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| Conclusion

Genetic analysis plus age-adjusted total liver volume provides predictive
information with regard to PLD-related hospitalization

Highlights
e ADPKD-related PLD and isolated ADPLD may lead
to equally severe hepatomegaly.

e Age at first PLD-related hospitalization may serve
as a novel clinically applicable endpoint to assess
PLD severity.

e Genetic confirmation is predictive for risk of hos-
pitalization in both isolated and non-isolated PLD.

e Age-adjusted liver volumetry may improve disease
prognostication at early stages.

https://doi.org/10.1016/j.jhepr.2022.100579

Lay summary

Polycystic liver disease (PLD) is a highly variable
condition that can be asymptomatic or severe. How-
ever, it is currently difficult to predict clinical out-
comes such as hospitalization, symptom burden, and
need for transplantation in individual patients. In the
current study, we aimed to investigate the clinical
value of genetic confirmation and an age-adjusted
total liver volume classification for individual disease
prediction. While genetic confirmation generally
pointed to more severe disease, estimated age-
adjusted increases in liver volume could be useful
for predicting clinical outcomes.
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Background & Aims: Polycystic liver disease (PLD) manifests as numerous fluid-filled cysts scattered throughout the liver
parenchyma. PLD most commonly develops in females, either as an extra-renal manifestation of autosomal-dominant
polycystic kidney disease (ADPKD) or as isolated autosomal-dominant polycystic liver disease (ADPLD). Despite known ge-
netic causes, clinical variability challenges patient counselling and timely risk prediction is hampered by a lack of genotype-
phenotype correlations and prognostic imaging classifications.

Methods: We performed targeted next-generation sequencing and multiplex ligation-dependent probe amplification to
identify the underlying genetic defect in a cohort of 80 deeply characterized patients with PLD. Identified genotypes were
correlated with total liver and kidney volume (assessed by CT or MRI), organ function, co-morbidities, and clinical endpoints.
Results: Monoallelic diagnostic variants were identified in 60 (75%) patients, 38 (48%) of which pertained to ADPKD-gene
variants (PKD1, PKD2, GANAB) and 22 (27%) to ADPLD-gene variants (PRKCSH, SEC63). Disease severity defined by age at
waitlisting for liver transplantation and first PLD-related hospitalization was significantly more pronounced in mutation
carriers compared to patients without genetic diagnoses. While current imaging classifications proved unable to differentiate
between severe and moderate courses, grouping by estimated age-adjusted total liver volume progression yielded significant
risk discrimination.

Conclusion: This study underlines the predictive value of providing a molecular diagnosis for patients with PLD. In addition,
we propose a novel risk-classification model based on age- and height-adjusted total liver volume that could improve in-
dividual prognostication and personalized clinical management.

Lay summary: Polycystic liver disease (PLD) is a highly variable condition that can be asymptomatic or severe. However, it is
currently difficult to predict clinical outcomes such as hospitalization, symptom burden, and need for transplantation in
individual patients. In the current study, we aimed to investigate the clinical value of genetic confirmation and an age-
adjusted total liver volume classification for individual disease prediction. While genetic confirmation generally pointed to
more severe disease, estimated age-adjusted increases in liver volume could be useful for predicting clinical outcomes.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Polycystic liver disease (PLD) is characterized by progressively
growing liver cysts originating from the biliary epithelium.
Clinically and etiologically, PLD can be differentiated into isolated
and non-isolated forms typically with familial background as a
common denominator. Most commonly, PLD presents as an

Keywords: polycystic disease; polycystic kidney disease; ADPLD; ADPKD; PCLD; PLD;
PRKCSH; SEC63; PKD1; PKD2; GANAB; hepatomegaly; total liver volume.

Received 8 March 2022; received in revised form 18 August 2022; accepted 22 August
2022; available online 8 September 2022

T These authors contributed equally.

= Corresponding authors. Address: Division of Hepatology, Clinic for Oncology,
Gastroenterology, Hepatology, Infectious Diseases and Pneumology, Leipzig
University Medical Center, Germany (T. Berg); Division of Nephrology and Internal
Intensive Care Medicine, Charité Universitdtsmedizin, Berlin, Germany (J. Halbritter).
E-mail addresses: Thomas.Berg@medizin.uni-leipzig.de (T. Berg), jan.halbritter@char-
ite.de (J. Halbritter).

ELSEVIER

extra-renal manifestation of autosomal-dominant polycystic
kidney disease (ADPKD), which is based on monoallelic genetic
variation in two main disease genes PKD1 (encoding polycystin
1) and PKD2 (encoding polycystin 2). ADPKD shows almost
obligatory but highly variable liver involvement.? More rarely,
isolated familial PLD occurs without significant cystic kidney
involvement. This condition, which is termed autosomal-
dominant polycystic liver disease (ADPLD), is mostly based on
monoallelic genetic aberration in another two disease genes,
PRKCSH? and SEC63.“ Unlike ADPKD, clinically significant ADPLD
is a rare disorder with an estimated prevalence of less than
1:10,000 live births.” Morphologically, ADPKD- and ADPLD-
associated liver cysts cannot be differentiated from one another
and clinical signs and symptoms broadly overlap, ranging from
asymptomatic courses to severe impairment due to mass ef-
fects.® Known PLD risk factors include female sex and
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premenopausal estrogen exposure’®; therefore, women are
more likely to endure severe courses.’ Interestingly, a genetic
interaction network involved in N-glycosylation and quality
control in the endoplasmic reticulum mechanistically links both
entities via polycystin 1 and seems to govern the degree of cystic
liver and kidney involvement.'®!" Thereby, typical ADPKD and
ADPLD represent both ends of a cystic disease spectrum, over-
whelmingly associated with either pathogenic variants in PKD1/
PKD2 (ADPKD), or pathogenic PRKCSH/SEC63 variation (ADPLD).
Additional disease genes (LRP5,'?> SEC61B' ALGS8'' ALG9Y,"
GANAB,"* DNAJB11,"> PKHD1'®) have been primarily linked to
atypical forms or hybrids further reflecting the phenotypic con-
tinuum of cystic liver and kidney disease. As a molecular diag-
nosis is not possible in about 50% of patients with ADPLD,
additional causative genes remain to be discovered. However,
genotype-phenotype correlations are poorly defined. While the
odds of renal survival correlate with the ADPKD genotype, in
terms of PKD1-truncation/non-truncation and PKD2,"7'® a similar
association was not shown for liver volume progression.'® Also,
previous genetic studies on PLD either investigated PKD1/PKD2
or PRKCSH/SEC63 mutually exclusive but found mutation carriers
to exhibit more severe courses than non-mutation carriers, at
least in the latter.>?° Furthermore, predictive imaging modal-
ities, such as the ADPKD-Mayo classification,”! are only estab-
lished for renal survival. For liver outcomes, however, currently
available imaging categories (Quian criteria,”? Kim classifica-
tion®) are non-predictive. Moreover, unlike definite renal end-
points such as end-stage kidney disease (ESKD), clinically
significant liver endpoints are more challenging to define. While
waitlisting for liver transplantation (LTx) may represent such a
clinical endpoint, the use of the model for end-stage liver disease
(MELD) score is not fully applicable in PLD. Standard and non-
standard exception MELD scores are not being used beyond the
Eurotransplant region and have raised concerns regarding
outcome disparities.>> Hence, applicable liver endpoints and
predictive classifications are urgently needed to allow for more
accurate disease prognostication. With this study, we aimed to
combine imaging and genetic modalities to comparatively assess
patients with PLD and propose ways to overcome current
limitations.

Patients and methods

Study population

After written informed consent (institutional review board pro-
tocols at University of Leipzig, Ethics vote 289/20-ek), 132 adult
patients with clinically diagnosed PLD since 2009 were formally
enrolled at the Leipzig University Medical Center between May
2018 and May 2021. After revision of electronic health records
and imaging data, we included 80 patients with PLD from 68
families eligible for continued follow-up from the outpatients’
clinics for hepatobiliary diseases, nephrogenetic diseases, and
transplantation. Fifty-two cases were excluded because of loss to
follow-up or there being less than three liver cysts upon imaging
(ultrasound/CT/MRI) (Fig. 1A).

Genetic analyses

Pathogenic alterations were assessed by targeted next-generation
sequencing (tNGS) and multiplex ligation-dependent probe
amplification (MLPA) at the Institutes of Human Genetics Bio-
scientia and Medical Genetics Mainz. The customized gene panel
covered all exon-intron boundaries and coding regions of PKD1,
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PKD2, GANAB, PRKCSH, SEC63, PKHD1, HNF1B, ALGS8, ALG9, DNAJB11,
and SEC61B. Furthermore, whole exome sequencing was carried
out on tNGS- and MLPA-negative cases. Segregation analysis was
performed by direct sequencing methods upon sample availability.
Nonsense, frameshift, large deletion/insertions, and (canonical)
splice site variants were categorized as truncating, while small in-
frame deletions/insertions (delins) and missense variants were
grouped as non-truncating. Variants were classified according to
diagnostic criteria of the American College of Medical genetics and
Genomics (ACMG).?* Class III variants (alias variants of uncertain
significance, VUS) were only included if “tepid”, “warm” or “hot”
according to published Association for Clinical Genomic Sciences
(ACGS) guidelines (https://www.acgs.uk.com/media/11631/uk-
practice-guidelines-for-variant-classification-

v4-01-2020.pdf).

Radiological assessment

CT and MRI studies were used to determine total liver volume
(TLV) and total kidney volume (TKV). If more than one scan was
available, most recent imaging before any type of surgical vol-
ume reduction was used for TLV/TKV assessment (index image).
Pre-surgery liver imaging was available in 65 patients and kidney
imaging in 67 patients. Intellispace Portal 9.0 software (Phillips,
The Netherlands) was used to perform 3D reconstruction
through both manual and semi-automatic segmentation. Regions
of interest were manually highlighted and extrapolated between
slices, facilitating 3D volume calculation.

Symptom questionnaire

Clinical questionnaires were sent to all patients to complement
electronic health record data and to assess current symptom
burden (e.g. pain, fullness, fatigue, reflux, limited mobility)
(adapted from PLD-Q?°; Fig. S1). We divided symptom count into
three sections: 0-4 were considered mild symptom burden, while
5-9 were regarded as moderate and above 10 as severe. Response
rate was 79% (n = 34/43) among non-transplanted patients.

Study endpoints and classifications

Height-adjusted TLVs (hTLVs) were categorized according to the
severity classification proposed by Kim H et al. 2015° into mild (hTLV
<1,600 ml/m), moderate (hTLV 1,600-3,200 ml/m), and severe
(hTLV >3,200 ml/m). We defined survival without a PLD-related
hospitalization (alias liver event) as the primary endpoint. For ac-
curate definition of hepatic events, we scrutinized medical histories
for the age at first PLD-related hospitalization (e.g. treatment either
conservatively or by surgical intervention, such as cyst aspiration/
fenestration, resection or even liver transplantation). Secondary
endpoints included survival without LTx and renal survival defined
by absence of ESKD. TKVs were used to estimate renal disease
severity and progression as proposed by the Mayo classification.”!
Laboratory MELD scores as well as standard exception MELD
scores were compiled for selected cases.>

Statistical analyses

All statistical analyses were carried out using SPSS software,
version 17 (IBM Corp., USA) and GraphPad Prism version 9.2.0
(GraphPad Software, USA). Statistical testing utilized a p value of
<0.05 as the significance threshold. For normally distributed data
we used Student’s t test and ANOVA; for non-normal distributions
we used Mann-Whitney U test and Kruskal-Wallis test. Multiple
comparisons were corrected by Tukey’s and Dunns test. Categor-
ical variables were analyzed using Chi-square or Fisher’s exact
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Fig. 1. Study design and cohort stratification by genetic analyses and liver/kidney volumetry. (A) Recruitment strategy of PLD patients and genetic interaction
network between ADPKD and ADPLD. (B) Liver and kidney volumetry and resulting distribution according to current imaging classifications (Kim and Mayo) of
the cohort. (C) Genetic analysis by gene panel and MLPA yielding molecular diagnoses in PKD1, PKD2, GANAB, PRKCSH, and SEC63 according to ACMG classification

(class IV-V).

test. By regression and correlation analyses, we investigated the
relationship between potential confounder variables with hTLV as
a dependent variable. Consecutive logistic regression aimed to
assess the likelihood of experiencing a PLD-related event,
adjusting for predictor variables (e.g. hTLV, genetic etiology).
Survival analyses were performed by the Kaplan-Meier method
and differences between the curves were compared by log-rank
testing. Cox proportional hazard regression was used to investi-
gate the effect of aforementioned predictor variables on survival.

Results

Baseline cohort characteristics

Baseline cohort characteristics of all patients are displayed in
Table 1. The cohort included 65 (81%) females and 15 (19%)
males, with a mean age of 62 + 1 years. Upon volumetry, median
hTLV was 3,116 ml/m [IQR 1,567-4,723 ml/m] and median hTKV
was 383 ml/m [IQR 199-825 ml/m] (Fig. 1B). Thirty-six (45%)
patients had either undergone LTx or been registered on the LTx
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waitlist (mean age of 51 * 2 years), whilst 21 (26%) had reached
ESKD at a mean age of 56 + 7 years.

Genetic analysis

Mutation analysis revealed diagnostic variants (ACMG class IV-V)
in 60 (75%) patients from 49 families (n = 50 unique monoallelic
variants, 16 [32%] novel variants), 38 (48%) of which pertained to
ADPKD-associated genes (PKD1, PKD2, GANAB) and 22 (27%) to
ADPLD-associated genes (PRKCSH, SEC63) (Fig. 1C, Table S1).
Moreover, five (6%) patients (four families) carried ‘tepid/warm/
hot’ VUS (ACMG class III/ACGS criteria), four in PKD1 and one in
GANAB. Another 10 patients with a tNGS/MLPA-negative result
were further analyzed by whole exome sequencing (unsolved n =
15, 19%) to examine for potential candidate genes. Overall, 45
(75%) diagnostic variants were categorized as truncating,
whereas 15 (25%) mutations were characterized as non-
truncating. In four individuals with ADPLD, mutation analysis
revealed an additional VUS in a separate gene apart from the
primary diagnostic variant. Two of these cases consisted of a

3
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Table 1. Baseline characteristics of total cohort and genotype-based subgroup.

Total ADPKD genes ADPLD genes Unknown Statistical testing

Genetic Mean Mean Mean Mean
stratification n (%) * SEM Median IQR1 IQR3 n (%) * SEM Median IQR1 IQR3 n (%) * SEM Median IQR1 IQR3 n (%) * SEM Median IQR1 IQR3 Omnibus p values

80 (100) 43 (54) 22 (28) 15 (19) ADPKD vs. ADPKD vs. ADPLD vs.

ADPLD unknown unknown

Sex [female] 65 (81) 36 (84) 17 (77) 12 (80)
Current age [yr] 80 (100) 619 1.3 43 (100) 61.0 £ 1.5 22 (100) 60.1 +£2.8 15 (100) 671 +2.8 ns 0.125
BMI [m?] 79 (99) 26.0 £ 0.5 43 (100) 25.7 £ 0.6 21(95) 26.5+13 15 (100) 264 +14 ns 0.7643
BSA [kg/m?] 79 (99) 1.8 +0.03 43 (100) 1.9 +0.03 21(95) 1801 15(100) 18+ 0.1 ns 0.719
Age at 69 (86) 412+15 34(79) 35915 20 (91) 409 +2.7 15 (100) 53.8 + 3.1 = 20,0001 0171  <0.0001 0.002
diagnosis [yr]
Age at LTx 36 (44) 510+ 15 26 (63) 506+ 15 9(41) 523 +47 1(7) 497 ns 0.887
waitlisting [yr]
LabMELD [6-40] 62 (78) 8 7 15 32(74) 1 8 20 16(73) 7 6 10 14 (93) 6 6 8 *** <0.0001 0.013 <0.0001 0.378
seMELD [11-40] 14 (18) 29 22 32 9(21) 29 23 32 5(23) 29 21 33 0 ns 0.946
Age at first LD 57 (71) 51514 36 (84) 499 + 1.1 15 (68) 50.6 + 3.7 6(40) 63.0 + 46 * 00132 0973 00101  0.0294
related event [yr]
Age at first PLD 35 (44) 52.8 +2.0 16 (37) 503 £15 14 (64) 512 +3.9 5(40) 65.7 +4.6 * 0.0261 0.9765 0.025 0.039
complication [yr]
Imaging analysis
Age at liver 65 (81) 52.5+12 34 (79) 50.7 +1.3 18 (82) 50.2 £ 3.0 13 (87) 60.0 £2.3 ** 0.008 0.98 0.01 0.02
segmentation [yr]
hTLV [ml/m] 65 (81) 3,116 1567 4,723 34(79) 3,797 2,570 5,408 18 (82) 3,112 1,763 4,809 13(87) 994 794 1820 *** <0.001 >0.99 <0.001 0.003
Log hTLV 65 (81) 3.4+ 0.04 34 (79) 3.6 + 0.04 18 (82) 3.5+0.1 13(87) 3101 - <0.001 0.563 <0.0001  <0.0001
Maximum cyst 65 (81) 84 63 107 34(79) 81 63 109 18(82) 99 84 124 13(87) 81 32 100 ns 0.091
diameter [cm]
Age at kidney 67 (84) 524 +13 35(81) 50.0 + 1.4 18 (82) 50.7 +2.9 14 (93) 60.5 + 2.2 = 0003 0.960 0.003 0.015
segmentation [yr]
hTKV [ml/m] 67 (84) 383 199 825 35(81) 616 417 127 18(82) 206 174 246 14(93) 221 174 507 **** <0.0001  <0.0001 0.002 0.924
Renal function
Age at ESRD [yr] 20 (25) 553 +1.6 19 (44) 547 £ 1.6 0 1(7) 66.0
eGFR [ml/min/ 74 (93) 60.5 +3.8 40 (93) 476 £55 19 (86) 75.7 £5.3 15 (100) 754 +5.8 o 0.001 0.003 0.008 0.999
1.73 cm?]
Laboratory data
GGT [xULN] 74 (93) 15 0.6 3.5 40(93) 15 0.6 31 20(91) 21 0.9 46 14(93) 0.7 0.5 20 ¢ 0.035 0.450 0.306 0.029
ALP [xULN] 72 (90) 08 06 10 40(93) 08 06 10 18(82) 09 07 12 14(93) 07 05 08 ns 018
Bilirubin total 71 (89) 8.6 63 116 39(91) 83 50 109 18(82) 84 6.6 132 14(93) 10.7 71 138 ns 0.163
[mol/L]
Albumin [g/L] 67 (84) 444 423 459 37(86) 436 406 454 16(73) 448 418 48.0 14(93) 452 441 473 ns 0.069
Cholinesterase 60 (75) 1114 949 1317 33(77) 1011 88.8 1202 14 (64) 112.7 952 129.0 13 (87) 1338 1179 1439 ** 0.002 0.394 0.002 0.300
[ukat/L]
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Fig. 2. Clinical comparison by genotype-based subgroups. (A) Patients without molecular diagnoses (unsolved - grey) were significantly older at index imaging
used for liver/kidney volumetry as compared to genetically confirmed ADPKD (red) and genetically confirmed ADPLD (blue) cases (One-Way Anova; Tukey). (B)
Mean height-adjusted total liver volumes (hTLVs) were similar in ADPKD and ADPLD cases, but significantly greater than in unsolved cases (grey). Of note, Kim-
imaging classes are illustrated by green (mild), yellow (moderate), and red (severe) background (Kruskall-Wallis; Dunn's). (C) Mean height-adjusted total kidney
volumes (hTKVs) were significantly increased in ADPKD patients when compared to both patients with ADPLD (blue) and unsolved (grey) (Kruskall-Wallis;
Dunn's). (D) Illustration of the relationship between hTLVs (y-axis) and hTKVs (x-axis) for individual patients shows majorly normal kidney volumes in non-
ADPKD patients and large heterogeneity of liver-kidney enlargement in ADPKD cases (discordant and non-discordant organ growth). (E) Maximum cyst di-
ameters (MCD) were non-significant between groups; however, ADPLD patients exhibit overall largest MCDs (blue) (Mann-Whitney). (F) MCDs (y-axis)
correlated significantly with hTLVs (x-axis) in all three groups (simple linear regression). (G) Exemplary imaging (CT-scans), representative for cystic kidney and
liver enlargement in each group (ADPKD - red, ADPLD - blue, and unsolved - yellowish-grey). (H) Correlation of normalized TLVs (nTLV; y-axis) with patient age
(x-axis). (I) Correlation of normalized TKVs (nTKV; y-axis) with patient age (x-axis). (J) Individual nTLVs and nTKVs in chronological order (by age at imaging) for
each group showing liver-predominance in ADPLD, but heterogeneity in ADPKD patients. Levels of significance p = 0.0332 (*); 0.0021 (**); 0.0002 (***);

<0.0001(***)
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PKD1-VUS in addition to diagnostic PRKCSH variants, while the
other two cases concerned VUS in LRP5 and GANAB on top of
diagnostic SEC63 variants. Among patients with ADPKD, six cases
also comprised more than one (likely) pathogenic variant; five
individuals with additional PKD1-VUS, and in one case an added
GANAB-VUS (Table S1).

Genotype-phenotype correlations

With the underlying molecular diagnoses, we divided patients
into the following three subgroups, ADPKD-associated PLD
(PKD1, PKD2, GANAB), isolated PLD (ADPLD) (PRKCSH, SEC63), and

B 0.0081
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genetically unsolved PLD. In all subgroups, female sex was pre-
dominant (84% in ADPKD vs. 77% in ADPLD). Patients with a
genetically confirmed diagnosis were significantly younger at
diagnosis than those without genetic confirmation (p <0.0001)
(Table 1). Also, family history of PLD was significantly more
frequent in the genetically confirmed subgroup (p <0.001)
(Table 1). Among patients eligible for LTx, standard exception
MELD score did not differ between ADPKD and ADPLD (p =
0.946), while laboratory MELD scores were significantly higher
for ADPKD cases (p = 0.013), mirroring impaired renal function
(mean estimated glomerular filtration rate 48 ml/min/cm? vs.
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Fig. 3. Clinical endpoints by genotype-based subgroups. (A) Median age at waitlisting for liver transplantation (LTx) was non-significant across groups. Of note,
only one patient in the genetically unsolved group (grey) fell into this category (One-Way Anova; Tukey). (B) Comparison of height-adjusted liver volumes (hTLVs)
between patients waitlisted for LTx vs. patients not-waitlisted for LTx only showing significant differences in-between the ADPKD group (red) (Kruskall-Wallis;
Dunn's). (C) Univariate logistic regression showing significant association between probability of LTx-waitlisting (y-axis) and hTLVs (x-axis) (simple logistic
regression; 95% CI). (D) Kaplan-Meier Analysis of LTx-free survival between patients with ADPKD-related PLD (red) and ADPLD (blue) did not reach statistical
significance (mean 57 years vs. 65 years) (Log-rank (Mantel-Cox)). (E) Median age at first liver event presented non-significant between ADPKD (red) and ADPLD
(blue) but occurred significantly later in patients without molecular diagnoses (unsolved - grey) (One-Way Anova; Tukey). (F) Comparison of height-adjusted
liver volumes (hTLVs) in patients with and without liver event showing non-significant differences (Kruskall-Wallis; Dunn's). (G) Univariate logistic regres-
sion showing significant association between probability of liver event (y-axis) and hTLVs (x-axis) for all groups (simple logistic regression; 95% CI). (H) Liver
event-free survival was similar in patients with ADPKD-related PLD (red) and ADPLD (blue) (mean 50 years vs. 58 years) but significantly superior in genetically
unsolved (grey) patients (mean 71 years). (Log-rank (Mantel-Cox)). Levels of significance p = 0.0332 (*); 0.0021 (**); 0.0002 (***); <0.0001(****)
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76 ml/min/cm?, respectively, p = 0.003). Ultimately, ESKD was
reached at a mean age of 55 + 2 years in 44% of ADPKD probands.
While laboratory liver function parameters (e.g. albumin,
cholinesterase) showed only subtle alterations throughout all
groups, gamma-glutamyl transferase (GGT) was elevated for
both ADPKD and ADPLD cases in contrast to unsolved PLD (p =
0.029). Median hTLV for patients with ADPKD and ADPLD was
equivalently severe (3,797 ml/m [IQR 2,570-5,408 ml/m] vs.
3,112 ml/m [IQR 1,763-4,809 ml/m], p >0.99) and significantly
larger than median hTLV in those without molecular diagnoses
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(994 ml/m [IQR 794-1,820 ml/m], p <0.001) (Fig. 2A, B). As ex-
pected, hTKVs differed significantly between ADPKD and ADPLD
subgroups (median hTKV 616 ml/m [IQR 126-417 ml/m] vs.
206 ml/m [IQR 174-246 ml/m], p <0.0001) (Fig. 2C). Clinically,
unsolved cases did not show renal involvement except in two
cases. Hence, their median hTKV was similar to the ADPLD group
(221 ml/m [IQR 174-507 ml/m], p = 0.924) (Fig. 2C, D). Liver cyst
size clinically appeared to be larger in patients with ADPLD than
in those with ADPKD, but investigation of the maximum cyst
diameter (MCD) among subgroups revealed only a statistical
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Fig. 4. Current imaging based PLD classification (according to Kim et al.) does not discriminate between moderate and severe courses. (A) Distribution of
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events. (E) Survival analysis using age at LTx-waitlisting as clinical endpoint stratified by Kim classes (Log-rank (Mantel-Cox)). (F) Survival analysis using age at
first liver event as clinical endpoint stratified by different Kim classes (Log-rank (Mantel-Cox)). (G) Survival analysis using age at LTx-waitlisting as clinical
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significantly more severe disease in genetically confirmed cases (red/blue) vs. genetically unsolved cases (grey). Levels of significance p = 0.0332 (*); 0.0021 (**);
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trend (p = 0.068) (Fig. 2E). However, MCD correlated with hTLV in
the overall cohort, indicating that this parameter could poten-
tially be useful in clinical evaluation (r = 0.61; 95% CI 0.42-0.74; p
<0.0001) (Fig. 2F).

When comparing intra-individual organ enlargement, liver
and kidney growth did not correlate, for individuals displayed
discordant cystic organ involvement (Fig. 2G). Of note, 65% (n =
13) of ADPLD cases exhibited kidney cysts, however, none had
more than 10 cysts. Based on a standard baseline liver volume of
850 ml/mb® at the age of 20 years, we normalized the rate of liver
enlargement (nTLV) (Fig. 2H, I). For normalization of kidney
enlargement, we used a baseline hTKV of 150 ml/m (nTKV).?! The
relationship between normalized kidney and liver enlargements
did not correlate with age for either genetically confirmed or
unsolved cases (Fig. 2]). Nonetheless, genetic confirmation was
3.4-fold (95% CI 1.8-8.5) more likely with every doubling of TLV
in our cohort (p <0.0001) (Fig. S2).

The mean number of PLD-related symptoms was similar for
both genetic subgroups (p >0.99) but was significantly lower
among unsolved cases (p = 0.009 vs. ADPKD) (Fig. S3A). While
patients with genetically unsolved cases more often suffered
from pain, tiredness, and limited mobility, loss of appetite,
sarcopenia or shortness of breath were associated with mod-
erate to severe courses in genetically confirmed cases (Fig. S3B).
In terms of co-morbidities, arterial hypertension was most
commonly reported, followed by chronic kidney disease, kidney
cysts, and hypercholesterolemia. Interestingly, almost one-third
of patients were co-diagnosed with hypothyroidism (n = 22,
29%) (Fig. S3C).

Comparison of clinical outcomes and organ survival

Among LTx-patients, median age at waitlisting was comparable
throughout all subgroups (Fig. 3A, Fig. S4A-B). Overall, hTLV was
significantly higher in patients eligible for LTx than in those who
were ineligible (median 4,292 ml/m [IQR 3,169-6,151 ml/m] vs.
1,702 ml/m [IQR 994-3,157 ml/m], p <0.001), independent of
genetic background and age; 49% of patients with ADPKD (me-
dian hTLV = 4,835 ml/m [IQR 3,306-6,244 ml/m]) and 41% with
ADPLD (median hTLV of 4,202 ml/m [IQR 2,613-4,611 ml/m])
were eligible for LTx (Fig. 3B). In order to evaluate the likelihood
of LTX, logistic regression was conducted with hTLV as a predictor
variable. Log-likelihood ratio test (LRT) was statistically signifi-
cant for both genetic subgroups (p = 0.0017 and p = 0.024, AUC
0.79 and 0.83) and hTLV contributed to the models with an odds
ratio (OR) of 2.3 (95% CI 1.3-4.2) for ADPLD and of 2.1 (95% CI
1.1-7.1) for ADPKD (Fig. 3C). LTx-free survival differed between
patients with genetically confirmed and unsolved disease, but
not between genetic subgroups (57 years for ADPKD vs. 65.3
years for ADPLD, p = 0.104) (Fig. 3D). As an alternative clinical
endpoint for disease severity, we analyzed the age at first PLD-
related hospitalization (alias liver event). The most common
event was liver cyst fenestration (39%), followed by liver cyst
rupture (13%) and hemi-hepatectomy (10%) (Fig. S4C). Using this
primary endpoint, patients with genetic diagnoses were more
likely to exhibit a liver event (79% for genetically confirmed vs.
40% for unsolved, p = 0.009) and were significantly younger at
first liver event compared to patients with genetically unsolved
disease (Fig. 3E). As patients with liver events showed signifi-
cantly higher hTLVs compared to those without an event
(Fig. 3F), we further investigated the relationship of hTLV with
regard to the risk of events using logistic regression. This analysis
rendered significant model fit (LRT p = 0.0004) with an AUC of
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0.80 and an OR of 2.1 (95% CI 1.3-4.0) for every liter increase in
hTLV (Fig. 3G). Genetic subgroup comparison showed only a
significant effect for the ADPLD subgroup (p = 0.019, OR 5.3; 95%
CI 1.2-130.9). Upon survival analysis, median age at first liver
event was non-significant between ADPKD and ADPLD (50.3
years vs. 57.7 years, p = 0.136), whereas patients in the unsolved
group presented significantly later on average (median age of
71.1 years) (p <0.0001 vs. ADPKD). Furthermore, each centimeter
increase in MCD was associated with a 38% risk elevation for
experiencing an event in the total cohort (LRT p = 0.0005, OR
1.38; 95% CI 1.13-1.81) (Fig. S5).

Classification of total liver volumes

We next categorized hTLVs according to the current imaging
classification by Kim (Kim classes I, II, IIl — Table S2), separately
for genetic subgroups as well as for both sexes without yielding
significant differences (ADPKD vs. ADPLD p = 0.498, male vs. fe-
male p = 0.741) (Fig. 4A,B). While none of the patients with Kim
class I was eligible for LTx, 39% of the moderately enlarged group
(Kim class II) and 74% of the severest Kim class IIl were registered
for LTx (at mean age 53 + 3 and 51 + 2 years) (Fig. 4C). Further-
more, 31% of Kim class I, 83% of Kim class II, and 90% of Kim class
III patients experienced liver events (Fig. 4D). Survival analyses
using both LTx and liver events as clinical endpoints could not
statistically discern between patients with moderately (Kim II)
and severely (Kim III) enlarged livers (median survival 58.2 vs.
55.6 years, p = 0.080) (Fig. 4E-F). Comparison of liver event-free
survival reached statistical significance between mild and severe
classes, but non-significance between moderate and severe
classes (I vs. Il p = 0.002, 11 vs. Il p = 0.099) (Fig. 4F).

Of note, female sex was not associated with an overall higher
risk for LTx, but median LTx-free survival was 12 years lower
than in men (60.6 years vs. 73.3 years, p = 0.282) (Fig. 4G,
Table S3). Also, analysis of onset of liver events yielded a sig-
nificant difference in survival of 13 years in favor of male sex
(52.2 years vs. 65 years, p = 0.014) (Fig. 4H).

Using cox proportional hazards regression analysis, we
investigated the hazard ratios for experiencing a liver event
based on Kim-imaging classes and genetic etiology (sex-
adjusted). As a result, severe Kim III classes were associated with
a 5-fold increase in the risk of any liver event compared to mild
Kim I classes (hazard ratio 4.9; 95% CI 1.6-15.1) and the likeli-
hood for any liver event was 10-fold higher in females (hazard
ratio 10.4; 95% CI 2.8-38.9) (Fig. 41). Genetic confirmation yielded
a significant effect on overall survival compared to inconclusive
genetic testing (Fig. 4]).

Model of age-adjusted progression groups

To assess individual disease progression, liver volumes are best
interpreted in the light of patient age. As the Kim-classification
does not consider patient age at index imaging, we sought to
adjust for age by extrapolating liver growth rates under an
exponential growth assumption relative to the standard liver
volume (Fig. 5A, Fig. S6). To further define three age-adjusted
progression groups (PG I-Ill), we delineated the following
thresholds: less than 3.3% growth rate/year (green/mild), greater
than 3.3% but less than 6.6% growth rate/year (red/moderate),
and exceeding 6.6% growth rate/year (black/severe) (Fig. 5A).
Subsequent survival analyses with aforementioned clinical end-
points (LTx and liver events) yielded significant differences for all
three progression groups (Fig. 5B-C). Hence, categorization into
predefined progression groups enabled discrimination regarding
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the probability of event-free survival in terms of transplantation
and PLD-related hospitalization (events) (p = 0.0002 for PG I vs.
II, p <0.0001 PG I vs. III, p = 0.0006 PG II vs. III) (Fig. 5B-C).

Discussion

Despite the given limitations of a retrospective single-center
analysis, the rationale of our study was to improve PLD risk
prediction by means of genetic determination, deep-
phenotyping, and profound radiological assessment.

To date, there are several co-existing PLD classification sys-
tems (Gigot,?® Qjan,?? Kim,® Schnelldorfer?’). However, none of
the existing systems is truly predictive, as they are designed to
categorize current disease severity descriptively. As a matter of
fact, present PLD classifications do not consider underlying mo-
lecular diagnoses and do not adjust for patient age at imaging. As
PLD is often clinically silent, these limitations call for optimiza-
tion in order to adequately counsel patients at early stages; a
situation that is notably warranted in dominant disorders for
subsequent generations. Likewise, patients affected by an auto-
somal recessive disorder can be relieved with regard to the
negligible risk their own offspring bears for the disease.

Key findings of our study are that genetic confirmation is asso-
ciated with (i) higher TLV, (ii) younger age at diagnosis, (iii) higher
symptom burden, (iv) earlier onset of liver-related events, and (v)
higher probability of registration for LTx when compared to patients
with negative genetic testing. Without drawing firm conclusions,
our study points to the predictive value of providing a molecular
diagnosis for all patients with PLD, both isolated and non-isolated.
For isolated PLD (ADPLD), this is in line with previous reports on
increased disease severity among PRKCSH/SEC63 mutation carriers
compared to those without PRKCSH/SEC63 alterations.” However,
for non-isolated PLD (ADPKD), we are not aware of similar analyses
comparing PLD severity of PKD1/PKD2 carriers with genetically
unsolved cases. In contrast to renal outcomes, PKD1/PKD2 muta-
tional status did not correlate with PLD severity in previous ana-
lyses,'® corroborating the notion of liver disease modification by
environmental (extrinsic) factors and genetic background.

Another major finding is that age-adjusted hTLV-categories
based on extrapolated liver growth rates correlated with clinically
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relevant endpoints such as hospitalization and transplantation.
Therefore, these age-adjusted progression groups warrant vali-
dation in larger PLD populations. Ideally, a clinically predictive
classification should hence comprise both genetics and age-
adjusted hTLV classes to allow for timely risk-stratification.

For evaluating PLD severity, we further suggest the use of age at
first PLD-related event as a clinical endpoint. We believe that PLD-
related events are highly relevant to both patients and physicians
and seem more applicable to the entirety of PLD population than
LTx, which only applies to the most severe cases, further depending
on non-medical conditions, such as national transplant-regulations.

To date, the clinical diagnosis of PLD is poorly defined and in
contrast to PKD,?® cyst count is not adjusted for age at index
imaging. Therefore, our recruitment criterion (>3 cysts at any
given age) was chosen inclusively to also detect low impact
variants. In line with previous data reporting on hypomorphic
PRKCSH|SEC63 missense variants, we also found genetic
involvement in 57% (n = 9/16) of clinically mild PLD cases, with
less than 10 cysts.?° Otherwise, identified PRKCSH/SEC63 variants
were predominantly (n = 12, 86%) truncating. Possibly, non-
truncating PRKCSH/SEC63 alterations remain clinically undiag-
nosed more often, and thus would bypass tertiary referral.

In total, we obtained a diagnostic yield of 75% in our cohort,
leaving only 25% genetically unsolved. Amongst the latter, there
are likely new PLD disease genes to be discovered but most of
these PLD cases may rather be due to complex genetics and
environmental factors.

Interestingly, median hTLVs were similar in both ADPKD and
ADPLD. In addition, no significant differences were identified
between liver cyst morphology in ADPLD and ADPKD. In accor-
dance with previous observations,?® however, ADPLD patients
displayed an overall tendency for larger cyst size in our cohort.
Recently, maximum cyst diameter has been proposed as a
prognostic parameter for ADPKD-associated PLD.? Indeed, the
correlation of MCD with hTLV and clinical outcomes supports
utilization of MCD as a prognostic marker in ADPLD as well. Still,
we did not find significant prognostic differences in patients
with genetically confirmed ADPKD and ADPLD in terms of clin-
ical endpoints such as LTx and PLD-related hospitalization.
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Therefore, the major clinical difference remains preserved
kidney function in ADPLD, demonstrated by normal TKV and
absence of ESKD. Moreover, it is unclear whether additional
growth of cystic kidneys would further worsen the PLD pheno-
type. With less abdominal space, one could expect an earlier
onset of PLD-related symptoms and events in ADPKD. This hy-
pothesis, however, was not confirmed by our data.

This study has several limitations. First, inclusion bias has to
be considered, as patients were recruited exclusively from ter-
tiary referral and previous publications using hTLV as a primary
outcome variable reported lower median TLVs.2*' Therefore, our
cohort broadly included the most severe fraction of cases with
milder cases being underrepresented. Additionally, most patients
had single imaging only but no longitudinal imaging data,
impeding intra-individual liver growth assessment. For this
reason, we had to use simplified liver growth assumptions, likely
associated with inaccuracy in both ways (potential under- and
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overestimation). Unlike in prospective studies, our retrospective
study design did not allow for consistent observational periods
and was prone to incomplete clinical information. The greatest
limitation, however, is the rather small sample size, which calls
for confirmation in larger multicentric PLD cohorts in order to
validate the proposed model.

In our study, patients with an estimated liver growth rate of
more than 3.3%/year were likely to suffer from a clinically
symptomatic form of genetic PLD. Thus, age-adjusted liver vol-
ume and genetic diagnostics promise to improve disease pre-
diction. Identifying the most progressive courses as quickly as
possible is essential in this oligosymptomatic disorder. Subject to
clinical validation, the progression groups proposed herein may
prove helpful in identifying patients who will benefit most from
tight monitoring, avoidance of extrinsic progression factors, and
inclusion into future clinical trials.
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