritance 130 (42)
Maternal inheritance 128 (41)
Absence of familial history 27 (9)
Details not available 25 (8)

Genetic diagnosis
PKD1 gene mutation 38 (12)
PKD2 gene mutation 0 (0)
Not tested 272 (88)

Kidney functionb

eGFR, ml/min per 1.73 m2 120618
Decreased eGFR,,90ml/min per

1.73 m2
15/278 (5)

No. of BP medications
None 248/310 (80)
Anyc 62/310 (20)
1 48/310 (165)
2 12/310 (4)
3 2/310 (0.6)

Main patient characteristics. Numbers in parentheses indicate
percentage values. In 27 patients without family history, the
diagnosis was on the basis of genetic testing. Only pathogenic
mutations in the PKD1 gene were reported.
aBirth weight was available for 113 patients (four patients with
premature birth were excluded).
beGFR data were available for 278 patients (90%).
cMedications included angiotensin-converting enzyme inhibi-
tors or angiotensin receptor blockers in 90% of patients, calcium
channel blockers in 27% of patients, b- or a- and b-blockers in
9% of patients, and diuretics in 7% of patients.
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drugs can generate ultradian rhythms, the analysis was
repeated after removing patients taking BP medications. No
significant changes in the prevalence of circadian and
ultradian rhythms were observed (Supplemental Table 5).

Discussion
Typically, ADPKD becomes symptomatic in time, because

the cyst burden and kidney volume increase (17,26,27).

Although hypertension can develop early in the course of
the disease, its prevalence during childhood is not clearly
established (2–7,9,28,29). This study shows that a signif-
icant proportion of children with ADPKD has high BP,
particularly at night.
The analyses of published data are limited by differences

among studies in sample size, age, methods for defin-
ing hypertension, and recruitment biases. One of the first

Figure 2. | Distribution of daytime, nighttime, and 24-hour ambulatory BP monitoring results. Box plots show the medians and interquartile
values for BP (A and B) and heart rate (C) expressed as SD score (SDS). Whiskers indicate the 5th and 95th percentiles.

Figure 1. | Cystic changes evaluated by renal ultrasound in 270 participants. The figure shows the relative distribution of cyst classes for
each kidney (details are in the text). This classification is on the basis of the number of cysts .1 cm per kidney, and it is used to calculate a
“cyst score,” which corresponds to the sum of scores of each kidney.
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studies (140 children with a mean age of 8.7 years old)
reported a prevalence of hypertension of 27% (7), which
correlatedwith higher left ventricularmass (12). Other single-
center cohort analyses have reported incidences ranging from
6% to 35% (3,5,6). Cadnapaphornchai et al. (2) observed a
prevalence of 32% in 85 children and young adults (age
range, 4–21 years old) included in a prospective trial testing
enalapril in ADPKD. Hypertension was defined in that study
by home BP monitoring, a method that correlates better with
ABPM than office BP (30,31), although correlation with end
organ damage in children has been established mostly with
ABPM (32). The same investigators have also shown that
children with hypertension andADPKD have larger kidneys,
have higher left ventricular mass index, and experience faster
decline in kidney function, especially if glomerular hyper-
filtration is present (2,4,11,33).
The results of the ADPKiDs Study have substantial

clinical effect, because they indicate that ABPM allows

detection of hypertension, including isolated nocturnal
hypertension, in a significant number of children and that
subjects with high BP have more cysts, a future that is
known to correlate with faster progression (1,8,26,27,34).
These findings suggest that ABPM should be performed in
all children with an established diagnosis of ADPKD.
A large body of evidence shows that ABPM represents a

more accurate method to diagnose hypertension, particularly in
children, by avoiding white coat hypertension and allowing
detection of masked and nocturnal hypertension (15,16). ABPM
has also been shown to correlate better with target organ
damage in the pediatric population (32,35–38). Remarkably,
ABPM data in children with ADPKD are very limited. Seeman
et al. (5) have analyzed ABPM recordings from 62 children and
found that 22 patients (35%) had hypertension, larger kidney
volumes, and more cysts. In a subsequent study, they also
observed that children with hypertension had more frequently
decreased kidney concentrating capacity (10).

Table 3. Analysis of risk factors for different ambulatory BP monitoring outcomes

Diagnosis Units Adjusted OR 95% CI P Value

24-h Hypertension
Variable
Cyst score (categorical 0–8) 1 Point 1.39 1.08 to 1.81 0.01
Kidney length 1 SD score 1.14 0.99 to 1.30 0.06

Daytime hypertension
Variable
Cyst score (categorical 0–8) 1 Point 1.70 1.21 to 2.40 0.002
Kidney length 1 SD score 1.00 0.84 to 1.20 0.94

Nighttime hypertension
Variable
Cyst score (categorical 0–8) 1 Point 1.31 1.05 to 1.63 0.02
Kidney length 1 SD score 1.23 1.06 to 1.42 0.01

Isolated nocturnal hypertension
Variable
Cyst score (categorical 0–8) 1 Point 1.15 0.92 to 1.43 0.22
Kidney length 1 SD score 1.17 1.01 to 1.34 0.03

Nondipping
Variable
Cyst score (categorical 0–8) 1 Point 0.90 0.77 to 1.05 0.17
Kidney length 1 SD score 1.07 0.95 to 1.21 0.25

The table shows the results of a multivariable logistic regression that analyzes risk factors for different ambulatory BP monitoring
outcomes. ORs are adjusted for age, sex, use of BP medications, and center effect, and they are indicated with their corresponding
95% CIs. OR, odds ratio; 95% CI, 95% confidence interval.

Table 2. Stratification of ambulatory BP monitoring results by diagnosis

Diagnosis Day, % Night, % 24 h,%

Hypertension (SBP and/or DBP $p95) 15 30 21
High-normal BP (SBP and/or DBP $p90 to ,p95) 10 10 11
Suboptimal BP (SBP and/or DBP $p75 to ,p90) 14 19 16
Optimal BP (SBP and DBP ,p75) 62 41 53
Nondippers (SBP or DBP) 52
Isolated nocturnal hypertension 18
Hypertension (SBP and/or DBP $p95) and/or BP medication 31 42 35
Optimal BP (SBP and DBP ,p75) without BP medication 52 35 46

The table summarizes the ambulatory BPmonitoring diagnoses during daytime, nighttime, and 24 hours. BP values were expressed as
SD scores using available reference data for ambulatoryBPmonitoring in children (24) and converted intopercentile values. BPoutcome
definitionswerederived frompublishedEuropean andNorthAmericanguidelines (15,25) (details are in the text). SBP, systolic BP;DBP,
diastolic BP; p95, 95th percentile; p90, 90th percentile; p75, 75th percentile.
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Overall, the ADPKiDs Study confirms in a very large
cohort of pediatric patients a strong association between BP
values and kidney enlargement. Unfortunately, height-
adjusted total kidney volume, which represents the gold
standard to measure kidney enlargement (8,26,39), could
not be assessed. Nephromegaly was only estimated using
kidney length, which nonetheless, has been shown to
correlate well with kidney volume and be a good predictor
of evolution in adult patients with ADPKD (39). In the
routine clinical practice, kidney length is usually measured
by ultrasounds in pediatric patients with ADPKD, because
kidneys are smaller and because magnetic reso-
nance imaging requires anesthesia in young children. As
expected, cyst burden and kidney lengthwere associatedwith
higher BP. Notably, however, hypertension was not asso-
ciated with older age, indicating that it may develop very

early, although often not in a severe form. In this regard, the
analysis was well powered, because the age distribution was
homogeneous across the entire age range of the cohort.
For the first time, our analysis reveals increased prev-

alence of ultradian rhythms with blunted variability in
ADPKD. A number of pathologic conditions have been
shown to alter physiologic rhythmicity in children (23,40–
42). In particular, high prevalence of ultradian rhythms
with lower amplitudes and delayed acrophases has been
observed in children with hypertension or CKD (40,42),
very similar to what we observed in children with ADPKD.
The exact interpretation of these findings remains uncer-
tain. Altered rhythmicity in patients with hypertension corre-
lates with loss of nocturnal dipping, which is an established
risk factor for cardiovascular disease (43). Cardiovascular
rhythm anomalies could also represent an early sign of altered

Figure 3. | Influence of the cyst score and kidney length SD score (SDS) on mean arterial pressure (MAP). Box plots show the medians and
interquartile values for daytime, nighttime, and 24-hour MAP values for different classes of cyst score (A–C) and kidney length (D–F). Data are
expressed as SDS. Whiskers indicate the 5th and 95th percentiles.
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sympathetic activity (23,43,44), preceding the development of
vascular damage. This would be consistent with data showing
altered endothelial-dependent dilation and increased stiffness
of large arteries in children and young adults with ADPKD,
despite normal BP and normal body mass index (45). In
addition, impaired cardiac handling of intracellular calcium
has been observed in experimental models reproducing Pkd2
mutations (46,47). Regardless of the exact nature of the
rhythmic changes observed in children with ADPKD, it is
remarkable that their prevalence failed to correlate with age,
hypertension, or the absence of nocturnal dipping, suggesting
that they represent a very early dysfunction.
The ADPKiDs Study cohort has selection biases and

carries the risk of overestimating the prevalence of hyper-
tension and other BP abnormalities. Among possible biases,

tertiary care hospitals that participated in the studymay have
recruited more severe patients, symptomatic patients may
have been more likely to undergo ABPM, and families with
more severe forms of ADPKD may have been more prone to
consult. Nonetheless, two thirds of patients underwent
ABPM as part of a routine evaluation of children with
ADPKD, and sensitivity analyses failed to show significant
changes after excluding patients at higher risk of hyperten-
sion. Altogether and considering that most pediatric studies,
including the ADPKiDs Study, have selection biases, the
prevalence of hypertension in children with ADPKD can be
estimated between 20% and 35%.
Much debate exists as to whether it is appropriate to

screen children at risk of ADPKD (34). Systematic screening
was not recommended until recently (34). However, recent

Figure 4. | Prevalence of circadian and ultradian rhythms in 137 participants. The figure shows the prevalence of significant rhythms obtained
bypartial Fourier analysis on 24-hourmean arterial pressure (MAP;A andB) andheart rate (HR;C andD) data.Data are calculated separately for
prepubertal (n=62) and pubertal (n=75) children, and they are compared with control children (22). ADPKD, autosomal dominant polycystic
kidney disease. *P,0.01; **P,0.001.
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studies suggest the efficacy of targeted therapies in slowing
disease progression (19,29), providing the rationale for
early diagnosis. Theoretically, these treatments could be
more efficient if started during childhood, in particular in
patients who are at risk of being fast progressors (28), if side
effects are acceptable. The negative psychologic conse-
quences of a diagnosis during childhood could be out-
weighed by benefits derived from early changes in lifestyle
and BP control (28). In this respect, it should be noted that
treating hypertension in adults with ADPKD improves
cardiac hypertrophy, but benefits on kidney function are
less pronounced compared with other CKDs (48,49). This
has also been observed in children with ADPKD treated
with angiotensin-converting enzyme inhibitors (2). The
effect of very early BP control in patients with ADPKD,
who are known to be at high risk of cardiovascular events
later in life, is not well established. It seems, however,
reasonable to expect that it would be significant. ABPM
helps to identify children who are likely to progress faster
and may be candidates for newer treatments.
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E: Assessment of target-organ damage in adolescent white-coat
and sustained hypertensives. J Hypertens 28: 2139–2144,
2010

39. Bhutani H, Smith V, Rahbari-Oskoui F, Mittal A, Grantham JJ,
Torres VE, Mrug M, Bae KT, Wu Z, Ge Y, Landslittel D, Gibbs P,
O’Neill WC, Chapman AB; CRISP Investigators: A comparison
of ultrasound and magnetic resonance imaging shows that
kidney length predicts chronic kidney disease in autosomal
dominant polycystic kidney disease. Kidney Int 88: 146–151,
2015

40. Litwin M, Simonetti GD, Niemirska A, Ruzicka M, Wühl E,
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