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Autosomal recessive polycystic kidney disease (ARPKD) is characterized by bilateral fibrocystic 
changes resulting in pronounced kidney enlargement. Impairment of kidney function is highly variable 
and widely available prognostic markers are urgently needed as a base for clinical decision‑making 
and future clinical trials. In this observational study we analyzed the longitudinal development of 
sonographic kidney measurements in a cohort of 456 ARPKD patients from the international registry 
study ARegPKD. We furthermore evaluated correlations of sonomorphometric findings and functional 
kidney disease with the aim to describe the natural disease course and to identify potential prognostic 
markers. Kidney pole‑to‑pole (PTP) length and estimated total kidney volume (eTKV) increase with 
growth throughout childhood and adolescence despite individual variability. Height‑adjusted PTP 
length decreases over time, but such a trend cannot be seen for height‑adjusted eTKV (haeTKV) where 
we even observed a slight mean linear increase of 4.5 ml/m per year during childhood and adolescence 
for the overall cohort. Patients with two null PKHD1 variants had larger first documented haeTKV 
values than children with missense variants (median (IQR) haeTKV 793 (450–1098) ml/m in Null/null, 
403 (260–538) ml/m in Null/mis, 230 (169–357) ml/m in Mis/mis). In the overall cohort, estimated 
glomerular filtration rate decreases with increasing haeTKV (median (IQR) haeTKV 210 (150–267) 
ml/m in CKD stage 1, 472 (266–880) ml/m in stage 5 without kidney replacement therapy). Strikingly, 
there is a clear correlation between haeTKV in the first eighteen months of life and kidney survival 
in childhood and adolescence with ten‑year kidney survival rates ranging from 20% in patients of 
the highest to 94% in the lowest quartile. Early childhood haeTKV may become an easily obtainable 
prognostic marker of kidney disease in ARPKD, e.g. for the identification of patients for clinical 
studies.

Autosomal recessive polycystic kidney disease (ARPKD) is a severe hepatorenal disorder that typically becomes 
symptomatic early in life or even prenatally. The classic phenotype involves kidney enlargement due to the 
development of ubiquitous renal  microcysts1. There is pronounced clinical variability both for the renal and 
the hepatic clinical phenotype that can only partially be explained by underlying genetic variants in the main 
affected gene PKHD11–3. Treatment in ARPKD currently remains  symptomatic2,4. This is partly due to the fact 
that primary endpoints for interventional clinical trials have not yet been established and that risk cohorts have 
not been defined. For autosomal dominant polycystic kidney disease (ADPKD) total kidney volume (TKV) and 
height-adjusted total kidney volume (haTKV) serve as surrogate risk markers of disease progression in  adults5. 
For ARPKD a loose inverse correlation between TKV and kidney function has been observed in children and it is 
widely accepted that kidney growth patterns show differences between ARPKD and  ADPKD6–8. In a sonographic 
study from 1995 following nine patients with the histological diagnosis of ARPKD, a decrease of kidney size with 
time was observed in five of the nine  subjects9. Another study showed stable renal size in 16 ARPKD children 
surviving the neonatal  period8. More recently, in two cohorts of 31 and 50 ARPKD patients, respectively, no 
clear correlation between eGFR slope and kidney size were  detected10,11. Kidney volumes and lengths remained 
stable over time in one of the  cohorts11. Overall, however, the natural history of kidney size in ARPKD and its 
correlation to kidney function remain incompletely understood.

Over the past years we have established an international ARPKD cohort  study12,13. Using this observational 
longitudinal data we have previously identified antenatal sonographic markers as risk markers for early dialysis 
dependency in  ARPKD14. In the current study we aimed to (1) characterize in detail the longitudinal courses of 
different kidney size measures during childhood and adolescence and to (2) evaluate a potential association of 
early height-adjusted estimated total kidney volume (haeTKV) with kidney survival in ARPKD on the basis of 
a well-characterized cohort of up to 456 patients. This improved understanding of clinical courses may serve as 
a base to identify ARPKD patients that are at risk of developing early kidney failure.

Results
Patients. At the timepoint of data extraction 543 patients were included in ARegPKD. 456 patients had at 
least one ultrasound prior to a first nephrectomy. The patients´ characteristics are displayed in Table 1.

Development of pole‑to‑pole length and eTKV in ARPKD over time and normalization for 
body height. The longitudinal description of sonographic pole-to-pole length (PTP length) is based on up 
to 1205 datapoints from 408 patients. The lengths of the right and the left kidney were highly correlated (Supple-
mentary Fig. S1 online). The average absolute PTP length (AvPTP length) increased with body length (Fig. 1a) 
whereas height-adjusted AvPTP length (haAvPTP length) decreased with increasing age (Fig. 1b).

To evaluate the validity of sonographic PTP length measurements, comparisons with MRI or CT assessments 
were performed in a small subset of patients in which both analyses were available within a short time frame 
(Supplementary Fig. S1 online). Overall, there was a good correlation with slight overestimation of PTP length 
in very large kidneys (PTP length > 15 cm) by ultrasound.

The longitudinal description of sonographic estimated kidney volume (eTKV) is based on up to 508 data-
points from 161 patients using the ellipsoid formula. Again, a close correlation between the right and the left 
kidney was noted (Supplementary Fig. S1 online). While eTKV increased with height (Fig. 1c), height-adjusted 
eTKV (haeTKV) was less dependent on age throughout childhood and adolescence and remained rather stable 
with a slight mean linear increase of 4.5 ml/m per year during childhood and adolescence for the overall cohort 
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(Fig. 1d). This difference between haeTKV and haAvPTP length was confirmed in a subset of 133 patients with 
340 datapoints in whom both haAvPTP lengths and haeTKV values were available (Fig. 1e).

The two transversal kidney diameters increased slightly with age in absolute terms but showed decrease with 
age when adjusted for height (Supplementary Fig. S2 online).

To investigate why we saw a decrease of haAvPTP lengths but not of haeTKV over time we changed the height-
adjustment. To account for the different dimensionality between volume and length we divided by 3

√

body height

—resulting in an alternative height-adjustment of AvPTP length (“alternative haAvPTP”). This revealed more 
constant values over time (Supplementary Fig. S2 online). Consistently, eTKV shows a greater than linear increase 
with increasing AvPTP lengths (Supplementary Fig. S3 online). In more than 97% of all documented height-
adjusted measurements prior to nephrectomy, measurements of both kidneys were available.

eTKV correlation to body height in different age groups and to genetic classes. We next strati-
fied the eTKV findings according to age groups and observed comparable eTKV patterns for the different age 
groups (Fig. 1f). Separation of eTKV according to age and height showed a comparable distribution of sub-
groups as separation according to age and weight (Supplementary Fig. S3 online).

Table 1.  Patient characteristics. Percentages have been rounded to whole numbers. Months (mo), years (yrs).

Total (n = 456)

Clinical information

Sex, n (%)

 Male 230/456 (50%)

 Female 226/456 (50%)

Last available CKD stage, n (%)

 G1 102/446 (23%)

 G2 95/446 (21%)

 G3 92/446 (21%)

 G4 37/446 (8%)

 G5 without KRT 19/446 (4%)

 G5 with KRT 101/446 (23%)

Age at first visit (yrs), n 456

 Median (IQR) 1.7 (0.2–7.4)

Age at last visit (yrs), n 456

 Median (IQR) 8.2 (3.6–14.6)

Number of visits, n 456

 Median (IQR) 3.0 (2.0–7.0)

Follow-up time, n 456

 Median (IQR) 2.3 (0.4–7.3)

Age at initial diagnosis (yrs), n 418

 Median (IQR) 0.3 (0.1–1.6)

Gestational age at birth (weeks), n 341

 Median (IQR) 38.0 (36.0–39.0)

Perinatal assisted breathing, n (%) 94/402 (23%)

Patients with documented nephrectomies, n (%) 45/456 (10%)

Age at first or bilateral nephrectomy (yrs), n 45

 Median (IQR) 1.1 (0.1–5.6)

Genetic information

Genetic confirmation, n (%)

 No PKHD1 testing, no PKHD1 variant detected 260/456 (57%)

 ARPKD genetically confirmed 116/456 (25%)

 ARPKD genetically probable 35/456 (8%)

 ARPKD genetically unknown 45/456 (10%)

Functional PKHD1 variant classifications, n (%)

 Null/null 11/196 (6%)

 Null/missense 50/196 (26%)

 Missense/missense 85/196 (43%)

 Others 24/196 (12%)

 Single variant 26/196 (13%)
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Comparing haeTKV values according to the level of genetic certainty of the diagnosis did neither reveal a clear 
age-related pattern, nor in the absolute values (Supplementary Fig. S4 online). However, patients with two null 
PKHD1 variants had larger first documented haeTKV values than children with one or two missense variants 
(median (IQR) haeTKV 793 (450–1098) ml/m in Null/null, 403 (260–538) ml/m in Null/mis, 230 (169–357) 
ml/m in Mis/mis; Fig. 2a). There was no clear clustering of haeTKV values with regards to PKHD1 functional 
classes along the age spectrum (Supplementary Fig. S4 online). For the alternative haAvPTP (cm/ 3

√

m ), we did 
not observe a correlation with the genetic classification (Supplementary Fig. S5 online).

Figure 1.  Sonographic findings over time: Average kidney pole-to-pole length (avPTP length) increases with 
body height (a), height-adjusted avPTP length decreases with age (b). Estimated total kidney volumes (eTKV) 
increase with body height (c), height-adjusted value (haeTKV) distribution is stable, although variable, in 
children (d). These findings were confirmed in a subset of patients in whom both haPTP length and haeTKV 
were available (e). The distribution of eTKV showed a similar relation to body height in different age groups (f).
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Figure 2.  Correlation of haeTKV to genetics and kidney function: HaeTKV values for different groups 
of genotypes. The first documented haeTKV value was used for each patient (a). eGFR and haeTKV show 
a loose inverse relation in the total cohort (b). Kaplan–Meier of kidney survival. The highest quartile of 
haeTKVmax18values shows poorest kidney outcome (c). Scatter plot and regression lines of eGFR values of 
haeTKVmax18 patients stratified according to haeTKVmax18 quartiles (d). Normalized yearly eGFR loss of 
haeTKVmax18 patients stratified according to haeTKVmax18 quartiles. Only patients with at least 3 visits 
spanning at least one year were used to obtain valid estimations (e).
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haeTKV correlation to kidney function. An inverse correlation between haeTKV and eGFR was found 
(Fig. 2b), resulting in an increase of median haeTKV values with CKD stage during childhood and adolescence 
without an apparent correlation to age (median (IQR) haeTKV 210 (150–267) ml/m in stage 1, 258 (158–437) 
ml/m in stage 2, 424 (255–530) ml/m in stage 3, 632 (331–878) in stage 4 and 472 (266–880) ml/m in stage 5 
without KRT; Supplementary Fig. S6 online).

To evaluate whether haeTKV at an early timepoint may help to predict the risk for early loss of kidney func-
tion, patients were stratified according to their highest documented haeTKV value within the first 18 months 
of life (haeTKVmax18). Kidney survival according to haeTKVmax18 quartile was analyzed in 70 prospectively 
followed children. The characteristics of this subcohort are summarized in Supplementary Table S1 online. More 
patients in the upper haeTKVmax18 quartile (> 597 ml/m) showed progression to KRT than patients in the two 
middle quartiles (> 192–597 ml/min; p < 0.001) or the lower quartile (≤ 192 ml/min; p < 0.001). 10-year-KRT-free 
survival was 20% in the upper quartile, 75% in the two middle quartiles, and 94% in the lower haeTKVmax18 
quartile, respectively (Fig. 2c). For haAvPTP length and alternative haAvPTP length the correlation to kidney 
function was less clear (p = 0.1 for both haAvPTP length and alternative haAvPTP length upper vs. lower quartile) 
than for haeTKV (Supplementary Fig. S7 online).

Mean eGFR at the end of the first year of life was 21, 58 and 101 ml/min/1.73  m2 in the highest, the two mid-
dle and the lowest haeTKVmax18 quartile, respectively (Fig. 2d). Normalized estimated yearly eGFR loss among 
the subgroups showed no major differences (Fig. 2e). Analysis of longitudinal follow-up data suggested a loose 
inverse correlation between longitudinal haeTKV changes and changes in normalized eGFR in the haeTKVmax18 
cohort (Supplementary Fig. S8 online).

Discussion
We present longitudinal descriptive imaging data on the development of kidney length and kidney volume during 
the course of ARPKD and identify maximal haeTKV within the first 18 months of life as a potential prognostic 
marker for kidney survival in ARPKD. This study represents the largest collection of renal imaging data in 
ARPKD, with more than 1000 datapoints for specific questions. Our cohort covers the entire pediatric age range.

The analysis of our dataset substantially expands the existing knowledge both on the natural history of 
kidney growth in ARPKD as well as on the correlations between kidney size and kidney function. We observed 
significant growth of the polycystic kidneys in all dimensions and total volume with time. Yet, while height-
adjusted lengths decrease in all dimensions, haeTKV remained rather constant. For healthy children it has been 
reported that haAvPTP length also slightly decreases over time but this effect is by far less pronounced than in 
ARPKD. HaeTKV remains relatively stable in healthy  children15,16. Thus, ARPKD follows general growth pat-
terns. It will be of interest to compare the ARPKD kidney growth patterns observed here with other etiologies of 
renal dysplasia in future studies. Severe variants in the PKHD1 gene seem to be associated with highest haeTKV 
values in ARPKD.

Our findings have multiple important implications. Firstly, the data do not support a concept that kidney 
size or kidney volume would remain unchanged in ARPKD or would even become smaller during the course 
of the disease in childhood and adolescence. Indeed, we found that absolute kidney size increases over time 
although the growth did not show the dynamics seen in ADPKD and the relative increase of kidney PTP length 
compared to body height was smaller. Our data thus fit to previous  reports8,11. With respect to a preference of 
kidney length or kidney volume, haeTKV may be a better marker to compare kidney size in ARPKD children 
than haPTP length throughout childhood and adolescence. Our numbers in adult patients remain too small to 
draw reliable conclusions on the courses of radiological findings or potential correlations to kidney function. 
In the current study we have therefore focussed on pediatric patients. We have previously described the clinical 
findings of our cohort of young  adults17. Interestingly, in the very small number of adult patients we had found 
smaller native kidneys, which is in accordance with the clinical experience of many centers. From the available 
data we cannot yet fully explain this apparent discrepancy to the data presented in this manuscript describing 
a stable relationship between eTKV and height over time during childhood and adolescence. It seems plausible 
that a selection bias towards less severely affected patients that survived into adulthood with their native kidneys 
in place (i.e. without the necessity of bilateral nephrectomies of native ARPKD kidneys) may have contributed to 
the perception of smaller kidneys in adult patients with ARPKD. Larger studies with follow-up on adolescents 
and adult patients of severely affected surviving ARPKD children not undergoing nephrectomy will be required 
to close this gap of knowledge.

Secondly, the data support the value of ultrasound-based measurement of renal size in ARPKD as a standard 
for most of the patients and also as a standard for clinical studies. Other than in ADPKD, where kidney volumes 
in mostly adult patients are assessed by computed tomography or magnetic resonance  imaging5, ultrasound is 
the method of choice for kidney examination in pediatric patients due to its wide availability, excellent risk–ben-
efit balance and its applicability without sedation of the infant or  child7. Our data showed very good right-left 
correlation for PTP lengths with good correlation for kidney volumes. Exact sonographic measurement of very 
large kidneys may be a challenge, but comparison with MRI measurements suggested that ultrasound is suffi-
ciently accurate for clinical and research purposes in children with ARPKD. While some centers seem to have a 
preference in documentation of kidney size by either rather PTP lengths or rather kidney volumes, our analysis 
addresses both approaches and allows to compare them.

Thirdly, we establish a novel link between early haeTKV and kidney survival in ARPKD that may become a 
helpful prognostic marker for counselling families and identifying patients at special risk of poor kidney survival 
e.g. for clinical trials. We confirmed a previously-reported loose inverse correlation between haeTKV and eGFR 
in our larger  cohort6,11. Our longitudinal data, however, also allowed us to follow kidney disease progression 
in specific patient subgroups. Higher haeTKV values in the first 18 months of life were associated with poorer 
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kidney survival already in childhood and adolescence. Importantly, haeTKV showed better prognostic discrimi-
nation than either haAvPTP length or alt.haAvPTP. Three-dimensional assessment thus adds relevant information 
to unidimensional description of kidney length and should be used as clinical standard. This association of early 
haeTKV with kidney survival needs to be validated in an independent ARPKD patient cohort.

Finally, the data suggest that the patients with the largest kidneys do not even reach the same eGFR values 
at the end of the first year of life observed in children with less severe phenotypes. Early structural changes may 
be decisive for poor kidney survival in severely affected ARPKD patients. If this concept holds true, therapeutic 
pharmacological intervention would have to start very early in life for major clinical impact. Depiction of changes 
of haeTKV vs. eGFR over time may be suggestive of a loose inverse relationship, but more data is required for 
confirmation. Our data may point to a prognostic and potentially predictive value of haeTKV for ARPKD early 
in life but more longitudinal observations in independent cohorts and verification of this potential in multivari-
able analyses after implementation of all qualifying risk markers will be needed. Especially, other risk factors 
respectively confounders like genetics, prematurity, postnatal ventilation, eGFR at initial presentation, arterial 
hypertension or conduction of unilateral nephrectomy need to be implemented in more detailed follow-up work. 
A comprehensive analysis of all of these aspects was beyond the scope of this initial description of kidney size 
courses in ARPKD. Importantly, the eGFR slopes observed in our patients are in keeping with previous reports 
from two pediatric ARPKD  cohorts11,18.

Several limitations of our study deserve to be mentioned. The structure of the ARegPKD registry may be 
associated with an inclusion bias as patients with the most severe early phenotypes and e.g. perinatal demise 
may not be included. Furthermore, patients with late or atypical courses may be missed. Our study focusses on 
the pediatric age resulting in small numbers of patients with this rare disease at the end of follow-up in survival 
analyses. Data inclusion into ARegPKD occurs on a voluntary basis with the clinical diagnosis of ARPKD, result-
ing in incomplete available data for some patients, including genetic disease confirmation. We chose to present 
the existing data as collected rather than imputing missing data. Furthermore, sonographic measurements were 
conducted by different investigators, central reading of sonographic information was not possible in this setting 
of investigating a rare disease. Estimated TKV was calculated in some patients based on lengths in three dimen-
sions but was directly entered into the database in other patients. Even with the mentioned limitation the dataset 
with its substantial numbers offers novel and reliable insights.

In summary, we describe the longitudinal course of kidney length and estimated kidney volume in a very 
large group of pediatric ARPKD patients. Our findings can serve as a starting point to further evaluate haeTKV 
in the first 18 months of life as a clinical prognostic marker in ARPKD both for clinical practice as well as for 
clinical studies on ARPKD.

Methods
The international observational cohort study ARegPKD follows patients with the clinical diagnosis of ARPKD 
according to a previously published  protocol12. In brief, real life clinical data covering different aspects of ARPKD 
are collected pro- and retrospectively with automated data entry checks and regular quality control. This includes 
a detailed set of radiological data. Informed consent was obtained from all subjects or, if subjects are under 18, 
from a parent and/or legal guardian according to applicable local regulations. The study protocol was approved 
by the Ethics Committee of the Faculty of Medicine of Cologne University and the Institutional Review Boards 
of participating sites. ARegPKD is in accordance with the ethical standards of the institutional and/or national 
research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical 
standards. Data analysis was performed on the ARegPKD dataset available on March 2019, with genetic data 
available as of April 2019.

Estimation of glomerular filtration rate (eGFR) was restricted to patient visits from 1 to 18 years and was 
based on the full age spectrum  formula19. Categorization into CKD stages was applied according to KDIGO 
classification. On kidney replacement therapy (KRT, on dialysis or after kidney transplantation (KTx)) eGFR 
values were set to 5 ml/min/1.73  m2 as indicated in detail below. An upper eGFR limit of 160 ml/min/1.73  m2 
was defined and higher eGFR values were set to 160 ml/min/1.73  m2.

Data on pole-to-pole length of the kidneys (PTP length), transversal lengths in two dimensions, and estimated 
total kidney volume (eTKV) were collected. Kidney volume was estimated based on a simple ellipsoid formula 
(length x width x depth x π/6) in patients with available measurements. eTKV represents the sum of left and 
right estimated kidney volume (eKV). Average PTP length (AvPTP length) was defined as the sum of both PTP 
lengths divided by two. If only one eKV or PTP length value was available, this value was also chosen for the 
other side in patients prior to nephrectomy. For comparison of ultrasound and magnetic resonance (MR) or 
computer tomography (CT) imaging, paired examinations obtained within three months in the first year of life 
and within six months beyond the first year of life were included. Height-adjustment for eTKV (haeTKV, defined 
as eTKV/body height in m) or AvPTP length (haAvPTP length, defined as AvPTP length/body height in m) was 
applied for patients with date of height and ultrasound measurement within three months for patients younger 
than three years or within 10% of the current age for older patients. Alternative haAvPTP length was defined as 
AvPTP/ 3

√

body height inm . For categorization into haeTKV quartiles the highest documented values for haeTKV 
in the first 18 months of life (haeTKVmax18) was used. Radiological findings were stratified according to the age 
groups ≤ 1.5 years of age, > 1.5–3 years, > 3–6 years, > 6–12 years and > 12–18 years.

Correlations of TKV and eGFR were only calculated on cases without nephrectomies. All eGFR values were 
used in the analysis of the haeTKVmax18 cohort since nephrectomy-related reduction in nephron mass was 
considered a direct consequence of large size. Data on follow-up time indicates follow-up for evaluation of kidney 
survival and eGFR of patient subgroups in haeTKVmax18 quartiles.
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For genetic analyses all reported PKHD1 variants were classified according to the revised criteria of the 
American College of Medical Genetics (ACMG)20. The genotypes were assigned to functional classes termed null 
variants (nonsense and frameshift variants, canonical splice-site variants, whole gene deletions) or missense vari-
ants (≥ ACMG class 3). Patients with only a single variant ≥ ACMG class 3 and those with any other combination 
were grouped independently. According to molecular genetic diagnostic certainty, patients were sub-grouped 
in the classes “Confirmed” (≥ 2 PKHD1 variants detected, with at least two ≥ ACMG class 4), “Probable” (≥ 2 
PKHD1 variants, only one ≥ ACMG class 4), and “Unknown” (≥ 2 PKHD1 ACMG class 3 or only one PKHD1 
variant ≥ ACMG class 3). All other patients (PKHD1 variants ACMG 1 or 2, no documented PKHD1 variants in 
case of PKHD1 sequencing, no PKHD1 sequencing) were grouped together.

Statistics. All statistical analyses were performed using R, version 4.0.121. Continuous variables were 
described using the number of non-missing values, mean and standard deviation (SD) as well as median and 
interquartile range (IQR). For binary or categorical variables, absolute and relative frequencies were provided. 
Kidney survival was estimated by the Kaplan–Meier method. Estimated GFRs at the end of the first year of life 
within haeTKVmax18 quartiles were estimated by a linear regression using eGFR as dependent variable and age 
at eGFR measurement (continuous), haeTKVmax18 group (categorical) and the interaction of age and haeT-
KVmax18 group as independent variables. The patient ID was included as random factor with an interaction 
with age, thus considering the variability between patients and assuming individual eGFR-age relationships for 
each patient. For this calculation eGFR was defined as 5 ml/min/1.73  m2 for children on KRT. For longitudinal 
descriptions of children on KRT only the first visits after the end of the first year of life were included. Mean 
annual increase of haeTKV was estimated by a linear regression of haeTKV versus age including patient ID as 
random factor. Annual eGFR loss was estimated for each patient as the slope coefficient of a linear regression of 
eGFR versus age. For this, only patients with at least three visits spanning at least one year were used to obtain 
valid estimations. Annual eGFR loss was normalized as percental yearly change. Data completeness varied by 
variable and timepoint of data collection resulting in different numbers of informative cases for every subanaly-
sis. The specific numbers of informative patients and observations are indicated in each figure panel. Missing 
data were handled by pairwise deletion of cases that had missing values necessary for the respective analysis. No 
imputation of missing values was performed.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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