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ABSTRACT

Background and objectives: We have previously published the characteristics of kidney and liver disease in a cohort of 73 individuals with molecularly confirmed
autosomal recessive polycystic kidney disease-congenital hepatic fibrosis, based upon cross-sectional data. Here, we present prospective data on the same cohort.

Design, setting, participants, and measurements: Comprehensive biochemical and imaging data on progression of kidney and liver disease in 60 of the 73 patients were
prospectively collected at the NIH Clinical Center on multiple visits between 2003 and 2019.

Results and conclusions: Of the 73 patients, 23 received a renal allograft at an average age of 17.5 years and 10 underwent liver transplantation at an average age of
20.3 years. Patients who presented perinatally and those who had corticomedullary disease required kidney transplantation significantly earlier. The mean eGFR
slope in patients with corticomedullary disease was — 1.6 ml/min/1.73 m?/y, in comparison to — 0.6 ml/min/1.73 m?/y in those with medullary disease. Kidney size
remained the same over time and normalized to the upper limit of normal by 20-25 years of age. The extent of renal disease on ultrasound remained largely
unchanged; no patient progressed from the “medullary” to the “corticomedullary” group. There was no correlation between eGFR slope and kidney size. The
synthetic function of the liver remained largely intact even in patients with advanced portal hypertension. Based on spleen length/height ratio, two thirds of patients
had portal hypertension which remained stable in 39% and worsened in 61%. Patients with portal hypertension had lower platelet counts and relatively higher levels
of AST, GGT, direct bilirubin and ammonia. The progression rates of kidney and liver disease were independent of each other. Patients with bi-allelic non-truncating
PKHD]1 variants had similar progression of kidney and liver disease in comparison to those who were compound heterozygous for a non-truncating and a truncating
variant.

1. Introduction

Autosomal recessive polycystic kidney disease (ARPKD), the most
common hepatorenal fibrocystic disease in childhood, has an estimated
incidence of 1 in 20,000 live births [1-10]. ARPKD is always associated
with congenital hepatic fibrosis (CHF) [11,12]. The disease is caused by
bi-allelic pathological variants in PKHD1, which encodes fibrocystin, a
membrane protein localized to non-motile cilia and to other parts of the
cell [13,14]. Kidney histopathology involves non-obstructive fusiform
dilations of the renal collecting ducts. Liver histopathology shows
remnants of embryonic forms of bile ducts due to defective remodeling

(ductal plate malformation), abnormal branching of the intrahepatic
portal vein tree, and portal tract fibrosis that worsens as children grow
older [15,16].

Both kidney and liver disease in ARPKD are progressive in nature
with variable degrees of severity; end stage kidney disease and severe
portal hypertension are the two major morbidities [2,3,6-8,10]. Pa-
tients with more severe kidney disease present perinatally with kidney-
related manifestations [6] and individuals with milder kidney disease
present later in childhood or adulthood, most commonly with liver-
related complications [5,7].

Although current treatments for the kidney and liver disease in
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Table 1

History of kidney and liver transplantation and surgical portosystemic shunt placement in 73 ARPKD patients evaluated at the NIH Clinical Center".

Medullary disease p value

Corticomedullary disease

p value

Non-perinatal
presentation

Perinatal

p value

Non-truncating PKHD1

variants”

Truncating PKHD1

Variants”

All cohort

presentation

23 of 70 (33)
229 = 129
10f23(4)

27.0 = 0.0

47 of 70° (67)
20.2 = 10.9

42 of 73 (58)
25.3 = 15.0

31 of 73 (42)
18.0 £ 7.5

45 of 73 (62)
20.3 = 10.9

28 of 73 (38)
25.3 = 15.2
8 of 28 (29)
13.7 * 12,5
4 of 28 (14)

243 = 6.6

73 (100)

Total patients’

Age®

22.2 = 129

.01

19 of 47 (40)

13.2 +

.18

10 of 42 (24)
27.2 = 139
4 of 42 (10)
27.5 = 235
5 of 42 (12)
14.6 + 9.9

13 of 31 (42)

10.1

72

15 of 45 (33)
19.6 = 14.0
6 of 45 (13)
17.8 = 20.2
5 of 45 (11)
8.0 + 41

23 of 73 (32)
17.5 = 135

Kidney transplantation

.002

8.8

.0005

+ 71

.37

Age at kidney transplantation*

Liver transplantation

3 of 23 (13)
17.0 = 3.0
10f23(4)
13.0 = 0.0

6 of 47 (13)
15.6 + 7.4

6 of 47 (13)
11.5 + 10.5

6 of 31 (19)
15.6 =+ 7.4
2 of 31 (7)
4.5 * 35

10 of 73 (14)
20.3 = 159
7 of 73 (10)
11.7 + 9.6

Age at liver transplantation
Surgical Portosystemic shunt

2 of 28 (7)
21.0 = 15.6

Age at surgical portosystemic

shunt

@ This table presents data on all patients evaluated under this study (13 with single and 60 with multiple visits).

b Based on the severity of the pathogenic variants in PKHD1, patients were classified into “truncating” (one protein truncating only or one truncating in combination with a missense variants) and “non-truncating” (one

or two missense variants) groups.

¢ Three patients who could not be classified into corticomedullary or medullary groups (because their ultrasound results from the time of diagnosis were not available) received kidney transplantation at ages 32, 33 and

59 years.

4 Results are reported as number (percentage), and mean + standard deviation.
¢ Age at the time of most recent data collection. Ages reported in years.
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ARPKD are symptomatic [9], research trials are underway to evaluate
the safety and efficacy of novel, targeted therapies to prevent or at-
tenuate disease progression [17]. Accurate understanding of the natural
progression of disease enables identification of outcome parameters and
informs the design of treatment trials. Currently, the design of disease-
changing treatment trials for ARPKD is hampered by the lack of
quantitative endpoint measures of therapeutic efficacy. The decline
rates of eGFR [18] and platelet count as a marker of portal hypertension
[7]1 may potentially be used as outcome measures in therapeutic trials,
but these decline rates have not been prospectively analyzed in a large
molecularly confirmed ARPKD cohort. In ADPKD, higher rates of
kidney enlargement are associated with a more rapid decrease in renal
function [19] and, therefore, kidney volume has been used as a surro-
gate end point to evaluate response to treatment [20]. Imaging data on
a small number of patients with ARPKD suggested that kidney size in
children with ARPKD does not increase over time [21], however, pro-
spective changes in kidney size have not been previously studied in a
large cohort. Since 2003, we have prospectively evaluated a cohort of
73 molecularly confirmed ARPKD patients [4]. We have previously
published the characteristics of kidney [6] and liver [7] disease in these
patients, based on the cross-sectional data collected at their initial NIH
evaluations. In this paper, we report prospectively collected biochem-
ical and imaging data on the progression of kidney and liver disease in
60 of these 73 patients in relation to the PKHD] variants involved.

2. Methods
Detailed methods are provided in supplemental materials.
2.1. Patients

Briefly, all patients were enrolled in the intramural NIH research
protocol, “Clinical Investigations into the Kidney and Liver Disease in
Autosomal Recessive Polycystic Kidney Disease/Congenital Hepatic
Fibrosis and other Ciliopathies” (www.clinicaltrials.gov, trial
NCT00068224), approved by the National Human Genome Research
Institute (NHGRI) Institutional Review Board. Between 2003 and 2019,
we evaluated 90 patients referred with a clinical diagnosis of ARPKD
and CHF. Evaluations at NIH included comprehensive biochemical
testing, ultrasonography (USG), magnetic resonance imaging (MRI),
and PKHD1 gene sequencing. Of the 90 patients, 78 fulfilled the es-
tablished clinical diagnostic criteria for ARPKD [1]. In 73 of these, we
confirmed the diagnosis molecularly by finding at least one pathogenic
variant in PKHD1 [21]; their renal [6] and hepatic [7] disease has been
published based on cross sectional data. Two of the 73 patients died
after the initial NIH visit. Of the 71 remaining, 60 were prospectively
followed for 2-7 visits between 2003 and 2019. In addition, all 73
patients were contacted recently to update information on disease
progression (transplantation, infections, variceal bleeding and porto-
systemic shunt surgery). One patient with Gilbert syndrome was ex-
cluded from total and direct bilirubin analysis. One patient who re-
ceived combined liver-kidney transplantation before the first NIH visit
was included only in age at transplantation calculations. Six of the 60
patients with multiple NIH visits were excluded from portal hyperten-
sion-related analysis (Table 4) because 2 had surgical portosystemic
shunt placed, 3 received liver transplantation after the first NIH visit
and 1 had hereditary spherocytosis.

Patients were classified as having “hypertension” based on review of
medical records and use of antihypertensive medications.

2.2. Biochemical methods

Estimated glomerular filtration rate (eGFR) was calculated using
pediatric [eGFR = 39.8 X (height (meters)/Scr)°'456(1.8/cystatin
Q)%*18(30/BUN)*7°1.076™"(height (meters)/1.4)°'7°]) [22] and
adult  [eGFR = 175 X (Scr) ™ 11%* x (age) " %2%% x (0.742 if a
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Fig. 1. Kidney and liver survival rates based on age at organ transplantation. A) Percent kidney survival of the entire cohort of 73 patients. B) Kidney survival rates in
males and females. C) Kidney survival rates in patients with “truncating” and “non-truncating” PKHD1 variants D) Kidney survival rates in patients who became
symptomatic perinatally in comparison to those who presented after 1 month of age. E) Kidney survival rates in patients with “corticomedullary” disease compared to
those with “medullary” disease. F) Liver survival of the entire cohort of 73 patients. G) Liver survival rates in males and females. H) Liver survival rates in patients

with missense (“non-truncating”) and “truncating” PKHD1 variants.

woman) X (1.212 if black)] [23] formulas. Serum osmolality and si-
multaneous urine osmolality were collected while patients had ad lib
access to fluids and were presumed to be euvolemic and urine osmol-
ality/serum osmolality ratio was calculated.

2.3. Imaging methods

All USG, MRI and MRCP images were interpreted by a single radi-
ologist (IBT).

Kidney, liver and spleen volumes were calculated from MRI images
using stereological method [19] and adjusted to patient body surface
area [(organ volume (em®) x 1.73 mz/body surface area (m?)]. Kidney
length measured by USG was adjusted to patient's height [(kidney
length (cm) X 1.65m/height (m)]. When searching for correlations
with eGFR slope, kidney length and kidney volume from the first NIH
visit were used. Spleen length (mm) was determined by USG. Liver
echogenicity was judged to be normal or mildly, moderately or severely
increased based on the score card presented (Supplementary Fig. 1).

2.4. Classification of patients
Based on the severity of the pathogenic variants in PKHDI1 [24]

patients were classified into “truncating” (one protein truncating or one
truncating in combination with a missense) and “non-truncating” (one

or bi-allelic missense) groups. Based on the age at presentation, patients
who were symptomatic prenatally, or within the first month of life were
classified as “perinatal” presenters, and patients who first became
symptomatic after the first month of life were classified as “non-peri-
natal” presenters [6]. Patients diagnosed by prenatal USG were classi-
fied as “non-perinatal” if they remained asymptomatic during the first
month of life. Based on the extent of kidney disease on USG at the time
of diagnosis, patients were classified into “corticomedullary” and
“medullary-only” disease groups [6,25]; 3 patients could not be clas-
sified because kidney USG from the time of diagnosis was not available.
The classification of “corticomedullary” or “medullary” disease on ul-
trasonography was based on review of the actual images by a single
radiologist (IBT).

Regarding liver disease, patients were divided into “no portal hy-
pertension”, “stable portal hypertension” and “worsening portal hy-
pertension” groups based on comparison of patient's spleen length
(mm)/height (cm) (SL/H) ratio at each visit to the upper limit of normal
for SL/H ratio in healthy children of the same age. Patients with SL/H
ratio <95th percentile for normal were classified as having “no portal
hypertension”. For controls for SL/H ratio, we combined normative
data on 819 children from two references [26,27]. Patients with SL/H
ratios higher than the upper limit of normal defined in these two re-
ferences were classified as having portal hypertension based on sple-
nomegaly.
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Fig. 1. (continued)

2.5. Statistical methods

Data are presented as means = SD. Mean differences between
groups were tested with the two-tailed, two-sample t-test. Differences
between groups in times to events were investigated by Kaplan—-Meier
analysis and tested via the log-rank test. One-way ANOVA, Chi-squared
tests of independence, Correlation Analysis, and Nonlinear least squares
were used. A p value < .001 (0.05/50) was considered significant after
Bonferroni correction for multiple comparisons. Nominal p values are
shown.

3. Results
3.1. Patients

The 60 patients prospectively evaluated for 2-7 visits (3.5 * 1.5
visits) included 34 females and 26 males; ages at the initial visit ranged
from 0.8 to 50 years (10.6 + 10.3years) and ages at the most recent
visit ranged from 3.4 to 54.9years (17.5 = 10.7). Duration of pro-
spective follow up (NIH visits) ranged from 1 to 14years
(7 = 4.2years). Age at most recent contact for the whole cohort of 73
patients (Table 1) ranged from 6.7 to 67 years (22.2 = 12.9 years).

3.2. Overadll progression of disease

Characteristics of the 73 ARPKD patients are summarized in Table 1.
Of the 73 individuals, 23 received kidney and 10 received liver

transplants. (Table 1, Fig. 1A-H). Age at kidney transplantation ranged
from 1.1 to 59 years (17.5 * 13.5years) (Table 1, Fig. 1A-E). Patients
who presented perinatally (“perinatal”) required kidney transplantation
significantly earlier (10.1 *+ 7.1 years) than those who presented after
the first month of life (“non-perinatal”) (27.2 *+ 13.9years)
(p = .0005) (Table 1, Fig. 1D). Similarly, patients with “corticome-
dullary” kidney disease required kidney transplantation at significantly
younger ages in comparison to those with medullary-only disease
(p = .002) (Table 1, Fig. 1E). Of 47 patients with corticomedullary
disease at diagnosis, 19 received kidney transplantation at ages ranging
from 1.1 to 36years (13.2 = 8.8years)(Table 1). Of the 23 patients
with medullary-only disease, one patient received kidney transplanta-
tion at age 27 years (Table 1). Mean ages at kidney transplantation of
males and females were not significantly different (Fig. 1B) and patients
with “truncating” and “non-truncating” variants received renal allo-
grafts at similar ages (Table 1, Fig. 1C).

Age at liver transplantation ranged from 9 to 59years
(20.3 + 15.9years); no differences were found between males and
females or those with truncating and non-truncating variants (Table 1,
Fig. 1F-H). Four of the 10 liver transplants were combined liver-kidney
transplants with the indication of end stage kidney disease associated
with moderate-severe portal hypertension including one patient with
failed distal spleno-renal shunt.One patient had an initial kidney
transplantation and received combined liver-kidney as the second
transplant. Among the remaining 6 patients who required a liver
transplantation, severe portal hypertension was the indication in 5 and
recurrent cholangitis in one patient. Three of the 10 liver transplant
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Fig. 2. Changes in kidney size and function as ARPKD patients grow older. A) Changes in kidney length by age. Each group of dots connected by the same color line
represents height-adjusted kidney length measurements of the same patient at multiple NIH visits. The red line represents the upper limit of normal kidney length for
an average size adult. B) Changes in kidney volume by age. Each group of dots connected by the same color line represents the body surface area-adjusted kidney
volume measurements of the same patient at multiple NIH visits. The red line represents the upper limit of normal kidney volume in an average size adult. C) Changes
in eGFR by age of all patients with multiple NIH evaluations. Each group of dots connected by the same color line represents the eGFR values of the same patient
calculated at multiple NIH visits. D) Changes in eGFR by age for children with corticomedullary disease. E) Height-adjusted kidney length on USG at first NIH visit
plotted against the eGFR slope calculated based on multiple NIH visits. F) Kidney volume adjusted for body surface area based on MRI at first NIH visit plotted against
the eGFR slope based on multiple NIH visits. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

recipients had a renal allograft 4, 8 and 14 years prior to the liver
transplant. Seven patients had surgical portosystemic shunt placement
at ages ranging from 2 to 32years (11.7 *= 9.6 years)(Table 1); one of
these patients had a shunt placed at age 7 and required liver trans-
plantation at age 9 due to recurrent severe hepatic encephalopathy after
shunt placement. One patient had splenectomy. Surgical portosystemic
shunt placement improved portal hypertension in the majority of the
patients who received this treatment. Of the 7 such patients, one re-
quired liver transplantation 2 years later due to recurrent severe hepatic
encephalopathy that occurred after shunt placement. The remaining 6
patients, who had portosystemic shunt placed at ages 2, 8, 10, 11, 11,
and 32 years, responded well and did not require liver transplantation
as of ages 13, 17, 11, 14, 37 and 33 years, respectively.

Of the 73 patients, 52 had hypertension; in 20 patients,

hypertension was diagnosed at birth, in 16 during the 1st year of life,
and in 13 between 2 and 6years of age. Recurrent infections were
common. Cholangitis was diagnosed in 10 individuals; 4 had recurrent
episodes. Urinary tract infections were diagnosed in 25 patients. Severe
febrile illness of unknown etiology was diagnosed in 8 patients; 4 of
these also had episodes of cholangitis and urinary tract infections, one
each had cholangitis and urinary infections.

3.3. Progression of kidney disease

3.3.1. Longitudinal changes in kidney imaging

Throughout the study, the renal pathology on USG remained largely
unchanged; no patient progressed from “medullary” to “corticomedul-
lary”. Only 7 of the 54 patients (13%) who had at least 2 kidney USG at
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Fig. 2. (continued)

NIH prior to transplantation showed progression; in six “corticome-
dullary” patients, the extent of cystic changes in the cortex increased
and in one “medullary” patient, imaging findings advanced from partial
to complete medullary involvement.

As children grew older, their kidney length and volume remained
unchanged (Fig. 2A, B). Therefore, kidney size relative to total body
size fell gradually, reaching the upper limit of normal by age
20-25 years.

3.3.2. Longitudinal changes in kidney function

When all patients with multiple NIH evaluations were considered
together, the mean eGFR slope was — 1.2 ml/min/1.73m?/y (SD = 3.7,
range = —9.0 to 11.8) (Fig. 2C). For “corticomedullary” patients, the
slope was more negative (mean = —1.6, SD = 3.0, range —6.3 to 11.8),
but not significantly different from that of patients with only “medul-
lary” involvement (mean = —0.6 ml/min/1.73 m2/y, SD = 4.7, range:
—9.0 to 10.3) (Table 2). The mean eGFR slope of children (< age 18 at
first NIH visit) with corticomedullary disease was —1.7 ml/min/
1.73 mz/y (SD = 3.3, range: —6.3 to 11.8) (Fig. 2D).

There was no correlation between eGFR slope and either kidney
length adjusted for height (Fig. 2E) or kidney volume adjusted for body
surface area (Fig. 2F). The results of this analysis remained the same
when medullary and corticomedullary patients were evaluated as se-
parate groups.

3.3.3. Correlation of longitudinal changes in kidney function with PKHD1
variants and other parameters

Patients with hypertension exhibited a faster decline in kidney
function (mean eGFR slope: —1.8, SD: 3.4, range: —9.0 to 11.9)
compared to those without hypertension (mean: 0.45, SD: 5.0, range:
—4.0 to 10.3) but the difference did not reach statistical significance
(p = .09) (data not shown). Similarly, patients with low urine osmol-
ality/serum osmolality ratio (<1), indicating dilute urine, displayed a
faster decline in eGFR, but this did not reach statistical significance
(p = .09) (data not shown). There was no significant difference in eGFR
slopes between genders, “perinatal” and “non-perinatal” presentation
groups, and “truncating” versus “non-truncating” groups (Table 2).
Other parameters that showed no correlation with eGFR slope included
urine protein, calcium and magnesium excretions, and cholesterol and
triglyceride levels (data not shown).

3.4. Progression of liver disease

3.4.1. Longitudinal changes in liver imaging

Characteristics of liver disease are summarized in Table 3. Eso-
phageal varices were diagnosed at ages ranging from 2 to 47 years
(16.8 = 12years); 17 required banding. Six patients had variceal
bleeding at ages ranging from 2 to 51 years (18.7 + 21 years). Ages of
the 14 patients without varices ranged from 4 to 52years
(17.6 = 11.4years). At the initial NIH visit, liver echogenicity on USG
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Fig. 2. (continued)

Table 2
Characteristics of kidney disease and PKHD1 variants in 60 ARPKD patients prospectively evaluated at the NIH Clinical Center on multiple visits.

PKHD] Variant Type Presentation Extent of kidney disease on USG

Truncating® Non-truncating” p Value Perinatal Non-perinatal p Value Corticomedullary Medullary p Value
Number of patients” 22 of 60 (37) 38 of 60 (63) - 27 of 60 (45) 33 of 60 (55) - 40 of 60 (67) 20 of 60 (33) -
Age(y)* 14.5 + 13.8 9.1 + 6.3 - 8.9 + 6.9 12.8 + 11.7 - 10.1 = 9.0 131 += 11.7 -
Patients with truncating PKHD1 mutations 22 of 22 (100) 0 of 38 (0) - 10 of 27 (37) 120f 33 (36) - 17 of 40 (43) 50f20(25) -
Patients with perinatal presentation 10 of 22 (46) 17 of 38 (45) - 27 of 27 (100) 0 of 33 (0) - 24 of 40 (60) 30f20(15) -
Patients with corticomedullary 17 of 22 (77) 23 of 38 (61) - 24 of 27 (89) 16 of 33 (49) - 40 of 40 (100) 0 of 20 (0) -

involvement

Kidney length corrected for height (cm)” 16.3 + 3.8 17.1 + 3.8 .46 18.0 = 4.1 159 + 34 .05 18.4 + 3.7 14.0 = 1.7 <.0001
Kidney volume corrected for BSA (ml)"® 433 = 258 498 + 370 .47 611 = 417 394 + 218 .04 603 *= 348 240 = 39 <.0001
eGFR slope (ml/min/1.73m?/y) —-2.2+ 3.9 —0.6 + 3.4 .14 -1.6 + 3.7 -1.0 + 3.7 .60 -1.6+3.1 -0.6 +47 .46

% Based on the severity of the pathogenic variants in PKHDI, patients were classified into “truncating” (one protein truncating only or one truncating in com-
bination with a missense variants) and “non-truncating” (one or two missense variants) groups.

> Data from first NIH visit.

¢ Results are reported as number (percentage), and mean * standard deviation.

4 Age at the time of first NIH evaluation.

was normal in 6 of 72 patients (8%), mildly increased in 15 (21%),
moderately increased in 37 (51%) and severely increased in 14 patients

3.4.2. Longitudinal changes in liver function and portal hypertension in
relationship to liver imaging and liver and spleen size

(19%) (Table 3, Supplementary Fig. 1). Based on liver USG, MRI and
MRCP, at the initial NIH visit, 29 of 72 patients (40%) had intrahepatic
cysts; 18 had numerous tiny cysts in a lacy pattern at the periphery and
11 had larger cysts in addition to the peripheral lacy cysts.

The synthetic function of the liver remained intact in most patients;
PT, albumin and direct bilirubin levels remained normal or minimally
abnormal (Table 4). Liver enzymes (ALT and AST, and GGT) were ei-
ther normal or mildly elevated and increased slowly with age (Table 4).
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Table 3
Characteristics of liver disease in 73 ARPKD patients evaluated at the NIH
Clinical Center®.

Number (%)

51 of 72" (71)
25 of 51

26 of 51

45 of 72 (63)
31 of 45 (69)
17 of 31 (55)
6 of 31 (19)
21 of 72 (29)
51 of 72 (71)
14 of 72 (19)
29 of 72 (40)
38 of 71 (54)
20 of 57 (35)
10 of 73 (14)

Portal Hypertension

Males with portal hypertension

Females with portal hypertension
Esophagogastroduodenoscopy performed

Esophageal Varices

Variceal Banding

Variceal Bleeding

First visit Liver Echogenicity Normal/Mildly Increased
First Visit Liver Echogenicity Moderately/Severely Increased
Liver echogenicity progressed during the study

First visit Intrahepatic Cysts

First Visit Dilated Common Bile Duct

Biliary cystic disease progressed during the study
Cholangitis"

2 This table presents data on all patients evaluated under this study (13 with
single and 60 with multiple visits).

> One patient with hereditary spherocytosis was excluded.

¢ Four out of 10 patients had recurrent cholangitis.

To monitor the change in severity of portal hypertension, we com-
pared the slope of the SL/H ratio with age for each patient with the
slope for healthy children (Fig. 3A). Of the 54 patients who had data
from multiple NIH visits, 36 (67%) were classified as having portal
hypertension based on SL/H ratio higher than 95th percentile. Among
the 36 patients with portal hypertension, 14 (39%) had “stable portal
hypertension”(SL/H ratio was high but remained parallel to the normal
curve as children grew older) and 22 (61%) had “worsening portal
hypertension”(Fig. 3A).

Compared with the 18 patients without portal hypertension, the 36
patients with portal hypertension had nominally increased liver echo-
genicity and biliary cysts (p = .05 and .03, respectively) (Table 4).
GGT, direct bilirubin, ammonia and APRI (aspartate aminotransferase
to platelet ratio index) were nominally higher (p = .03, .05, .01, .018,
respectively) and platelet counts were significantly lower (p < .0001)
in patients with portal hypertension (Table 4).

Within the group of 36 patients with portal hypertension, the 22
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patients with worsening portal hypertension had nominally higher AST
(p = .013) and ammonia (p = .016) than the 14 with stable portal
hypertension (Table 4). The mean difference between the first and last
NIH visit AST and ammonia values of patients in the “worsening portal
hypertension” group was similar to that of the patients in the “stable
portal hypertension” group (data not shown).

3.5. Relationship between longitudinal changes in kidney function and
portal hypertension

The rate of decline of kidney function (eGFR slope) was not different
among patients with or without portal hypertension or patients with
worsening or stable portal hypertension (Table 4, Fig. 3B).

4. Discussion

Several targeted therapies for ARPKD and hepatic fibrosis are under
investigation [17]. Interpretation of the response to such treatments
requires accurate and comprehensive understanding of the natural
progression of the disease. The main purpose of this study was to define
the rate of progression of kidney and liver disease in the context of
imaging findings of prospectively followed children and adults with
molecularly confirmed ARPKD.

In ADPKD, kidney size correlates negatively with glomerular func-
tion and, hence, kidney volume is used as an outcome parameter in
treatment trials [19,20]. In ARPKD, previous studies suggested that
after the first 3—4 years of life, kidney size in ARPKD remained largely
unchanged [21,28]. However, no prospectively collected data have
been published on the changes in kidney length and volume of a large
cohort of molecularly confirmed ARPKD patients. Our data on kidney
length and volume confirmed that kidney size in ARPKD remains un-
changed (Fig. 2A and B). Retrospective studies had suggested that
kidney function in ARPKD did not correlate with kidney size [1,3],
however the relationship between the decline rate of eGFR and kidney
size was not prospectively studied to date. We documented that, in
contrast to ADPKD, in ARPKD the rate of decline of kidney function, as
measured by the slope of eGFR, does not correlate with kidney size
(Fig. 2E and F), eliminating kidney size as an endpoint measure in
therapeutic trials.

Table 4
Clinical characteristics of 54 prospectively followed ARPKD patients with respect to portal hypertension.
No portal hypertension Portal hypertension p value Stable portal Progressive portal p value
hypertension hypertension

Number of patients (%) 18 of 54 (40%) 36 of 54 (60) - 14 of 36 (39) 22 of 36 (61) -

Age” 9.0 + 5.8 11.2 = 11.5 - 15.4 + 15.5 8.6 £ 7.4 -

Number of Patients with Truncating® PKHD1 6 of 18 (33) 14 of 36 (39) .69 3 of 14 (21) 11 of 22 (50) .09

Variants (%)

ALT 23 £ 8 29 + 18 .19 22 + 4 34 = 22 .08
AST 33 £ 11 41 + 18 .09 32 £ 11 48 = 19 .01
GGT 15+ 6 26 + 20 .03 23 + 17 29 + 22 .47
PT 12.97 = 0.58 13.53 = 1.22 .08 13.58 = 1.24 13.50 = 1.06 .86
Direct bilirubin 0.11 *= 0.03 0.16 = 0.0: .05 0.13 = 0.07 0.18 = 0.09 .20
Albumin 4.14 = 0.31 3.94 + 0.4 .09 4.01 = 0.45 3.88 = 0.36 .38
Ammonia 26 =9 50 + 27 .01 35 = 15 62 *= 30 .02
Platelet count 271 = 61 171 = 84 <.0001 179 *= 74 167 = 91 .68
APRI 0.30 = 0.12 0.83 = 0.84 .02 0.53 = 0.29 1.04 + 1.05 12
Increased liver echogenicity” 9 of 18 (50) 28 of 36 (78) .05 11 of 14 (79) 17 of 22 (77) .94
Number of Patients with Liver cysts (%) 30f 18 (17) 19 of 36 (53) .04 4 of 14 (29) 15 of 22 (68) .07
eGFR slope —0.91 + 4.05 —-0.43 + 4.4 .74 —-0.15 + 4.4 —0.63 + 4.6 .81

Six of the 60 patients with multiple NIH visits were excluded from portal hypertension-related analysis because 2 had surgical portosystemic shunt placed, 3 received

liver transplantation after the first NIH visit and 1had hereditary spherocytosis.
@ Age at first NIH evaluation.

> Moderate to severe liver echogenicity on ultrasound, ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transferase; PT,
prothrombin time; APRI, AST to Platelet Ratio Index; eGFR, estimated glomerular filtration rate. Laboratory values are from the first NIH visits.

¢ Based on the severity of the pathogenic variants in PKHD1, patients were classified into “truncating” (one protein truncating only or one truncating in com-
bination with a missense variants) and “non-truncating” (one or two missense variants) groups.
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Spleen Length/Height Ratio (mm/cm)

0.4

Age (y)
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w98 % of normal

e 50™ % of normal

30 40 50 60

Fig. 3. Changes in spleen size as patients with ARPKD grew. A) Spleen length/height (SL/H) ratio plotted against age. Each group of dots connected by the same color
line represents the SL/H ratio of the same patient measured at multiple NIH visits. The red and black lines represent the 98th and 50th percentiles of SL/H ratio in
healthy individuals. B) The mean eGFR slopes of patients with and without portal hypertension. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 3. (continued)

On the other hand, the extent of renal USG abnormalities, classified
as “corticomedullary” or “medullary”, may help predict the age at
kidney transplantation to some extent (Fig. 1E, Table 1). Patients with
corticomedullary disease require kidney transplantation significantly
earlier than those with medullary disease. Hence, the extent of renal
USG abnormalities may inform anticipatory guidance for renal trans-
plantation in ARPKD and classification of patients into “corticomedul-
lary” and “medullary” disease groups may be useful in stratifying pa-
tients in clinical trials.

We also analyzed the rates of decline in eGFR in the context of renal
USG findings, PKHD1 gene variant types and age at presentation
(Table 2). When the entire cohort was considered, the mean eGFR slope
was —1.2ml/min/1.73 m?/y, with large variability (range, — 9.0 to
11.8). Variability in the severity of kidney disease is known to occur
even among siblings with ARPKD [29]. Some of this variability may be
due to inaccurate estimation of eGFR; even though we used the best
available age/sex/race-specific GFR estimation formulas factoring in
multiple parameters including height, serum creatinine, blood urea
nitrogen and cystatin-C. Dell et al., identified a comparable annual
eGFR decline rate of 1.4 ml/min/1.73 m? with similar wide variability
on 22 children with ARPKD [18]. With the caution regarding varia-
bility, these mean rates of decline may be useful in counseling families,
and determining response to novel therapies. However, given the slow
decline rate of eGFR with wide variability, if eGFR slope is used to

determine response to therapy in ARPKD clinical trials, a large number
of patients have to be followed for many years.

Portal hypertension is the most significant manifestation of liver
disease in ARPKD. Our data as well as past publications [2,12] in-
cluding the recent report from international ARPKD registry ARegPKD
[30], show that approximately half to two thirds of ARPKD patients
develop portal hypertension. Progression of portal hypertension in
ARPKD was not prospectively studied in a large cohort to date. Our
follow up data on ARPKD patients with portal hypertension showed
that in a subset of these patients (61%), portal hypertension was pro-
gressive with worsening splenomegaly, while 39% had stable portal
hypertension. Classification of ARPKD patients into “no splenomegaly”,
“stable splenomegaly” and “progressive splenomegaly” groups may be
useful in research studies aiming to identify biological markers of liver
disease progression. Such stratification of patients may also be useful in
design of treatment trials.

Consistent with prior studies [12,30], liver synthetic function re-
mained largely preserved throughout the study. Elevated ammonia le-
vels correlated somewhat with the presence and the worsening of portal
hypertension. As expected, and consistent with our cross sectional data
[71, patients with portal hypertension had lower platelet counts and
higher APRI; they were also more likely to have increased liver echo-
genicity and/or liver cysts. These findings may guide clinical mon-
itoring of liver disease in ARPKD patients.
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Our data indicated that the progression rates of kidney and liver
disease were independent of each other. There were no differences
between the eGFR slopes of patients without portal hypertension and
those with portal hypertension, consistent with our previously pub-
lished cross-sectional data [7].

Limitations of this study include wide variation in duration of follow
up which was largely due to the fact that the first NIH visits were spread
throughout several years as we continued to enroll new patients to the
study. All patients were invited back after each visit and travel expenses
were covered by the study to minimize bias based on ability to pay for
travel. In addition, data points from the first 6 months of life are not
included in this study because our inclusion criteria required patients to
be older than 6 months. Although a significant number (42%) of pa-
tients in our cohort were perinatal onset, the sickest infants who were
not well enough to travel may be underrepresented in this cohort. In
conclusion, longitudinal data on the kidney and liver disease of ARPKD
patients, such as that collected in this prospective study, provide in-
dividual and cohort baseline information to evaluate whether ther-
apeutic interventions alter the rates of change of various outcome
measures. Kidney size in ARPKD remains unchanged and does not
correlate with the decline rate of kidney function and hence it is ex-
cluded as an endpoint measure of response to therapeutic trials. The
decline rate of eGFR may be used in determining response to treatments
but it is of limited value given the very slow rate of decline and wide
variability. Similarly, the progression rate of liver disease in ARPKD is
highly variable. Therefore, future research is needed for identification
of a biological plasma and/or urine marker(s) to measure progression
for kidney and liver disease in ARPKD.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ymgme.2020.08.006.
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