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What is already known on this topic?

X-linked hypophosphataemia is a rare disorder with well-known mechanisms leading to low phosphorus levels, but it does not clearly
explain the cardiovascular involvement of these patients. Burosumab is a novel therapy for this entity, but it is not yet known whether
early treatment can prevent complications, including cardiac manifestations.

What this study adds?

We report two patients with X-linked hypophosphataemia under burosumab therapy, one of them with a more severe phenotype
associated with cardiac damage in the form of left ventricular hypertrophy. This patient had pre-existing cardiac involvement while
receiving conventional treatment, which was not reversed after the start of burosumab therapy, although there was no worsening after
start of burosumab.

Abstract

X-linked hypophosphatemia (XLH) is a rare genetic disorder with X-linked dominant inheritance. Mutations in the PHEX gene increase
fibroblast growth factor 23 (FGF23) concentrations, causing loss of phosphorus at the proximal tubule. Most pediatric patients debut
in the first two years with short stature and bowed legs. Conventional treatment consists of oral supplements with phosphorus and
calcitriol. Since 2018, burosumab has been approved as a novel therapeutic option for XLH, with promising results. The purpose of this
study was to share our experience with two cases of XLH treated with burosumab. These patients presented with a broad phenotypical
differences. One had the most severe radiological phenotype and developed left ventricular hypertrophy (LVH) and left ventricular
dysfunction with preserved ejection fraction. Treatment with burosumab was well-tolerated and was followed by radiological stability
and a striking improvement in both blood biochemistry and quality of life. The LVH was stable and left ventricular function normalized in
the patient with cardiac involvement. In recent years many studies have been carried out to explain the role of FGF23 in cardiovascular
damage, but the exact pathophysiological mechanisms are as yet unclear. The most intensively studied populations are patients with
XLH or chronic kidney disease, as both are associated with high levels of FGF23. To date, cardiovascular involvement in XLH has been
described in patients treated with conventional treatment, so it would be of interest to investigate if early use of burosumab at the time
of diagnosis of XLH would prevent the occurrence of cardiovascular manifestations.
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Introduction increased production of fibroblast growth factor 23 (FGF23)

by osteocytes and osteoblasts due to a loss of function in

X-linked hypophosphataemia (XLH) is a dominant genetic )
the PHEX gene (2). FGF23 acts on the proximal renal tubule

disorder caused by mutations in the PHEX gene (Xp22.1)

and constitutes one of the leading causes of inherited
hypophosphataemia with a prevalence of 4.8 per 100,000
(1). The key physiopathological mechanism seems to be an

binding to the Klotho-FGF receptor complex, inhibiting
phosphate reabsorption and calcitriol production, leading to
chronic hypophosphataemia (3).
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Most pediatric patients with XLH manifest their first
clinical symptoms in the first two years of life, presenting
with disproportionate shortness and bone deformities,
especially of the lower limbs, and craniosynostosis. Other
complications, such as enthesopathy, osteomalacia,
dental abscesses or hearing loss, often appear throughout
the lives of these patients (4). There is a broad phenotypic
spectrum even among family members. Consequently, a
genotype-phenotype correlation is not well described (5).
The conventional treatment consists of oral administration
of phosphorus and calcitriol but these supplementary
therapies do not inhibit the action of the high levels
of FGF23, and they do not stop the progression of the
disease.

In 2018, burosumab, a human monoclonal 1gG1 antibody
that neutralizes FGF23 was approved for the treatment
of XLH (6). Since then, burosumab has shown promising
results with clinical improvement and quality of life for
these patients (7). Our aim was to share our experience with
this novel treatment in two pediatric patients with different
phenotypic patterns of XLH, focusing on cardiovascular
complications in this population.

TEITIIALAL
S s s e-SE

Case Report

The first case is a male patient diagnosed with XLH at 22
months of age during the investigation of his shortness
and bowing of limbs (Figure 1). Hypophosphataemia with
hyperphosphaturia (Table 1) was detected, and mutations
in the PHEX gene were examined by next-generation
sequencing (NGS) (8) with detection of a hemizygotic
mutation. Therefore, he was started on conventional oral
treatment. Poor biochemical and radiographic control
persisted, despite good therapeutic compliance, requiring
hemi-epiphysiodesis at 4 years old due to the significant
deformity in the lower limbs. This led to walking disturbance
and there was no improvement whatsoever. At the age
of six, a first cardiovascular assessment with ambulatory
blood pressure monitoring (ABPM), electrocardiogram
(ECG), and echocardiography was carried out. The
ABPM and ECG demonstrated no alterations, but the
echocardiography revealed a concentric, non-obstructive,
left ventricular hypertrophy (LVH) and associated subclinical
left ventricular dysfunction parameters. Multiple criteria
for definition of LVH in this patient were assessed (Table
1). The left ventricular ejection fraction was in the normal
range (>50%), but this parameter only assesses the
systolic function and it is usually altered only in patients

Figure 1. Radiological evolution of the patients. A) Evolution of patient 1, requiring hemiepiphysiodesis at 4 years-old for 19 months
which was not effective, withdrawn after starting treatment with burosumab. Upper left panel (1.75 years); Upper right panel (4
years); Bottom left panel (6 years); Bottom right panel (8 years). B) Evolution of patient 2, with less lower limb deformity with a
correction after hemiepiphysiodesis at 5.5 years-old during 9 months. Upper left panel (2 years); Upper right panel (5 years); Bottom

left panel (6 years); Bottom right panel (9 years)
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Table 1. Evolution of clinical, biochemical and echocardiographic parameters of the patients at different stages of the disease

Variable Patient 1 Patient 2
Debut Before Last follow-up  Debut Before Last follow-up
burosumab burosumab
Age and anthropomorphic measures
Age (yr) 1.75 6 9 2 9 10
Weight (kg), (SD) 14.2 (+1.27) 27.3 (+0.71) 35 (+0.1) 12 (-0.85) 28.8 (-0.42) 33 (-0.36)
Height (cm), (SD) 83.5 (-2.32) 111.7 (-1.83) 129 (-1.27) 79.7 (-2.99) 116.5 (-2.9) 124 (-2.42)
BSA (m?, by Mosteller) 0.57 0.92 1.12 0.51 0.96 1.06
LBM (Kg, by Peters) - 21 27.4 . 225 25.7
BMI (kg/m?) 20.4 21.9 21 18.9 21.2 21.5

PHEX mutation

Laboratory (reference values)
Calcium (mg/dL)

Phosphate (mg/dL)

ALP (40-462 mg/dL)

PTH (15-85 pg/mL)
25-OH-vitamin D (21-100 ng/mL)
1.25-OH-D-vitamin (16-56 pg/mL)
FGF23 c-terminal (< 145 RU/mL)
TRP (>85%)

Tmp/GFR (mg/100 mL)

Ca/Cr (0.2 mg/mg)

Nephrocalcinosis

Hemizygosis ¢.670¢c > T(p.[GIn224*])

9.2 (9.4-10.8)
2.2 (4.5-6.5)
539

77

24.9

106

> 427

70

1.556 (5.1 £0.9)
0.15

No

Ambulatory blood pressure monitoring

24h mean SBP percentile
24h mean DBP percentile
SBP load (%)

DBP load (%)

Nocturnal dipping
Echocardiography

Diameter of 1VS for BSA, mm
(Z-score)

LVM (g)
LVMI > 51(g/m?2.7)

LVM (g)/BSA (LVH > 115 in boys
and > 95 in girls)

LVM for BSA (Z-score)
LVM/m?7 (percentile for age)

LVM/[(m?'®) + 0.09]
(> 45 g/m?*1o = LVH)

LVM percentile for LBM
LV Tei index (> 0.50 = dysfunction)
LVEF (%) (<50 % = dysfunction)

9.6 (9.4-10.3)
2.5 (3.6-5.8)
576

30.6

29.4

44

> 427

54.4

1.674 (4.6 +0.6)
0.08

p86
p70
12
14

Yes

12 (3.44)

15
Yes
125

3.65
85.3 (>99™M)
84.5

>97h
0.57
63

9.2 (9.4-10.3)
3.4 (5.6-2.8)
313

63.2

40.7

42

>427

86

3.311 (4.6 £0.6)
0.18

p89
p77
15

Yes

11.5(2.89)

126
Yes
112.5

2.75
63.3 (>99™)
69.1

93rd
0.42
67

Heterozygosis c.1061¢ > T(p.Pro534Leu)

9.9 (9.4-10.8)
2.4 (4.5-6.5)
486

46.7

21.3

30

> 427

80

2.032 (5.1 £0.9)
0.06

No

10.2 (9.4-10.3)
1.8 (3.6-5.8)
397

156.6

24.9

36

>427

30

0.976 (4.6 +0.6)
0.04

po0
p89
13

Yes

8 (1.46)

60.3
Yes
62.8

0.12
39.9 (95-99)
4353

5[1’1
0.35
65

9.8 (9.3-10.3)
3.5 (3.6-5.8)
307

68

39

41

>427

98

2.973 (4.6 +0.6)
0.09

p89
p84
10

Yes

8.5 (1.57)

72.5
Yes
71

0.38
40.5 (95-99™)
43.1

loth
0.41
67

For definition of LVH a total of five different criteria were assessed.
Yr: years, SD: standard deviation, BSA: body surface area, LBM: lean body mass, BMI: body mass index, ALP: alkaline phosphatase, PTH: parathyroid hormone, FGF23:
fibroblast growth factor 23, TRP: tubular reabsorption of phosphate, Tmp/GFR: maximal tubular phosphate reabsorption per 100 mL of filtrate, Ca/Cr: urine calcium/
creatinine ratio, ABPM: ambulatory blood pressure monitoring, SBP: systolic blood pressure, DBP: diastolic blood pressure, IVS: interventricular septum, LVMI: left
ventricular mass index, LVM: left ventricle mass, LV: left ventricle, LVEF: left ventricular ejection fraction
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with clinically evident heart failure. To evaluate subclinical
ventricular dysfunction, the Tei index was used, a parameter
that includes both systolic and diastolic time intervals to
assess global cardiac dysfunction and detect early cardiac
dysfunction in asymptomatic patients (9). The Tei index
is an easily performable, recordable and reproducible
parameter that is influenced by age, sex, heart rate, and
cardiac load conditions. A Tei index < 0.5 is the upper limit
of normal (2 Z-scores), and our patient presented with a Tei
index value of 0.57.

At this point in 2017, it was decided to start burosumab (0.7
mg/kg every 15 days) as compassionate treatment. After 3
years of treatment at a dose of 1.2 mg/kg every 15 days,
the treatment has been well tolerated without significant
side-effects. His serum phosphorus concentrations have
increased to near normal values for his age. We have also
noticed a slow progression of the lower limbs’ deformities
with a significant improvement in quality of life (Figure 1A).
Regarding the cardiovascular involvement, the dimensions
of the left ventricle have remained stable, with a persistent
LVH but with relatively reduced left ventricular mass index
(LVMI) (Table 1). The left ventricular function has normalized
(Tei index <0.5).

The second case was a female patient diagnosed with
XLH at 24 months old during a study of genu varus. She
had hypophosphataemia with hyperphosphaturia (Table
1), and we found a heterozygous mutation in the PHEX
gene by NGS. She received conventional treatment, with
persisting hypophosphataemia and worsening of the lower
limb deformities (Figure 1B). Thus, she required hemi-
epiphysiodesis at 5.5 years-old, which was effective. The
patient continued with hypophosphataemia and also very
poor gastrointestinal tolerance to oral phosphorus. Therefore,
we decided to start burosumab treatment (0.4 mg/kg every 15
days) at 9 years old (2019). ABPM, ECG and echocardiography
were uneventful without signs of arterial hypertension, LVH,
or left ventricular dysfunction. After 1.5 years, the treatment
has been well tolerated. The hypophosphataemia has
improved, she maintains good radiological progress and her
intestinal symptoms have disappeared. The cardiovascular
assessment remains normal. Informed consent was obtained
from both patients’ parents.

Discussion

Herein, we present two patients with XLH with different
phenotypic expression. According to his records, the patient
with the most severe radiological phenotype was diagnosed
with LVH and left ventricular dysfunction by tissue Doppler
echocardiography.

The definition of LVH is still controversial in children with
multiple and variable existing criteria. The most commonly
employed methods are adjusted for body surface area (BSA)
or height, usually to an allometric power as the relationship
between left ventricular mass (LVM) to height is not linear.
Daniels et al. (10) suggested the use of height*” for indexing
LVM based on studies relating LVM to lean body mass (LBM)
in older children. This boy fulfilled the LVH definitions
recommended by current pediatric arterial hypertension
guidelines (11): LVMI >51 g/m*’, LVM > 115 g/BSA and
LVM > 95" percentile for age (12). Some authors raise the
question of whether a higher cut-off (99" vs 95" percentile)
should be used, and our patient also met this condition (13).

The utility of LVM/height*7 in children has been questioned
due to the index variation in the lower age and lower height
groups (14,15). Thus, XLH patients usually present a low
height for their age, and these criteria could lead to an
overestimation of LVMI and LVH diagnosis in this population.
Chinali et al. (14) showed that the allometric power of 2.16
provides the best-fit model. This method provides normal
reference values of LVMI, even for children under 140 cm
of height, which is more appropriate for XLH patients. In
particular, a LVMI greater than 45 g/m?*'¢ would represent
the 95™ percentile across the whole pediatric age range,
independent of the sex and height, to identify LVH, and our
patient also met this criterion. Other LVH criteria assessed
in this case were a LVM > 2.5 Z-scores for BSA (16) and an
interventricular septum diastolic diameter >2.5 Z-scores
for BSA (17).

The normalization of the LVM to various functions of height,
BSA, or body mass index (BMI) can alter the interpretation
and classification of LVH in children. LVM varies in
proportion to LBM but is usually expressed relative to height
or BSA, each of which functions as a surrogate for LBM.
Foster et al. (15) provided normal percentiles of LVM for
LBM, and our patient presented as >97™ percentile of LVM
for LBM in the first echocardiographic control. Despite the
existing controversy and the absence of definitive LVH
criteria, particularly in low height populations, we provided
data that patient 1 met multiple criteria for LVH. Patient 2
only fulfilled the LVH criteria of LVMI > 51 g/m?*7 and LVMI
(g/m*7) > 95" percentile for age, reinforcing the need to use
specific criteria for the correct assessment of LVH in this
population.

XLH is actually associated with LVH and its relationship
with FGF23 levels and arterial hypertension as causative
mechanisms in this setting remain uncertain, as reflected
by the controversial published literature. Takashi et al. (18)
did not observe LVH in 10 adults with XLH. Pastor-Arroyo
et al. (19) studied the increased risk of cardiovascular
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disease in XLH mouse models (PhexC733R), which showed
increased FGF23 and parathyroid hormone (PTH) levels,
hypophosphataemia, low 1.25(0OH)2 vitamin D levels, and
low soluble Klotho, but not arterial hypertension, LVH or
cardiac dysfunction. Similar results were found in the study of
Liu et al. (20) in male Hyp mouse model of XLH. Hernandez-
Frias et al. (21) reported twenty-four pediatric patients with
XLH and they observed LVH in 18%. They did not find
correlation with FGF23 levels and only one case presented
with associated arterial hypertension. Accordingly, although
our patient with LVH showed the most severe radiological
phenotype of XLH, both cases presented with high levels
of FGF23 and normal ranges of blood pressure. Therefore,
pathophysiological mechanisms different than increased
FGF23 and arterial hypertension might be involved in the
development of LVH in XLH patients.

However, recent evidence has suggested a role for FGF23
in the development of cardiovascular involvement in
XLH, particularly LVH and hypertension. Studies in
animal models showed that FGF23 increased intracellular
calcium levels, stimulating cardiac muscle contractility,
with subsequent LVH. Abnormal calcium deposition in
the vascular tissue causing arterial hypertension and
subsequent LVH in relation with increased FGF23 has
also been reported (22,23). Nehgme et al. (24) studied
thirteen patients with XLH with an average age of 13.5
years. They found LVH in 54 % of cases, but they did not
investigate the correlation with FGF23 levels. However, they
proved that all patients with XLH had significantly higher
diastolic blood pressure (DBP) than the control group at
the peak of exercise ergometry. While the association of
arterial hypertension with LVH was not assessed, these
results suggest that XLH patients manifest specific vascular
dysregulation in association with the development of LVH.
It should be noted that in pediatric patients (1-18 years),
hypertension is defined as average clinic-measured systolic
blood pressure (SBP) or DBP >95" percentile (based on age,
sex, and height percentiles). In recent years the American
Academy of Paediatrics has updated the guidelines with
new reference values for the pediatric population, which
should be used to avoid misclassification of hypertensive
patients (11,25). The relationship between elevated levels
of FGF23 and cardiovascular impairment, including LVH,
has been widely investigated outside the XLH setting. It is
known that chronic kidney disease (CKD) is associated with
high levels of FGF23 and a deficiency of the co-receptor
Klotho. The cardiovascular affectation seems to be directly
caused by FGF23 by activating the intermediate molecule
FGFR4, as myocytes do not express Klotho (26). Mitsnefes
et al. (27) investigated the association of increased FGF23
and LVH in 587 pediatric patients with mild-moderate
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CKD. Interestingly, they showed a significant relationship
between these two variables independent of SBP values.

Conclusion

Further studies would be necessary to clarify the exact
mechanisms involved in developing cardiovascular
manifestations in XLH. The LVH observed in one of our
patients highlights the utility of serial cardiovascular
assessment, including serial blood pressure determination,
ECG and echocardiography, as well as the promotion of
adequate control of cardiovascular risk factors in this
population. In our short-term experience, burosumab is an
excellent therapeutic option for XLH in children, asitimproves
their quality of life and allows rapid biochemical stabilization
without significant side effects. As was documented, there
is a hypothetical role for the use of burosumab in stabilizing
the LVH and normalizing the left ventricular function in XLH
patients. Burosumab did not have an effect on reversing
already established LVH in the patient with this, but it could
similarly slow the progression as it does with radiological
manifestations. It would be of interest to investigate if early
use of burosumab at the time of diagnosis of XLH would
prevent the occurrence of cardiovascular manifestations.
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