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A B S T R A C T

Background. Infantile hypercalcaemia (IH) is a vitamin D3

metabolism disorder. The molecular basis for IH is biallelic muta-
tions in the CYP24A1 or SLC34A1 gene. These changes lead to
catabolism disorders (CYP24A1 mutations) or excessive genera-
tion of 1,25-dihydroxyvitamin D3 [1,25(OH)2D3] (SLC34A1
mutations). The incidence rate of IH in children and the risk level
for developing end-stage renal disease (ESRD) are still unknown.
The aim of this study was to analyse the long-term outcome of
adolescents and young adults who suffered from IH in infancy.
Design. Forty-two children (23 girls; average age
10.7 6 6.3 years) and 26 adults (14 women; average age
24.2 6 4.4 years) with a personal history of hypercalcaemia with
elevated 1,25(OH)2D3 levels were included in the analysis. In all
patients, a genetic analysis of possible IH mutations was con-
ducted, as well as laboratory tests and renal ultrasonography.
Results. IH was confirmed in 20 studied patients (10 females).
CYP24A1 mutations were found in 16 patients (8 females) and
SLC34A1 in 4 patients (2 females). The long-term outcome was
assessed in 18 patients with an average age of 23.8 years (age range
2–34). The average glomerular filtration rate (GFR) was 72 mL/
min/1.73 m2 (range 15–105). Two patients with a CYP24A1 muta-
tion developed ESRD and underwent renal transplantation. A
GFR <90 mL/min/1.73 m2 was found in 14 patients (77%),
whereas a GFR <60 mL/min/1.73 m2 was seen in 5 patients
(28%), including 2 adults after renal transplantation. Three of 18
patients still had serum calcium levels>2.6 mmol/L. A renal ultra-
sound revealed nephrocalcinosis in 16 of 18 (88%) patients, how-
ever, mild hypercalciuria was detected in only one subject.
Conclusions. Subjects who suffered from IH have a greater risk
of progressive chronic kidney disease and nephrocalcinosis.

This indicates that all survivors of IH should be closely moni-
tored, with early implementation of preventive measures, e.g.
inhibition of active metabolites of vitamin D3 synthesis.

Keywords: chronic kidney disease, infantile hypercalcaemia,
parathormone, vitamin D

I N T R O D U C T I O N

Infantile hypercalcaemia (IH), formerly known as idiopathic IH
and also called hypersensitivity to vitamin D3, is a vitamin D3

metabolism disorder due to a disability of enzymatic break-
down of active vitamin D3 or oversynthesis of 1,25-dihydroxy-
vitamin D3 [1,25(OH)2D3]. This results in high serum levels of
25-hydroxyvitamin D [25(OH)D3] and/or 1,25(OH)2D3, symp-
tomatic hypercalcaemia, including emesis, anorexia, polyuria,
dehydration, constipation, generalized hypotonia, arterial hy-
pertension, unexplained fever and clinical signs suggesting uri-
nary tract infection with leucocyturia and erythrocyturia on a
general urine test, as well as acute kidney injury. IH is believed
to be an infant disease that develops after supplementation of
prophylactic doses of vitamin D. The molecular basis of IH is
biallelic variants of the CYP24A1 (*126065) or SLC34A1
(*182309) gene, which leads to IH Subtype 1 (143880) or IH
Subtype 2 (616963), respectively. The CYP24A1 gene encodes
25-hydroxyvitamin D-24-hydroxylase, whereas SLC34A1 enco-
des sodium–phosphate cotransporter (NaPi-IIa), which con-
trols proximal tubule phosphate reabsorption. Mutations of
these genes result in disturbances to enzymatic breakdown of
25(OH)D3 and 1,25(OH)2D3 in the case of CYP24A1 mutations
[1–3] or excessive generation of 1,25(OH)2D3 in the case of
SLC34A1 mutations [2, 3] (Figure 1). The clinical symptoms
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of hypercalcaemia disappear after normalization of serum
calcium levels. Although acute consequences of IH are well
described, the exact long-term risk to subjects who suffered
from IH is not known. There are only a few reports of single
cases of chronic kidney disease (CKD) as a long-term out-
come of IH. The aim of our study was to analyse the long-
term outcome of survivors of IH with a confirmed molecular
defect. Our observations suggest that biochemical and struc-
tural abnormalities may last longer and may lead to CKD as
well as end-stage renal disease (ESRD).

M A T E R I A L S A N D M E T H O D S

All patients (or their parents in case of children) gave written
consent for participation in the study. We analysed the data of

42 children (23 girls; average age 10.7 6 6.3 years) and 26 adults
(14 women; average age 24.2 6 4.4 years) with a personal his-
tory of hypercalcaemia with elevated 1,25(OH)2D3 levels who
were hospitalized due to hypercalcaemia (calcium serum con-
centration >2.69 mmol/L) diagnosed in infancy and developed
after prophylactic supplementation of vitamin D, with
elevated 25(OH)D3/1,25(OH)2D3 levels during the first
14 months of life, in whom molecular analysis of CYP24A1 and
SLC34A1 was conducted (Figure 2). All subjects were under the
care of the metabolic clinic from childhood until adulthood and
everyone was advised to avoid sun exposure, vitamin D and cal-
cium supplements and to drink large amounts of fluids. The
data on serum creatinine levels as well as glomerular filtration
rates (GFRs) measured at discharge after an IH episode were
obtained retrospectively from medical charts. Renal function,
calcaemia, vitamin D levels, calciuria and serum parathyroid
hormone (PTH) levels were reassessed at the average age of
24 years. In all patients, a genetic analysis of possible IH
mutations was conducted, as well as clinical,
ultrasonographic and laboratory examinations. Survivors of
IH, in whom CYP24A1 or SLC34A1 mutations were found,
were included in further analyses. Part of this analysed cohort
of patients was already described [3–5].

Ultrasonographic, laboratory and molecular analysis

In all subjects, renal ultrasound and laboratory tests were
carried out. Laboratory tests involved serum creatinine, cys-
tatin C, 25(OH)D3, 1,25(OH)2D3, PTH, urinary calcium and
creatinine in spot urine samples (first morning urine). A bio-
chemical analysis was conducted using traditional methods.
Blood (3 mL) was drawn at the medical laboratory after 12 h
of fasting and it was centrifuged at 1465 g for 10 min at room
temperature, using test tubes. The laboratory tests, including
serum creatinine levels, were conducted on the same day by
means of routine enzyme assays with commercial kits and
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FIGURE 1: Scheme of vitamin D metabolism.

KEY LEARNING POINTS

What is already known about this subject?
• infantile hypercalcaemia (IH) is caused by variants in

the CYP24A1 or SLC34A1 gene and the long-term
outcome of survivors of IH is not well described.

What this study adds?
• subjects who suffered from IH may develop progres-

sive chronic kidney disease and have a greater risk of
end-stage renal disease.

What impact this may have on practice or policy?
• routine recommendations, on the basis of avoidance

of sun and the use of vitamin D supplements, are
not sufficient, thus other preventive measures and
early referral to nephrological care should be
considered.
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with the use of a Cobas 501 Chemistry System; Roche, Basel,
Switzerland). Serum cystatin C measurements were per-
formed by a particle-enhanced immune nephelometry assay
using the BN ProspecNephelometer system (DadeBehring,
Newark, DE, USA). The 25(OH)D3 and 1,25(OH)2D3 were
measured by chemiluminescence immunoassay, Liaison sys-
tem (DiaSorin, Saluggia, Italy) and PTH with an immunora-
diometric assay. The estimated GFR (eGFR) was calculated
with the Schwartz or Modification of Diet in Renal Disease
(MDRD) formula (where appropriate). Serum calcium
>2.6 mmol/L was considered elevated and PTH levels
<10 pg/mL were considered decreased. The upper limits of
normal for 25(OH)D3 and 1,25(OH)2D3 were 50 ng/mL and
109 pg/mL, respectively.

Genomic DNA was extracted from peripheral blood sam-
ples of probands and available family members by means of
an automated (MagnaPure, Roche) or manual (phenol–chlo-
roform) method. Sanger sequencing analysis was carried out
in seven probands and the results were previously described
[1–3]. Next-generation sequencing (NGS) using the TruSight
One Sequencing Panel (Illumina, San Diego, CA, USA) for si-
multaneous sequencing of 4813 clinically relevant genes was
used as a genetic target in 11 other probands. NGS was per-
formed on a HiSeq 1500 platform using the Exome
Enrichment Kit (Illumina) according to a published protocol
[6]. Generated reads were first merged and low-quality reads
were removed. Then the reads were aligned to the reference
human genome hg19/hg38 (GRCh37/GRCh38). Potential po-
lymerase chain reaction duplicates and reads mapping to mul-
tiple genomic regions were removed. In the process of variant
calling, any call with the ratio <0.2 was assumed to be
homozygous, while the rest were heterozygous. Alignments
were viewed with Integrative Genomics Viewer version 2.3.82
[7]. The detected variants were annotated using ANNOVAR
and converted to Microsoft Access format for a final manual
analysis.

All the non-coding and common variants [minor allele fre-
quency (MAF) >0.01 in the general population] were dis-
carded. The rare variants affecting coding regions were filtered
on the basis of an autosomal recessive mode of inheritance and
predicted consequences at the transcription level. The variants
were prioritized according to the population frequency and the
predicted effect on protein. The potential consequences were
defined in accordance with the conservation of the affected
amino acids and in silico predictions by using different
algorithms.

To identify the molecular basis for the disease, first we ana-
lysed potentially related infantile idiopathic hypercalcaemia
(IIH) genes. Furthermore, in order to detect potentially causa-
tive variants from the TruSight One target panel, we applied a
computational algorithm called the Phenotypic Interpretation
of eXomes [8]. The software evaluates and ranks detected gene
variants on the basis of pathogenicity and semantic similarity of
idiopathic IH (or other disease that causes similar symptoms
and needs differential diagnosis) described by Human
Phenotype Ontology providing terms to known Mendelian
disorders.

The candidate pathogenic variants were verified in the pro-
bands and available family members by means of Sanger
sequencing using BigDye Chemistry (Applied Biosystems,
Waltham, MA, USA).

R E S U L T S

Of 68 subjects who developed hypercalcaemia in infancy,
CYP24A1 or SLC34A1 mutations were found in 20 cases and
those patients were included in further analyses. CYP24A1
mutations were found in 16 patients (8 girls), whereas SLC34A1
was found in 4 patients (2 females). The above-mentioned 16
patients developed IH after a high dose of prophylactic vitamin
D3 in the 1980s and the above-mentioned 4 subjects (Patients 9,
10, 14 and 16; Table 1) developed IH after application of vita-
min D3 at a daily dose of 800–1600 IU. Among 20 patients, in
whom the molecular mechanism of IH was determined, the as-
sessment of a long-term outcome was possible in 18 patients at
an average age of 23.8 years (age range 2–34) (Figure 2).
Laboratory data, results of molecular analysis and ultrasono-
graphic findings of these patients are presented in Table 1.

As shown in Table 1, pathogenic variants were identified
in 33 alleles of CYP24A1 (n¼ 29) and SLC34A1 (n¼ 4) in our
18 IIH patients. We found 3 homozygotes (only for CYP24A1),
12 compound heterozygotes (including 1 for SLC34A1) and 3
monoallelic gene variants (heterozygotes) (Patients 2, 10 and
16), without any pathogenic variant in the second allele, how-
ever, only coding regions in one of the two mentioned genes
were analysed in these cases. Three patients were included in
this study since their symptoms and biochemical results were
consistent with IIH diagnosis and the assessment of a long-term
outcome was possible.

In total, 13 different abnormal or likely abnormal changes
were identified, including missense (n¼ 7), frameshift (n¼ 2),
in-frame (n¼ 2), splice site (n¼ 1) and nonsense (n¼ 1) muta-
tions. Twelve of them revealed variants that were known or we
already described them [2, 3]. Only one novel CYP24A1 variant,

68 subjects with clinical
and biochemical features
of IH in early childhood

(3–34 months)

Molecular analysis

20 patients with CYP24A1
and SLC34A1 mutations
(16 and 4 respectively)

Assessment of long-term follow-up
(biochemical and ultrasonographic)

18 patients with mean age of
23.8 years (range 2–34 years)
with assessment of long-term

follow-up

FIGURE 2: Scheme of the study.
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p.R159W, was identified, which affects highly conserved amino
acid, found in the cytochrome P450 domain. Its frequency in
various population databases is very low. In silico prediction
classified this change as potentially pathogenic. All variants met
the frequency criteria for recessive disorders (MAF <0.01),
except for one in-frame deletion p.V91_A97del in SLC34A1,
which was included in the genome aggregation database with
MAF �0.025. This variant has already been described and,
based on functional analyses, considered by them to be likely
pathogenic [2]. We identified this variant in a compound het-
erozygous state together with p.L155P change in a boy (Patient
5) with a history of IIH as well as persistent hypercalciuria and
nephrocalcinosis.

The most common variant observed in the study group was
p.R396W in CYP24A1 (n¼ 12 patients: 3 homozygotes, 1 het-
erozygote and 8 compound heterozygotes; 15/29 mutated
alleles). Its pathogenicity and frequency (52%) in the Polish
population has been discussed in detail [3].

The average eGFR was 72 mL/min/1.73 m2 (range 15–105).
However, two patients with a CYP24A1 mutation (Patients 12
and 17; Table 1) developed ESRD and underwent renal trans-
plantation. Their eGFR at the last visit was 15 mL/min/1.73 m2.
Overall, eGFR <90 mL/min/1.73 m2 was found in 14 subjects
(77%), including 2 patients after renal transplantation; in 5 of
them (28%), including 1 who had renal transplantation, GFR
was <60 mL/min/1.73 m2 at the last follow-up visit (Figure 3).
The subjects who had GFR <90 mL/min/1.73 m2 at the last
follow-up visit did not differ from those who had GFR>90 mL/
min/1.73 m2 at the last follow-up [median 47.5 (range 29–60)
versus 43 (39.5–73) mL/min/1.73 m2, respectively] in terms of
GFR at diagnosis. Two IH survivors with progressive develop-
ment of ESRD had an eGFR of 24 and 26 mL/min/1.73 m2 at
diagnosis and had lowered GFR (45 and 55 mL/min/1.73 m2,
respectively) at the ages of 18 and 15 years, respectively
(Patients 12 and 17). They developed ESRD in the third and
fourth decade of life, respectively, and were then transplanted.
In both cases, renal ultrasonography revealed hyperechogenic
renal pyramids at the initial presentation and then, during the
puberty period, increased echogenicity with disrupted cortico-
medullary differentiation (Table 1). Correlation between eGFR
at discharge after an IH episode and at the last observation (in
two patients who developed ESRD eGFR at the last observation
was set as 15 mL/min/1.73 m2) did not attain statistical signifi-
cance (r¼ 0.419, P¼ 0.09). Nephrocalcinosis, including both
its mild variant (involving only rim) and more advanced stage
(reaching the centre of pyramids), was found in 16 of 18
patients in whom ultrasonography was performed at the last
follow-up visit (88.8%%), including two patients after renal
transplantation in whom nephrocalcinosis was the cause of
ESRD. With regard to Patient 14, rim nephrocalcinosis was
found at the initial diagnosis and was still present in early child-
hood, but at the last follow-up visit—at the age of 17 years—ul-
trasonography was normal despite lower GFR and
hypercalcaemia. Serum calcium levels>2.6 mmol/L were found
in3 patients (16.5%) and PTH serum levels <10 pg/mL were
found in 10 (55%) patients. Serum levels of 25(OH)D3 and

1,25(OH)2D3 were in the normal range in all patients. During
the laboratory tests, serum calcium levels did not correlate with
PTH concentrations and eGFR (Table 1) values. In one patient,
mild hypercalciuria (calcium:creatinine ratio >0.2 mg/mg) was
observed. In both patients (Patients 12 and 17), who developed
ESRD, ultrasonography performed after an IH episode revealed
increased echogenicity, suggesting mild nephrocalcinosis.
In one patient (Patient 17), who underwent renal transplanta-
tion, a native renal biopsy was performed that revealed diffuse
tubulointerstitial renal fibrosis with calcifications of intra- and
peritubular capillaries. In two patients with SLC34A1 (Patients
2 and 16) and in one with CYP24A1 (Patient 10) mutations,
variants were heterozygous and their clinical course was milder
with a relatively high eGFR value both at diagnosis and at the
last follow-up visit. Of three patients who had SLC34A1 var-
iants, all had nephrocalcinosis and one patient with a heterozy-
gous SLC34A1 variant developed nephrolithiasis.

D I S C U S S I O N

IH is directly linked to hypersensitivity to vitamin D. There
were two episodes of endemic occurrence of this disorder as a
result of prevention of rickets—the first time in the early 1950s
in the UK [9, 10], as an effect of food fortification with vitamin
D, and then in the 1980s in Poland and former East Germany,
associated with the use of high-dose vitamin D prophylaxis [4].
Clinical symptoms were directly related to vitamin D intake.
Pronicka et al.[11] postulated that the molecular mechanism of
disease is based on decreased catabolism of active metabolites
of vitamin D or increased synthesis. Both hypotheses were con-
firmed in the last decade, when two mechanisms of IH

G
FR

 m
L/

m
in

/1
.7

3 
m

2

120

110

100

90

80

70

60

50

40

30

20

10

0
Diagnosis

of IH 
Follow-up

CKD stage 2

CKD stage 3

FIGURE 3: Changes of eGFR from the first observation at diagnosis
of IH to the last observation at follow-up. In two patients who devel-
oped ESRD and were then transplanted the last eGFR was set as
15 mL/min/1.73 m2. Two horizontal lines were set at values of 90
and 60 mL/min/1.73 m2 to discriminate CKD Stages 2 and 3.

1488 A. Janiec et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/36/8/1484/5939790 by guest on 09 April 2024



pathogenesis were proved [1, 2]. In 2011, Schlingmann et al. [1]
found recessive mutations of CYP24A1 as a molecular basis for
IH type 1, with autosomal recessive inheritance. CYP24A1 was
found to encode 25-hydroxyvitamin D-24-hydroxylase, the key
enzyme of 25(OH)D3 and 1,25(OH)D3 degradation (Figure 1).
Decreased catabolism of an active form of vitamin D results in
hypervitaminosis with all of its consequences. The estimated
mutation frequency of CYP24A1 is 420/100 000 people [12].
This mutation is estimated to be the cause of renal calculi in 4–
20% of patients with nephrolithiasis, suggesting the crucial role
of vitamin D metabolism in the aetiopathogenesis of this disor-
der [12]. Further studies have revealed that IH may also be an
effect of recessive mutation of the SLC34A1 gene [2], encoding
sodium phosphate cotransporter NaPi-IIa. This form of IH is
currently termed type 2. Available data demonstrate that pri-
mary renal phosphate wasting caused by abnormal cotrans-
porter induces an excessive production of 1,25(OH)D3 with
subsequent hypercalcaemia, which decreases rapidly along with
phosphate supplementation. In a previous report we described
CYP24A1 and SLC34A1 mutations in 11 survivors of IH (in 9
and 2 patients, respectively) [3].

In this article we report the long-term outcome in 18 sub-
jects who suffered from IH, in whom a molecular analysis
was performed and mostly biallelic variants of CYP24A1 and
SLC34A1 genes were found. In three patients, only one mu-
tant allele of CYP24A1 or SLC34A1 was found, and in these
cases we cannot exclude the possibility of a second patho-
genic variant not detected by available sequence analysis.
Nevertheless, their IH diagnosis was additionally verified by
two other parameters: clinical and biochemical pictures.
Patients with heterozygous mutations and possibly a milder
phenotype have been reported. It has also been noted that
heterozygous carriers appear to represent a predisposition
for the development of nephrolithiasis [1, 2]. As far as we
know, it is the largest described group of survivors of IH with
a confirmed molecular defect. The analysis of this larger
group of IH survivors revealed that 14 of 18 (77%) subjects
had GFR <90 mL/min/1.73 m2. In three of them their GFR
was <60 mL/min/1.73 m2 at the last follow-up visit and two
developed ESRD. Second, we found that despite avoidance of
sun exposure, vitamin D and calcium supplementation,
nephrocalcinosis and CKD developed in a large group of sub-
jects. Third, during the laboratory tests, serum calcium levels
were elevated in two subjects and lower PTH levels were
found in 10 (55%) patients, which indicates ongoing
exposure to higher calcium and/or active vitamin D metabo-
lite levels. However, hypercalciuria was observed in only one
subject. Altogether, these findings may explain nephrocalci-
nosis and tubulointerstitial injury resulting in CKD and sug-
gest that hypercalciuria is not the main abnormality.

Data on clinical manifestations and long-term consequences
of IH are fragmentary and concern only single case reports or
small groups of patients. The relationship among hypercalcae-
mia, nephrocalcinosis and genetic variants of CYP24A1 and
SLC34A1 indicates that disorders of catabolism and overpro-
duction of vitamin D are essential in the pathogenesis of
chronic kidney injury in this condition. It has been reported

[5, 13–16] that patients with a history of IH (even in the normo-
calcaemic phase), with significant persistent hypercalciuria and
elevated (in relation to estimated oral intake of vitamin D) se-
rum levels of 25(OH)D3, especially during summer months,
when serum calcium levels also increased to the upper limit of
normal or above the norm.

Nephrocalcinosis and/or nephrolithiasis is a typical conse-
quence of IH as well as CYP24A1 and SLC34A1 mutations, and
it is detected in almost all affected individuals [1, 2, 12–30].
Furthermore, nephrocalcinosis and nephrolithiasis have been
observed even in patients with SLC34A1 heterozygous muta-
tions [31]. The same observations were found in our study.
Nephrocalcinosis is usually permanent and asymptomatic or
results in progressive CKD [17]. Figueres et al. [16] described
seven individuals with a history of IH in six cases; two of them
developed CKD as well as suffered from extrarenal manifesta-
tions, including calcific deposits in the cornea and osteoporosis.
Patients with CKD and CYP24A1 or SLC34A1 mutations, as
well as persistent nephrocalcinosis, were also reported by
Dinour et al., although they did not report any case of ESRD
[32, 33]. One patient was diagnosed with nephrocalcinosis ante-
natally and at the age of 18 years, despite proper treatment, suf-
fered from CKD with a GFR value of 60 mL/min/1.73 m2.
Meusberger et al. [13] also reported a case of the patient with
CYP24A1 mutation and medullary nephrocalcinosis, CKD
Stage 2, microalbuminuria, mild hypertension, nephrogenic di-
abetes insipidus, mild hypercalcaemia and moderate hypercal-
ciuria who had a personal history of hypercalcaemia in the early
childhood . In contrast, Murphy et al. [30] reported a 2-year-
old patient with a history of symptomatic IH and nephrocalci-
nosis in infancy who, at the age of 2 years, had reduced GFR
(74 mL/min/1.73 m2), but in whom nephrocalcinosis disap-
peared. It should be noted that genetic variants of CYP24A1 or
SLC34A1 were found in adults who were diagnosed due to re-
current nephrolithiasis, with or without nephrocalcinosis [12,
20, 32, 34–42]. The hypothesis of CYP24A1 mutations as a
cause of nephrocalcinosis or nephrolithiasis is also supported
by the report of Molin et al. [43], who found biallelic mutations
in 20 individuals of a cohort of 72 hypercalcaemic patients with
low PTH. Nephrocalcinosis was found in 14 patients, nephroli-
thiasis in 4 and 1 suffered from hypercalciuria.

Our analysis has shown that although nephrocalcinosis was
common, there was no direct relationship between the severity
of nephrocalcinosis and a decrease of GFR. Both patients who
developed ESRD and then underwent transplantation had
only increased kidney echogenicity and hyperechogenic pyr-
amids in ultrasonography. In contrast, other subjects, in
whom ultrasonography revealed diffuse nephrocalcinosis,
did not develop ESRD and one subject (Patient 14), who had
a lowered GFR value at the age of 16 years, did not have ultra-
sonographic signs of nephrocalcinosis at the last follow-up
visit despite nephrocalcinosis at initial presentation. These
findings suggest that the determinant of progression to ESRD
is not only mineral deposits with nephrocalcinosis, but rather
tubulointerstitial inflammation and fibrosis. The data on his-
topathological changes in the kidneys of the subjects who
survived IH are very limited. Gigante et al. [29] reported a
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case of one patient with a CYP24A1 mutation who was diag-
nosed with hypercalcaemia, nephrogenic diabetes insipidus
and nephrocalcinosis and in whom, due to worsening renal
function (CKD Stage 2), renal biopsy was performed. The
histopathological examination showed chronic tubulointer-
stitial nephritis . Such changes were found in the renal biopsy
of one of our patients, in whom diffuse tubulointerstitial fi-
brosis and microlithiasis foci were found. It is not known how
tubulointerstitial inflammation develops in some subjects with
nephrocalcinosis and CYP24A1 or SLC34A1 mutations. One
may speculate that deposit composition is significant—e.g.
phosphate or oxalate deposits may cause a weaker or stronger
inflammatory reaction. However, as is shown in Figure 3, sub-
jects who developed ESRD and those who had GFR <60 mL/
min/1.73 m2 had the lowest GFR at discharge after an acute
episode of IH. Thus the severity of the initial kidney injury
rather than nephrocalcinosis seems to play a significant role
as a trigger of progressive CKD with interstitial fibrosis.
Although the correlation between eGFR at discharge after
an IH episode and the last eGFR did not attain statistical sig-
nificance (r ¼ 0.419, P¼ 0.09). It suggests that analysis of a
larger number of subjects could give more reliable results.
Second, it should be considered that there were subtle abnor-
malities of calcium metabolism, because 3 patients still had
elevated serum calcium concentrations and 10 had sup-
pressed PTH levels. Ongoing exposure to subclinical distur-
bances of vitamin D may promote microlithiasis/
nephrocalcinosis with secondary tubulointerstitial
inflammation. Thus, although subjects from our cohort were
characterized by 25(OH)D3 and 1,25(OH)2D3 levels in the
normal range, the 25(OH)D3:1,25(OH)2D3 ratio might indi-
cate greater exposure to active vitamin D3 over time [44].
However, we did not estimate this parameter. Third, ongoing
exposure to other factors associated with nephrocalcinosis
and tubulointerstitial inflammation, such as oxalate load,
non-steroidal anti-inflammatory drugs and/or purines may
play a role.

Fourteen of 18 subjects from our cohort were exposed to
high-dose prophylaxis, which was used in the years 1970–80.
This may explain a relatively high percentage of CKD in our co-
hort. However, four other subjects (Patients 9, 10, 14 and 16;
Table 1) were exposed to relatively low doses of vitamin D3 pro-
phylaxis (<2000 IU/day) and two of them developed CKD in
adolescence (Patients 9 and 14). Therefore it suggests that even
low doses of vitamin D3 may be associated with IH as well as
permanent and progressive kidney injury. Concluding, the
pathogenesis of progressive CKD in subjects who suffered from
IH is not clear and probably multifactorial and includes both
the severity of the initial injury and subtle but persistent distur-
bances of vitamin D metabolism.

Lowered GFR was observed not only in IH patients with
CYP24A1 mutations, but also in one subject with a heterozy-
gous SLC34A1 mutation. It suggests that exposure to greater
levels of 1,25(OH)2D3, regardless of the cause, may result in
kidney injury. However, the patients who were characterized by
SLC34A1 and CYP24A1 heterozygous variants presented a
milder clinical course with relatively well-preserved GFR at

follow-up visits. One may speculate that other factors might
play a role in further progression to CKD and in inducing
hypercalcaemia in the neonatal period.

There are some strengths and limitations of our study.
The former includes a large number of described IH cases
with molecular diagnosis (observed for almost three deca-
des). Second, we did the same clinical and laboratory tests in
all subjects. Third, all subjects received the same recommen-
dations regarding vitamin D and calcium supplementation as
well as sun exposure. Nevertheless, the weak point of the
study is that we measured calcium, PTH and metabolites of
vitamin D at only one point in time and we did not analyse
time-averaged exposure to serum calcium and vitamin D
metabolites in the long-term, including periods of sun
exposure.

To sum up, we found that the long-term renal prognosis
of survivors of IIH is poor, with a high prevalence of CKD,
nephrocalcinosis and ongoing subclinical metabolic abnor-
malities caused by disrupted vitamin D metabolism, despite
routine recommendations for avoiding vitamin D, calcium
supplementation and sun exposure. Although the majority
of our patients from a historic cohort study were exposed to
very high doses of vitamin D3, CKD also developed in ado-
lescents who were exposed to relatively low pharmacological
doses of vitamin D3. The tendency towards hypercalcaemia
and signs of suppression of PTH secretion were present in
almost all individuals, despite standard serum levels of
25(OH)D3 and 1,25(OH)2D3. Although the pathogenesis of
kidney failure is not obvious, both our findings and other
reports suggest that it is exposure to metabolic
abnormalities, tubulointerstitial injury and probably the
severity of the initial renal injury that leads to progressive
CKD. Nevertheless, our results suggest that all survivors of
IIH should be under constant renal care. Second, routine
recommendations, on the basis of avoidance of sun and vita-
min D supplements, are not sufficient, thus other preventive
measures—such as early implementation of inhibitors of
25(OH)D3 and 1,25(OH)2D3 synthesis or inductor degrada-
tion—should be considered in all survivors of IIH [42, 45].
However, despite promising data, the long-term use and
safety of both imidazole derivative and rifampicin in patients
with CYP24A1 mutations have not been studied. This should
be the subject of future research. Third, more sensitive
markers of disrupted metabolism of vitamin D3, such as
1,25(OH)2D3 and the 25(OH)D3:1,25(OH)2D3 ratio, may be
useful in monitoring disease activity especially in case of a
CYP24A1 variant.
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A B S T R A C T

Introduction. Chronic kidney disease (CKD) is a recognized
risk factor for cognitive impairment. Identification of those at
greatest risk of cognitive impairment may facilitate earlier ther-
apeutic intervention. This study evaluated associations between
estimated glomerular filtration rate (eGFR) and cognitive
function in the Northern Ireland Cohort for the Longitudinal
Study of Ageing.
Methods. Data were available for 3412 participants �50 years
of age living in non-institutionalized settings who attended a
health assessment between February 2014 and March 2016.
Measures of serum creatinine (SCr) and cystatin C (cys-C) were
used for eGFR. Cognitive function was measured using the
Montreal Cognitive Assessment (MoCA) and the Mini-Mental
State Examination (MMSE).
Results. Following adjustment for potential confounders, a
single unit decrease in eGFR was significantly associated with
reduced cognitive function defined by an MMSE�24/30
feGFR calculated using serum cys-C [eGFRcys]: b ¼ �0.01
[95% confidence interval (CI) �0.001 to �0.01], P¼ 0.01g and
MoCA <26/30 [b ¼ �0.01 (95% CI �0.002 to �0.02),
P¼ 0.02]. Similarly, CKD Stages 3–5 were also associated with a
moderate increase in the odds of cognitive impairment
(MMSE�24) following adjustment for confounders [eGFRcys:
odds ratio 2.73 (95% CI 1.38–5.42), P¼ 0.004].
Conclusions. Decreased eGFRcys was associated with a signif-
icantly increased risk of cognitive impairment in a popula-
tion-based cohort of older adults. However, there was no

evidence of an association between cognitive impairment and
the more commonly used eGFR calculated using SCr. eGFRcys
may offer improved sensitivity over eGFRcr in the determi-
nation of renal function and associated risk of cognitive
impairment.

Keywords: biomarkers, CKD-EPI, creatinine, cystatin C, GFR

I N T R O D U C T I O N

Improvements in healthcare have resulted in longer lifespans,
leading to a greater prevalence of cognitive impairment [1].
Mild cognitive impairment (MCI) is a transitional stage between
normal age-related decline and dementia and is characterized by
problems with memory, language, thinking or judgement while
the individual is able to function independently. MCI prevalence
has been reported to be as high as 21% in individuals >60 years
of age [2], with �6% of individuals having dementia [3].
Dementia prevalence is �20–25% among those in the UK who
survive beyond their ninth decade of life [3].

Chronic kidney disease (CKD) is characterized by impaired
renal function and may represent a significant independent risk
factor for cognitive decline, although the basis for this associa-
tion is not well understood. Pathological cerebral changes char-
acteristic of dementia exacerbated by reduced renal function
have also been reported in those with cognitive impairment in
the absence of overt dementia [4–6]. CKD may contribute to
the pathoaetiology of vascular dementia (VaD) via traditional
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