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Introduction: Primary hyperoxaluria type 1 (PH1) is known for its variable clinical course, even within
families. However, the extent of this heterogeneity has not been well-studied. We aimed to analyze
intrafamilial clinical heterogeneity and disease course among siblings in a large cohort of familial PH1
cases.

Methods: A retrospective registry study was performed using data from OxalEurope. All PH1 families with
2 or more affected siblings were included. A 6-point PH1 clinical outcome scoring system was developed
to grade heterogeneity within a family. Intrafamilial clinical heterogeneity was defined as a score =2.
Kaplan-Meier analyses were used to analyze differences in kidney survival between index cases and
siblings.

Results: We included 88 families, encompassing 193 patients with PH1. The median interquartile range
(IQR) follow-up time was 7.8 (1.9-17) years. Intrafamilial clinical heterogeneity, as defined by our score,
was found in 38 (43%) PH1 families. In 54% of the families, affected siblings had a better outcome than the
index case. Clinically asymptomatic siblings at the time of their diagnosis had a significantly more
favorable clinical outcome based on the authors’ scoring system than siblings with clinical signs and index
cases (P < 0.001). Kaplan-Meier analyses revealed that index cases reached kidney failure at an earlier age
and earlier in follow-up compared to siblings (P < 0.001).

Conclusions: Intrafamilial clinical heterogeneity was found in a substantial number of familial PH1 cases.
Compared to index cases, siblings had significantly better clinical outcomes and kidney survival; thereby
supporting the policy of family screening to diagnose affected siblings early to improve their prognosis.
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HI1 is a rare autosomal recessive metabolic disorder
primarily affecting the kidneys.' It is caused by a
deficiency of the liver-specific enzyme alanine-
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glyoxylate aminotransferase, leading to endogenous
oxalate overproduction. PH1 can manifest at any age
with variable clinical expressivity, ranging from
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infants presenting with kidney failure (a condition
referred to as infantile oxalosis) to minimally symp-
tomatic adults with late kidney failure up to the sev-
enth decade of life.”” Over 200 causative variants have
been identified in the gene encoding for alanine-
glyoxylate aminotransferase (AGXT), associated with
various effects on the enzyme.” Although some com-
mon missense variants resulting in alanine-glyoxylate
aminotransferase mistargeting are associated with
sensitivity to pyridoxine (a form of vitamin B6) sup-
plementation and later onset of kidney failure, having
such a variant is no guarantee for a good outcome.”’
There are indications that even patients with iden-
tical AGXT variants within 1 family may have different
clinical outcomes; however, hard data on this
assumption are lacking so far.

In PHI1, family screening is recommended. This is
based on the high a priori risk of PH1 of 25% for
siblings of an index case and the assumption that
affected siblings of an index case will benefit from
early diagnosis and rapid initiation of targeted
treatment.””® However, conflicting data regarding
the effectiveness of family screening have been re-
ported in literature, and akin to having a favorable
variant, early diagnosis is no guarantee for a good
outcome.’

The recent introduction of RNA interference
(RNAi) therapy has changed the therapeutic land-
scape for patients with PH1 because it lowers oxalate
production in patients independent of AGXT geno-
type.""'” Given the costs, unknown long-term out-
comes, and side effects, RNAi treatment requires
personalized application in patients with PHI.
Insight into heterogeneity and the impact of family
screening within PH1 could serve as important in-
formation for clinical decision making. Even more,
the increasing use of RNAIi treatment will make it
difficult to assess intrafamilial clinical heterogeneity
in the future, making it an important matter to be
assessed at this time.

Unfortunately, the phenomenon of intrafamilial
clinical heterogeneity has only been studied in reports
on individual families, but has yet to be assessed sys-
ternatically.”’21 In addition, no (common) definition
exists of what the term heterogeneity in PHI1 exactly
means and how persistent the finding of diverse ex-
pressivity of disease is over time. This situation ham-
pers clinical decision-making. Therefore, we set out to
evaluate intrafamilial clinical heterogeneity among fa-
milial PHI cases from the OxalEurope Registry by us-
ing a scoring system to grade the level of heterogeneity
and evaluate the disease course of siblings based on
simple criteria.
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METHODS

A retrospective registry study was conducted analyzing
data from the OxalEurope Registry, a European, institu-
tional review board—approved database including data of
972 patients with PH1. Verification of PH diagnosis by
genetic analysis, high clinical suspicion with abnormal
metabolites, or liver biopsy is a prerequisite for inclusion
into the OxalEurope database. All families with PH1 in
the OxalEurope registry were identified. Index cases and
their siblings (and thus not parents or cousins) were
included in the study unless data regarding kidney fail-
ure were missing. Patients lost to follow-up were
included in the study if data regarding kidney function at
the time of diagnosis were available. If available, medical
charts were reviewed for data validation and, in families
with heterogeneity, possible determinants influencing
clinical outcomes were reviewed.

Kidney failure was defined as either an estimated
glomerular filtration rate of <15 ml/min per 1.73 m?,
computed by the (modified) Schwartz formula® for
patients under 18 years, and by the Modification of
Diet in Renal Disease formula”’ for adult patients, or
the need for dialysis. Patients with biallelic c.454T>A
(p-Phel52Ile) or c.508G>A (p.Glyl70Arg) variants of
the AGXT gene were deemed vitamin B6-responsive by
default based on the literature because data on indi-
vidual biochemical response were not available.””**
Total follow-up was calculated by subtracting the age
at diagnosis from the age at last follow-up. Given that
increased oxalate production is present from birth in
PHI1, age at last follow-up was also considered as an
additional follow-up outcome in this study.

A 6-point PH1 clinical outcome scoring system to
express heterogeneity within a family was formulated
and approved by a group of 4 experts in the field of
hyperoxaluria (LJD, ELM, JWG, and BBB) after
detailed examination of all Dutch PHI1 families in the
OxalEurope database (Figure 1). The clinical outcome of
index cases and their affected sibling(s) at last known
follow-up was graded using the following clinical
outcome score: (i) asymptomatic; (ii) clinical signs
without kidney failure, including nephrolithiasis and/
or nephrocalcinosis; (iii) kidney failure above the age of
40 years; (iv) kidney failure between 20 and 40 years of
age; (v) kidney failure before the age of 20 years; and
(vi) infantile oxalosis (kidney failure before the age of 1
year). In the scoring system, a distinction was made for
age at onset of kidney failure, given the differences in
clinical and therapeutical consequences. The hetero-
geneity score within a family was calculated by sub-
tracting the lowest score from the highest score among
affected siblings. Significant intrafamilial clinical
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Asymptomatic | Symptomatic | Kidney Kidney | Kidney | Infantile | Total follow- | Age last Heterogeneity
failure failure failure oxalosis up (years) follow-up | score
>40 years 20-40 <20 (years)
years years
Score 1 2 3 4 5 6
1AY X 0.29 0.47 42
1BY 37 37
1cY 34 34

Figure 1. Six-point PH1 clinical outcome scoring system for calculating intrafamilial clinical heterogeneity. Here, an example is given of 1 family
within the study. PH1, primary hyperoxaluria type 1; U, index case; Y, siblings of the index case; Z, heterogeneity score of family 1 (6 — 2 = 4).

heterogeneity was defined as a score =2. As potential
determinants of heterogeneity, we analyzed the
following clinical characteristics: other comorbidities
or inherited kidney abnormalities, vitamin B6 sensi-
tivity, family screening with initiation of preventive
treatment for siblings, and episodes of dehydration
(including illness or neglect of conservative therapy).

For subgroup analysis, we divided the total cohort
into the following 3 subgroups: (i) index cases, (ii)
siblings with clinical signs at the time of diagnosis
(e.g., nephrolithiasis, nephrocalcinosis, or kidney fail-
ure) referred to as symptomatic, and (iii) asymptomatic
siblings without clinical signs at the time of diagnosis.
Patients in the second group had been diagnosed by
family screening or diagnostic evaluation following
symptoms. Subsequently, analyses were performed to
assess the impact of family screening on clinical out-
comes between these groups. We excluded siblings
from subgroup analysis if it was unclear whether they
were symptomatic at the time of diagnosis. In addition,
families were excluded from subgroup analysis if it was
unknown who the index case was.

Numerical results are presented as medians with IQR,
and categorical results as numbers and percentages. The
Fisher-Freeman-Halton exact test, Mann-Whitney U test,
and Kruskal Wallis test were used for statistical testing.
Kaplan-Meier analysis was used to calculate kidney
survival, counting kidney failure as an event either by
age or follow-up time, as defined above. Log-rank test
was used for comparison between groups. All tests were
performed 2-sided, with a P < 0.05 considered statisti-
cally significant, using the latest version of SPSS (version
28, IBM Corp., Armonk, NY), R studio version 1.4.1106
(RStudio PBC, Boston, MA) and GraphPad Prism version
8 (GraphPad Software, San Diego, CA).

RESULTS

Clinical Characteristics

Families

We identified 101 families with PHI1 in the OxalEurope
database. Thirteen families were excluded because of
missing data, yielding a total of 193 patients with PH1
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from 88 families (Supplementary Figure S1), all living
in Europe (France, n = 23; Germany, n = 19; United
Kingdom, n = 18; Netherlands, n = 15; Italy, n = 5;
Spain, n = 2; Belgium, n = 2; Poland, n = 2; Russia, n =
1; and Sweden, n = 1). For 26 families, their country of
origin was outside Europe (Algeria, n = 1; Albania, n =
1; Bangladesh, n = 1; Iraq, n = 1; Jordan, n = 1;
Kuwait, n = 1; Lebanon, n = 2; Morocco, n = 4;
Pakistan, n = 6; Syria, n = 1; Tunisia, n = 2; and
Turkey, n = 5). The median number of siblings per
family was 2; 16 families had more than 2 affected
siblings.

Family screening had been conducted in 77% of
families (n = 64). Family screening was not performed
in 7 cases, either due to short time since diagnosis of
the index case or because a sibling had already devel-
oped symptoms at the time of diagnosis of the index
case. In other families, screening had not been per-
formed against medical advice (7 = 2) or for unknown
reasons (n = 10). Regarding the latter, it was notable
that in 6 out of 10 families, the index case had been
diagnosed before 1990. At last follow-up, at least 1 case
of kidney failure had occurred in 59 (67%) families and
in 22 (29%) families 1 or more patients had died.
Detailed family characteristics are presented in Table 1.

Information regarding the prevalent AGXT variant
was missing for 3 families. The other 85 families carried
41 different disease-causing variants in the AGXT gene.
The 4 most prevalent biallelic pathogenic variants were
c.508G>A (n = 16; 19%), c.33dupC (n = 7; 8.2%),
c.731T>C (n = 6; 7.1%) and c.454T>A (n = 5; 5.9%).
In addition, 37 of the 85 families (44%) were homo-
zygous (n = 21; 25%) or heterozygous (n = 16; 19%)
for a Bo-responsive variant.

In approximately half of the families (n = 43; 54%),
affected siblings had a better clinical outcome than the
index case according to the scoring system (i.e., a lower
score). In only 4 of these families (9%), a second sibling
had an equal or higher clinical outcome score than the
index case. In addition, in 35% (n = 28) of all families,
affected siblings and index cases had equal scores, with
a median of 2.86 (range 1.33-6) per family.

Kidney International Reports (2024) 9, 3006-3015
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Table 1. Clinical characteristics of families with PH1

Value
Characteristics of families nftotal %
Total number of families 88
Follow-up =15 yr since birth 56/88 64
Follow-up =15 yr since diagnosis 23/88 26
VIB6-responsive AGXT varianis (c.454T>A and ¢.508G>A) 37/85 44
Homozygous variants/heferozygous variants 21/85 25
16/85 19
Family screening 64/83 77
Index cases with older sibling(s) at diagnosis 30/88 34
Siblings freafed with conservative treatment <6 mo after birth 19/88 22
Family members with kidney failure 59/88 67
Deceased family members 22/16 29
Clinical outcome of sibling milder than in index case® 43/79 54

1QR, interquartile range; KF, kidney failure; PH1, primary hyperoxaluria type 1; VBS,
vitamin B6.

Values are expressed as n with percentage of (sub)group.

?Based on a lower score on the clinical outcome scoring system compared to the index
case.

Individuals

We included 193 patients with PHI1. Information
regarding follow-up after diagnosis was unavailable for
7 patients (3.6%). The median (IQR) follow-up time of
all patients was 7.8 (1.9-17) years and median age at
last follow-up was 18 (8.7-35) years. Patients were
diagnosed at a median age of 5.7 (1.0-14) years. We
identified 83 patients as index cases (group 1 in Table 2)
who were diagnosed at a median age of 5.5 (2.1-14)
years. At the time of diagnosis, 35 (42%) had already
developed kidney failure. Seventy-seven patients
(siblings of index cases) had been diagnosed by family
screening; 25 out of 74 (34%) patients with information
available were asymptomatic at the time of screening
(group 3 in Table 2). Siblings diagnosed by family
screening had a median age of 4.9 (0.1-13) years, with a
range of 0.0 to 59 years (Figure 2). The noticeable
outliers of siblings who were diagnosed by family
screening at about the age of 50 years resulted from an
index case being diagnosed late in adulthood due to the
sudden onset of kidney failure as presenting symptom.

Table 2. Characteristics of index cases and siblings

CLINICAL RESEARCH

None of the patients in the cohort were treated with
RNAI therapy. In addition, no patients were diagnosed
via prenatal screening.

Heterogeneity Score of PH1 Families
Heterogeneity, defined as a score of =2 points, was
present in 43% (n = 38) of all families (Figure 3). In
addition, 27 families (31%) had a score of =3 points
and 18 (20%) scored =4 points. Only 1 family (1.1%)
had a heterogeneity score of 5 points (e.g., a case of
infantile oxalosis and an asymptomatic sibling aged 18
years). Of the 23 families with a follow-up of more than
15 years since diagnosis, 11 (48%) had a heterogeneity
score of =2 points. In addition, of the 56 families with a
follow-up time of more than 15 years since birth, 26
(46%) had a heterogeneity score of =2 points. At the
other end of the spectrum, we found 12 families with
similar clinical outcomes among all siblings regarding
age at onset of kidney failure.

Heterogeneity in Families With B6-Responsive AGXT
Variants

The distribution of heterogeneity scores among families
with vitamin B6-responsive (homozygous and hetero-
zygous) and unresponsive AGXT variants is illustrated
in Figure 4. The median (IQR) score was 1 (0—2) in the
homozygous and heterozygous vitamin B6—responsive
groups, and 1 (0—4) in the group completely unre-
sponsive to vitamin B6 (P = 0.82, Mann-Whitney U
test). However, 8 out of 17 families (47%) with a ho-
mozygous or heterozygous B6-unresponsive null
variant had a heterogeneity score of =4 points
compared to 3 out of 21 families (14%) with a homo-
zygous vitamin Bé6-responsive variant (P = 0.035).

Determinants Influencing Clinical Outcome

We searched for possible clinical determinants and
confounding factors influencing outcomes in all 38
families with clinical heterogeneity (score =2). Insuf-
ficient information was available regarding possible

Characteristics and outcome Index cases Siblings symptomatic at diagnosis Siblings asymptomatic at diagnosis P-value
Number of patients, n 83 76 25 N/A
Follow-up fime, median (IQR) 7.2 2.0-17) 9.3 (3.2-17) 7.4 (1.8-16) 0.539°
Age at diagnosis, median (IQR) 5.5 (2.1-14) 5.4 (1.0-14) 9.5 (0.09-15) 0.886"
Clinical outcome score®, median (IQR) 4.0 (2.0-5.0) 2.0 (2.0-3.8) 1.0 (1.0-1.5) <0.001%¢
Kidney failure, n (%) 51/83 (61) 25/76 (33) 2/25 (8) <0.001°
Age kidney failure, median (IQR) 14 (0.9-25) 23 (14-44) 8.8 0.088°
Deceased patients n (%) 17/79 (20) 6/70 (8.6) 2/21 (9.5)° 0.077¢
Age at death, median (IQR) 14 (4.2-24) 22 (1.1-34) 43 0.553°

1QR, interquartile range; N/A, not applicable; PH1, primary hyperoxaluria type 1.

Age or time is expressed in years. Values are expressed as n with percentage of subgroup and as median with 1QR.

#Kruskal Walli's test.

bScore based on the 6-point PH1 clinical outcome scoring system.

®Post hoc analysis between the symptomatic and asymptomatic sibling groups performed with Mann-Whitney U test (P < 0.001).
dFisher-Freeman-Halton exact test.

®One of the 2 deceased patients among the siblings asymptomatic at time of diagnosis died at the age of 74 years for reasons unknown.

Kidney International Reports (2024) 9, 3006-3015 3009
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Figure 2. The number of patients diagnosed by family screening by
age at diagnosis. Each bar represents a 5-year range.

determinants of heterogeneity for 6 of 38 families
(16%). In 20 of the remaining 32 families (63%), a
potential explanation for the intrafamilial heterogeneity
was found; in 15 families” medical interventions (e.g.,
prompt initiation of vitamin B6 supplementation
following PHI1 diagnosis by family screening) could
explain clinical heterogeneity; and in 5 families, the
index case had been exposed to a possible trigger
before presenting with kidney failure. These potential
triggers included an episode of gastrointestinal symp-
toms (n = 3), alcohol abuse (n = 1), and a congenital
kidney defect specified as unilateral kidney dysplasia
(n=1).

In 10 of 32 families (31%), heterogeneity could not
(plausibly) be explained by external factors or triggers
(as defined in the methods section). In 8 families, sib-
lings had started treatment (either with vitamin B6 or

60 —

mm Score =2 (43%)

'S
o
|

Percentage

N
o
|

0 1 2 3 4 5
Heterogeneity score

Figure 3. The distribution of heterogeneity score of all 88 families. For
each family member with PH1, the clinical outcome was graded using
a 6-point PH1 score. The heterogeneity score of each family was then
calculated by subtracting the lowest score from the highest score
among all siblings. PH1, primary hyperoxaluria type 1.
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conservative measures) promptly after diagnosis. At
the time of diagnosis of the index case, older siblings
were either asymptomatic (n = 5) or were found to have
nephrocalcinosis only (n = 3) while not receiving any
treatment. Thus, clinical heterogeneity could not be
adequately explained by timelier medical intervention.
In the other 2 families, we could not find any potential
influencing factors or explanations that might explain
differences in clinical outcomes.

In 2 families with a high heterogeneity score and
AGXT variants associated with vitamin B6 unrespon-
siveness, the younger sibling had been diagnosed by
family screening directly after birth but still had a
worse outcome (i.e., infantile oxalosis) than the index
case. Accordingly, early diagnosis and medical inter-
vention were unable to prevent infantile oxalosis.

Clinical Outcome of Individuals (Index Cases
Versus Siblings)
A total of 184 patients were included in the subgroup
analysis (Supplementary Figure S1). No significant
difference was found in total follow-up time between
the groups. At last follow-up, the median (IQR) clinical
outcome score of index cases was 4 (2—5) compared to a
score of 2 (2-3.8) among siblings with clinical signs at
the time of diagnosis and a score of 1 (1-1.5) among
asymptomatic siblings at the time of diagnosis (P <
0.001, Table 2). Kidney failure, at the time of diagnosis
or during follow-up, was more frequent among index
cases (61%) than among siblings with clinical signs at
time of diagnosis (33%) and siblings who were
asymptomatic at time of diagnosis (8%) (P < 0.001).
Kaplan-Meier analyses (Figures 5 and 6) revealed a
significant difference in the death-censored kidney
survival between index cases and sibling(s). Index
cases reached kidney failure at an earlier age and earlier
in follow-up compared to siblings (Log-rank, P <
0.001). Notably, death occurred more frequently among
index cases (20%) than among siblings (8.6% and 9.5%
among siblings with and without clinical signs at time
of diagnosis, respectively); albeit this difference did not
reach statistical significance (P = 0.077).

DISCUSSION

In this study, we describe the differences in clinical
outcomes among siblings affected by PHI from 88
families registered in the OxalEurope registry. We
found significant heterogeneity in clinical outcome be-
tween affected family members with the same causative
variant in 43% of families. This observed heterogeneity
of the disease course could not always be explained by
time of medical intervention or environmental factors.
Families with B6-responsive variants had similar het-
erogeneity scores to those with B6-unresponsive

Kidney International Reports (2024) 9, 3006-3015
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VB6 unresponsive variant, other* (n=17)
VB6 unresponsive variant, missense* (n=31)-
Homozygous VB6 responsive variant (n=21)-

Heterozygous VB6 responsive variant (n=16)-
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Figure 4. Distribution of heterogeneity scores in families with and without (partly) vitamin B6 (VB6) —responsive variants. Shown are the
heterogeneity scores of families stratified by AGXT variant. Heterogeneity score is calculated by subtracting the lowest score from the highest
score among the siblings, using the 6-point PH1 clinical outcome scoring system. The number of families with a specific heterogeneity score is
noted in the boxes. PH1, primary hyperoxaluria type 1. *The group “missense” encompasses all families with a homozygous missense AGXT
variant. The group “other” includes mostly families with a homozygous null variant (n = 16) and 1 heterozygous missense/null variant.

variants. Still, the latter group showed a larger pro-
portion of severe heterogeneity scores (i.e., =4 on a scale
of 5). Siblings had a significantly better clinical outcome
than index cases, especially those asymptomatic at
diagnosis.

Our findings confirm that the significant intrafamilial
clinical heterogeneity observed in previous reports of
single families is real.'' ' Ours is the first study to
describe this in a large cohort and to identify the extent
of heterogeneity. Intrafamilial clinical heterogeneity
seems to be a permanent rather than a temporary phe-
nomenon, persisting throughout long follow-up periods.

100% 1 [

Previous reports have hypothesized different reasons for
the clinical heterogeneity within the PHI1 population.
This may partly be explained by genotype-phenotype
correlations, a hypothesis that holds true especially for
vitamin B6—responsive variants.’

However, given the observed intrafamilial clinical
heterogeneity, clinical heterogeneity within PHI
cannot entirely be ascribed to the type of AGXT ge-
notype. The overall outcome was better in B6-
responsive variants, and severe clinical heterogeneity
was less significantly apparent in siblings with B6-

responsive variants. Nevertheless, even in these

80% 1
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Figure 5. Kaplan-Meier analysis including confidence bands of death-censored kidney survival by age, stratified by index case, siblings
asymptomatic at time of diagnosis and siblings symptomatic at time of diagnosis. Log-rank test analysis showed a significant difference (P <

0.001) between the groups. Dx, diagnosis.

Kidney International Reports (2024) 9, 3006-3015

3011




CLINICAL RESEARCH

LJ Deesker et al.: Intrafamilial Heterogeneity in PH1

100% [
1ﬂ_
L
80% 1 b
L
|
- o
) |
™ 60% 1
2
2
=}
"
)
= 40% A
o
4
20% Indexcase
= 8ibling asymptomatic at Dx
~ Sibling symptomatic at Dx
Log-rank, p < 0.0001
0%
0 10
Number at risk
Indexcase
Sibling asymptomatic at Dx 23 8

Sibling symptomatic at Dx 74

20 30 40 50
Years since diagnosis

3 2 0 0

9

Figure 6. Kaplan-Meier analysis of death-censored kidney survival by years since diagnosis, stratified by index case, siblings symptomatic at
the time of diagnosis, and siblings asymptomatic at the time of diagnosis. Log-rank test analysis showed a significant difference (P < 0.001)

between the groups. Dx, diagnosis.

families, extreme differences in outcome did occur. We
had expected vitamin B6 responsiveness to associate
with higher heterogeneity scores among families with
vitamin Bé6-responsive AGXT variants due to effective
and timely initiation of vitamin B6 therapy in sib-
lings.”” However, we found no significant difference in
intrafamilial clinical heterogeneity scores between
these family groups (families with severe heterogeneity
scores were more prevalent among carriers of vitamin
B6—unresponsive variants). This may possibly be
explained by the overall better clinical outcome found
among vitamin B6-responsive patients (thus mini-
mizing intrafamilial clinical heterogeneity) or possibly,
noncompliance to vitamin B6, which was not evaluated
in this study.

When looking into potential causes of clinical het-
erogeneity, it has been hypothesized that external
environmental factors (including dietary habits and
hydration) could at least partly explain heterogeneity.
In our study we found some cases of intrafamilial
clinical heterogeneity after an episode with gastroin-
testinal symptoms and dehydration, supporting that
sporadic events may potentially have influence. How-
ever, for other factors the evidence is limited, and it
may be assumed that most environmental factors are
similar for siblings of 1 family, thus not explaining all
clinical differences. Although some factors potentially
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related to clinical outcome, such as genotype, diet,
socioeconomic status, and access to medical treatment,
are better matchable in families, it is doubtful that this
is the case for the unknown variables associated with
discrepant phenotypic expressivity of PHI1 disease.

Timely initiation of medical management is expected
to influence clinical outcome positively. However, in 5
out of 38 heterogeneous families, elder asymptomatic
siblings had a better outcome than the index case
despite not receiving any treatment, suggesting that
heterogeneity cannot be entirely explained by differ-
ences in medical management. Moreover, in 2 families,
a younger sibling had been diagnosed by family
screening shortly after birth and nevertheless devel-
oped infantile oxalosis (and thus had a more severe
clinical outcome than the index case) despite early
diagnosis and treatment. Therefore, the outcomes of
our cohort with the combination of identical AGXT
variants within families, similar external environments,
and the above-mentioned findings regarding medical
intervention suggest that other factors (i.e., genetic
modifiers or other unidentified differences in glyox-
ylate metabolism) could play a role in the clinical het-
erogeneity within families.

Another important finding in this study is that
siblings generally had significantly better clinical out-
comes and kidney survival, supporting the idea that
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family screening may be beneficial in improving the
prognosis of siblings, which is in line with current
European practice recommendations.'”
previous research has reported that the clinical course
of siblings diagnosed with PH1 by family screening is
similar to that of index cases regarding metabolites and
decline of kidney survival over time, indicating a
similar disease severity.” However, in this study, index
cases with kidney failure (at the time of or within 60
days after diagnosis) were excluded, likely distorting
the impact of family screening because kidney failure is
the main adverse outcome in PHI that one aims to
prevent using family screening. When comparing our
outcomes, we found that after the first drop in kidney
survival (Figure 5), our results are like those mentioned
above (indicated by a parallel decline of the index cases
and symptomatic sibling curves).

Apart from the overall difference in outcome be-
tween index cases and siblings, our study also found
notable differences in outcome between siblings diag-
nosed by family screening, with siblings asymptomatic
at time of diagnosis having a better clinical outcome at
last follow-up than siblings with clinical signs.
Although the numbers are small and the design of our
study does not allow to draw any conclusions
regarding the reason for this difference in outcome and
thus the impact of family screening, one might assume
that early family screening, preferably before the onset
of symptoms, may result in a better prognosis. Symp-
tomatic siblings possibly had already developed some
kidney damage (due to nephrocalcinosis or urolithia-
sis),”* resulting in less favorable outcomes than
asymptomatic siblings. It should be noted that bias
may be present, because older asymptomatic siblings
may have had a more favorable natural course of dis-
ease than symptomatic siblings. However, our findings
align with previous studies suggesting that early
diagnosis and treatment initiation is beneficial in pre-
venting kidney failure in siblings.”® We therefore
advise early family screening, preferably by genetic
testing, and prompt initiation of treatment. In an era
with rapidly evolving treatment options, with avail-
ability of novel RNAi therapies in addition to conser-
vative measures, this possible beneficial effect of family
screening might be of special importance for the clin-
ical outcome in the future.

Our study is the first to structurally examine intra-
familial clinical variability in PH1. To study intra-
familial heterogeneity, a scoring system based on
reliable outcomes was necessary to define and reliably
compare and analyze familial heterogeneity within
PHI1. Therefore, in line with previous studies on
metabolic diseases, we created a scoring system based
upon the (Markov) state-transition model, designed to

Conversely,
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depict prevalence and progression of disease. For the
robustness of the scoring system, we included only
well-reported and easy to score, clear outcome mea-
sures, leading to the current 6-point PHI clinical
outcome score. However, classifying such a heterogenic
disease is complex, and nuances in clinical outcomes
may have been lost. For instance, we did not include
death in the scoring system because premature death
may often be attributed to multiple factors, including
transplantation complications. Neither was the stone
rate included because this is often not reliably reported
to medical professionals or captured in the patient re-
cord. Despite these limitations, we argue that the 6-
point PH clinical outcome scoring system is represen-
tative of intrafamilial heterogeneity within families
with PHI and suitable to analyze this outcome in our
cohort of families with PHI1.

The retrospective design of our study has some
limitations; follow-up duration differed in every fam-
ily, and some data were missing. Therefore, additional
information about the detailed disease
including comparison of urinary oxalate levels, was not
available for analysis. In addition, due to the limited
number of families, type II errors (lack of statistical
power to detect effects) may have occurred, reducing
the reliability of certain analyses.

Based on our findings, we may conclude that
intrafamilial clinical heterogeneity is common in PH1.
The cause of this heterogeneity remains to be deter-
mined in most cases. Therefore, intrafamilial clinical
heterogeneity should be more actively investigated in
studies assessing clinical and environmental factors,
genetic modifiers, and other pathways involved in
glyoxylate metabolism. Our outcomes may support
clinical care and provide insights for better individ-
ualized therapies.
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