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Abstract. Growth in height of 16 patients (5 boys and 11
girls) with hypophosphataemic rickets (HR) was studied
in a longitudinal survey. The data shortly before and
during puberty were analysed on the basis of Preece
Baines curves, fitted to the original data; for the analysis
at the age of 5 years, the original data were used. It ap-
peared that the overall shape of the individual and aver-
age growth pattern could be adequately described by the
Precce Baines method. The results further showed that
from the age of 5 years onwards, average height was ap-
proximately two standard deviations below the normal
mean for Dutch children. The patients showed a normal
pubertal growth spurt which was, in general, insufficient
to restore the growth retardation already established be-
fore adolescence. The four children who did show catch-
up growth between the age of 5 years and adulthood had
minimal rachitic lesions. The greater impact of the disease
on growth in early childhood than on adolescent growth
could be explained by the fact that HR mainly affects the
growth of the legs, the major contributor to body size in
early childhood. Finally, it was found that the difference
between bone age, as determined by the Tanner White-
house (TW,)-method, and chronological age was not sig-
nificant and the adult height in all patients except two
could be adequately predicted from bone age and height.
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Introduction

Hypophosphataemic vitamin D-resistant rickets (HR) is
a disease characterized by rachitic changes in the growth-
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Abbreviations: CA = chronological age; DHT = dihydro-
tachysterol; HR = hypophosphataemic, vitamin D-resistant
rickets; PAH = predicted adult height; PB1 = Preece Baines
model I; SD = standard deviation; sds = standard deviation
score(s)

plates of the long bones, skeletal deformities and dis-
proportionate short stature. Plasma calcium is normal,
plasma inorganic phosphate is reduced as a result of im-
paired tubular reabsorption of this electrolyte, and plas-
ma alkaline phosphatase is usually moderately increased
[5]. The disease is hereditary, but also occurs sporadi-
cally: the mode of inheritance is X-linked dominant.

Administration of large doses of vitamin D, dihydro-
tachysterol (DHT) 1,25(OH), vitamin D; or 1-a(OH) vi-
tamin Dj is usually followed by a rise of plasma phos-
phate to less subnormal values, but growth rate remains
unaffected [4] except in the least severe cases where it
may increase slightly [19]. Addition to this treatment of
high doses of phosphate, given orally five times per day,
results in intermittent attainment of normal plasma phos-
phate levels, further improvement of the rachitic signs
and usuaily an increase in growth rate [4, 12, 14]. Re-
cently Balsan and Tieder [1] found in 40 children that
treatment with 1-o(OH) vitamin D; plus oral phosphate
had a more favourable effect on growth than administra-
tion of vitamin Ds and phosphate, or 25(OH) vitamin D;
and phosphate.

As obtained from cross-sectional data in untreated
cases, average stature is 2 standard deviations (SD) below
the normal mean with a SD approximately equal to that
in normal children [21]. The short stature is mainly, but
not exclusively, caused by impairment of growth in the
legs [20]. Herweijer and Steendijk [11] found in 13 pa-
tients, who had reached adult height, a significant nega-
tive correlation between the severity of the radiological
signs of rickets during growth and attained adult height,
implying a relation between the severity of rickets and
growth rate. Possibly as a result of the increased growth
rate in puberty, the rachitic signs at the metaphyses may
temporarily become more severe and deformities may
appear to become more obvious [18]. It is possible that
this increase in severity may in turn impair growth rate.

Longitudinal growth data of patients with HR, includ-
ing the pubertal growth spurt and the attainment of adult
height have occasionally been studied, but not thorough-
ly analysed [2, 3, 18, 19]. A study in which longitudinal
growth data have been analysed, mainly to document in
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Table 1. Severity of the rachitic signs on X-ray examination, some details on treatment and some observations on the growth of 16 patients

with hypophosphataemic rickets

Patient  Sex Rachitic signs on X-ray ~ Oral phosphate 1,25(OH),D;  Increase of Catch-up  Preece Baines analysis
during therapy from age or lo-(OH)D;  deformities growth Age range First year
Shight*  Moderate® (years) from age at puberty
(years)

1 M X - - - - 10.8~20.2 1967

2 M X - - - - 8.8~20.3 1953

3 M X - - X - 8.2-20.0 1967

4 M X - - - X 9.3-204 1967

5 M X - - - X 8.0-20.9 1965

6 F X - - X - 8.6-17.7 1955

7 F X 9.8 14.7 X - 9.8-16.9 1975

8 F X 10.9 - - X 9.2-15.7 1977

9 F X - - - - 8.5-17.9 1967
10 F X 5.1 12.5 - - 7.6~18.0 1976
11 F X 2.7 10.0 - - 4.9-15.8 1975
12 F X 6.9 - - X 9.1-15.5 1978
13 F X - - - - 8.6-16.6 1963
14 F X 11.7 16.0 - - 8.4-17.4 1972
15 F X - - X - 9.2-19.0 1956
16 F X - - X - 7.5-16.0 1963

2 Slight, the worst lesion in the wrist consisted of cupping of the ulnar metaphysis, without cupping of the radial metaphysis; moderate,
cupping of both metaphyses in the wrist; widening of the epiphyseal plate, slight or no fraying of the metaphysis

the effect of different therapeutic regimens on growth
has recently been published [1].

The aim of the present study was to analyse the growth
curves of patients with HR to find out whether growth
rate was mainly impaired before or during puberty and
whether episodes of conspicuous relative increase or de-
crease in height, i.e. the attainment of a higher or lower
percentile, had occurred. In addition to these growth
studies we have followed the development of bone age
and predicted adult height (PAH) in these patients. To
our knowledge, this has not been done before.

Patients

The sample consisted of 16 patients, 11 girls and 5 boys. Of these
patients, 5 girls and 3 boys were familial cases. None of the patients
had glycosuria or aminoaciduria. Plasma creatinine was normal in
all patients throughout the study. All but two patients (patients 4
and 9) had visible deformities of the legs on first examination.
Severe deformities of the legs were present in one boy (patient 2)
and in one girl (patient 7). None of the patients had scoliosis or
craniostenosis. Rachitic signs on X-ray films of the wrists and
knees were present in all patients in varying degrees. After institu-
tion of therapy, these improved in all patients and became slight or
inconspicuous in all boys and in 6 girls (Table 1); in the other pa-
tients, some cupping of the metaphyses of the ulna and, to a lesser
extent, the radius persisted. In 5 patients, a clinically apparent in-
crease of the deformities occurred at the beginning of puberty
(Table 1). All data were collected during treatment which initially
consisted of high doses of vitamin D3 (0.30-3.0mg/day). Between
1965 and 1967, this was replaced by DHT (0.4-1.2 mg/day). From
1974 onwards, oral phosphate (4.0-6.5g PO, per day divided in
five doses) was added to the regimen in the girls. Since the rachitic
signs in the boys were inconspicuous no phosphate was adminis-
tered. From 1980 onwards, DHT was replaced by 1,25(OH), vita-
min Dj (0.5-2.0mcg/day) or 1-0(OH) vitamin D3 (1.0-4.0meg/

day) in four of the six patients (all girls) who were still growing at
that time.

Thus, 12 of the patients never received vitamin D metabolites
and none of the other 4 patients (all girls) received these metabo-
lites before puberty. Five of the girls never received oral phos-
phate, whereas in the other girls the addition of oral phosphate
had been started between the ages of 2.7 and 11.7 years (Table 1),
i.e. before the beginning of puberty.

Methods

Data on growth in height were collected at regular intervals of 3—4
months in the period July 1949 — February 1988. All measurements
were taken or supervised by one of us (R.S.). In the period before
1967, height was measured with a simple stadiometer with a preci-
sion of Smm. In the period after 1967, height was measured with a
precision of 1 mm, using a Harpenden type stadiometer (Holtain
Ltd., Crymych, Wales). At the time of the last measurement, six
of the patients were still growing slowly at a declining rate; the
others had reached their adult height.

To obtain comparable data, individual growth curves were esti-
mated by fitting the Preece Baines model 1 (PB1) to each indi-
vidual’s height for age data [13]. The quality of the fit was verified
by examining the residual variances, while checking for systematic
bias in the residuals was done by means of the runs test [17]. The
PB1 fits were used to derive the following biological parameters;
AH, adult height; Ty, H;, Vi, age, height and velocity at take-off,
i.e. the point of minimal pre-pubertal growth velocity. T, Hj, Vy,
age, height and velocity at peak velocity in puberty; AG, adoles-
cent growth (= AH-H1). In this study puberty was supposed to
begin at T;. Instantaneous growth velocity was obtained by taking
the mathematical first derivative of the curve fitted to the height-
for-age data.

In addition to the PBl-derived data, empirical growth velo-
cities were calculated according to Tanner and Davies [25]. These
actually correspond to whole-year velocities converted from the
increments taken over the intervals of not less than 0.8 and not
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more than 1.2 years, and plotted at the centre of the respective in-
tervals.

Although the PB1 model generally fits growth data for height
in the age range of 2-18 years without systematic bias [8, 9], it
tends to underestimate age at take-off. This bias can be minimized
by excluding data from the early childhood and mid-childhood
period. In this study, the cut-off point for excluding early growth
data has been determined empirically for each subject by compar-
ing the growth velocity curve of the PB1 model fitted to subsets of
data, varying in the lower bounds of the age range, with the graph
of the subject’s empirical yearly increments in height. The subset
of data yielding the PB1 estimate of age at take-off nearest to the
graphical estimate of age at take-off was retained for further analy-
sis. The age ranges defined in this way varied from 6.4 to 12.9 years
(average = 9.5 years £ 1.8SD). The average range of the corre-
sponding chronological ages of the patients was 8.5-18 years. The
average number of measurements per subject was 28 = 7.

Mean-constant curves (distance and velocity) [7, 23], repre-
senting the growth pattern of the “typical average” child in the
sample, were constructed and have been used to break down the
adult height differences (D) between boys and girls into three ad-
ditive components [10, 26]: DA, difference in adolescent growth;
DP, difference in pre-pubertal growth, i.e. the difference in height
between boys and girls at the girls’ take-off; DT, the amount of
growth achieved by the boys, due to their later onset of the adoles-
cent growth spurt, i.e. the boys’ gain in height between age at take-
off of the girls and their own age at take-off.

These three components add up to the sex difference in adult
height, thus D = DA + DP + DT

PB1 estimates of height at take-off and adult height were avail-
able in all patients. In the absence of appropriate longitudinal
growth standards for the Dutch population, we used the cross-sec-
tional Dutch nation-wide growth survey [15] as a reference to ex-
press height at take-off and adult height in terms of standard devia-
tion scores (sds). We could thus estimate the relative increase or
decrease of height at the beginning and at the end of puberty with
respect to the family of cross-sectional standard curves. To obtain
some insight in growth before puberty we decided to use height at
approximately 5 years of age (5.0-5.3 years), which was available
in nine children. Since the cut-off point for excluding early growth
data for the PB1 model was over 5 years, except in one patient, the
actual growth data, expressed as sds, were used at this age.

Between 5 and 18 years of age, bone age was determined in all
patients on several occasions (between 2 and 8 times, average 4.5
times per patient), using the Tanner-Whitehouse (TW2-RUS)
method for bone age [28]. The total number of bone age assess-
ments was 72. Advance or delay in skeletal maturation was expres-
sed as the difference between bone age (RUS) and chronological
age (CA). In all patients adult height was predicted at least twice
on the basis of RUS, CA and height, according to the method of
Tanner et al. [27]. Estimations of bone age and predictions of adult
height were carried out by one of us (R.S.).

Finally, age at menarche was recorded in the girls.

Results

PBI fit to the growth of HR patients

The PB1 model described the growth pattern of these
HR patients fairly accurately, the pooled residual var-
iance being 0.190cm? (d.f. 125) for boys and 0.142 cm?
(d.f. 246) for girls. The overall pooled residual variance
(boys + girls) was 0.158 cm? (d.f. 371), which was signif-
icantly below the value of 0.41 cm? for girls reported by
Hauspie et al. [8] (P < 0.001).

Out of the 16 subjects in our sample, two were signif-
icant (P <0.05) for the runs test [17]. In one of them
(patient 4) the PB1 model could not satisfactorily cope

Table 2. Means and standard deviations (SD) of the PB1 derived
biological variables for HR patients

Parameter Boys (n =15) Girls (n = 11)
Mean  SD Mean  SD
AH: adult height 170.4 8.6 156.1 7.6
T1: age at take-off 11.9 1.4 10.3 0.8
H1: height at take-off 137.7 6.4 130.8 8.2
V1: velocity at take-off 4.4 0.7 4.4 0.7
T2: age at peak velocity 15.2 1.3 12.9 0.6
H2: height at peak velocity 156.3 7.3 144.4 7.6
V2: peak height velocity 7.3 1.2 6.3 0.8
AG: adolescent growth 32.7 5.7 25.3 5.4
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Fig.1. Mean-constant distance and velocity curves for height of
Preece Baines model I fitted to SHR boys (a) and 11 HR girls (b),
compared to the P50 and P3 height-for-age percentiles of Dutch
nation-wide cross-sectional standards [15]

with the quite sharp adolescent growth spurt (maximal
increment 10 cm/year) and the preceding rise in growth
velocity. The other subject (patient 16) showed some ir-
regularities in her growth pattern, which resulted in a
slightly biased fit. Despite this systematic bias, these two
subjects still showed a reasonably acceptable overall fit
with relatively low residual variances (respectively 0.206
and 0.164 cm?) and without major bias in the estimation
of take-off.

The median of the difference between the estimate of
final height and the last measurement was — 0.04cm
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Table 3. Data for age height (observed measurement and sds) at approximately 5 years of age, at take-off (to) and at adulthood (ad). The
differences in sds for height between adulthood and take-off (ad-to), and between take-off and 5 years of age (to-5 years)

No Sex Approximately 5 years Take-off Adulthood Differences
Age Height sds Age Height sds Height sds ad-to to-5 years
1 M 5.2 102.5 ~2.43 10.8 131.0 —2.43 167.4 -3.18 0.25 0.00
2 M 53 106.0 ~1.72 12.4 141.3 ~1.74 171.3 -1.60 0.14 -0.02
3 M 5.0 98.1 -3.11 12.7 131.6 —3.26 157.4 ~3.67 -0.41 -0.15
4 M 5.1 106.5 ~1.42 10.0 138.5 —0.61 178.7 —0.49 0.12 0.81
3 M 5.0 104.0 ~1.83 13.6 146.1 -1.95 177.3 —0.70 1.25 -0.12
6 F 9.6 122.6 =2.77 151.0 —2.79 -0.02
7 F 10.7 126.5 -2.78 150.8 —2.82 —-0.05
8 F 10.6 139.3 -0.82 168.2 —0.02 0.80
9 F 10.6 139.2 —-0.83 164.4 —0.63 0.20
10 F 5.0 104.3 -1.64 9.8 128.2 -1.98 158.1 —1.64 0.34 -0.34
11 F 5.0 104.2 -1.67 8.4 121.4 -1.96 157.5 -1.74 0.22 -0.29
12 F 5.0 107.9 —0.87 10.6 144.5 —0.04 166.4 -0.31 ~0.27 0.83
13 F 11.2 130.5 —2.55 152.2 —2.60 ~0.05
14 F 10.7 138.8 -0.97 155.2 -2.13 -1.16
15 F 10.6 126.8 -2.69 149.2 —3.08 -0.39
16 F 5.0 95.0 -3.67 10.3 121.6 —3.36 144.3 -3.87 -0.51 0.31
Means boys -2.10 ~2.00 -1.73 0.27 0.10
SD 0.67 0.97 1.28 0.60 0.40
Means girls -1.96 —1.89 —1.97 —0.08 0.13
SD 1.20 1.06 1.23 0.51 0.55
Means all —2.04 —-1.92 —1.89 0.03 0.11
SD 0.88 1.00 1.21 0.55 0.44

(min. —0.18, max. +2.44cm). Only one girl (patient
11) had a rather large increase in height between the last
two measurements (2.69 cm/year). PB1 estimated her
final height 2.44 cm above the height at the last measure-
ment occasion, but the plot of the height data and the fit-
ted curve indicated that this extrapolation was accept-
able.

Table 2 shows the mean values and standard devia-
tions of a number of PB1 derived biological variables for
HR patients. Decomposition of sex differences in adult
height into prepubertal and pubertal components re-
vealed that HR boys were taller than HR girls by
14.3cm. Such as in normal children, growth rate before
the onset of puberty was approximately the same in boys
and girls. HR boys entered puberty 1.6 years later than
HR girls, had a higher peak height velocity and added
7.2cm more to their stature during adolescence, whilst
the difference between boys and girls resulting from the
later onset of puberty in boys was also 7.2 cm. These fig-
ures are derived from the mean-constant curves, reflect-
ing the typical average child in the sample, and therefore
slightly differ from the figures which can be derived from
the sample means shown in Table 2. The latter are sub-
ject to phase-difference effects. Finally, pre-pubertal dif-
ferences were negligible.

Figure 1 shows the mean-constant curves of HR pa-
tients. The distance curves are compared to the P50 and
P3 percentiles of the Dutch cross-sectional growth stan-
dards. It is apparent that the average growth pattern of
HR patients, as well as the sex differences in growth pat-

tern, do not reveal obvious abnormalities in the shape of
the overall growth curve of these patients.

Percentile changes during the growth period

Average adult height of these children was approximately
2SD below the average height of the population, with a
SD slightly larger than 1 (Table 3). The average for height
at take-off and adult height, expressed as sds, were not
very different. The average gain in boys was 0.27sds while
girls lost only 0.08sds. In this period a relative loss of
height occurred in one boy and seven girls; a relative gain
in four boys and four girls. If we assume — arbitrarily —
a difference of 0.5sds in height to be meaningful, only
one boy (patient 5) and one girl (patient 8) showed an
important gain in height of 1.25 and 0.8 sds respectively.
Two girls (patients 14 and 16) showed a relative decrease
in height, 1.16 and 0.51 sds respectively.

Before puberty, the average height of nine patients
changed only slightly between the ages of approximately
5 years and take-off (0.11sds). One boy (patient 4) and
one girl (patient 12) experienced a gain in height of re-
spectively 0.81 and 0.83sds in this period. Adult height
in the six girls, who were treated with oral phosphate in
addition to vitamin D or DHT was 159.3 &+ 6.7 cm; in the
5 girls who did not receive oral phosphate, this value was
152.2+7.4cm. The difference is not significant
(P>0.05). The adolescent growth of these two groups
was 24.04+2.79cm (—~P) and 26.37=6.99cm (+P).
The difference is also not significant (P > 0.05).
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None of the five patients (Table 1), who showed a
clinically demonstrable increase in leg deformities at the
beginning of puberty, gained height during this period
and one of them (patient 16) lost 0.51 sds.

Age at menarche

Average age at menarche of the girls was 14.25 £ 0.77
years, which was significantly later than average age at
menarche in the Dutch female population (0.01 <P <
0.05), which was 13.28 £1.24 years [15]. The age at
menarche occurred 1.37 +0.65 years after age at peak
height velocity.

Skeletal age and prediction of adult height

The averge value for RUS - CA in the patients was
0.29 + 0.84 years. This value was not significantly differ-
ent from zero. In general, adult height was slightly, but
not significantly, overpredicted. The difference between
predicted adult height (PAH) and actual adult height
was 0.54 £3.99cm. Individuaily, the average value for
PAH was overestimated in nine patients, underestimat-
ed in six patients, and correct in one patient. In 2 pa-
tients, PAH was considerably outside the normal range
of prediction, by 8.12 and —9.22 cm. Although the mean
value of RUS-CA and PAH-AH differed somewhat,
none of these means differed significantly from zero.

Discussion

The PBI model

This study has shown that the growth pattern of HR can
be adequately described by the PB1 curve since the re-
sulting residual mean squares were fairly low. Despite
the marked reduction in absolute size and the consider-
able variation in the shape of the growth pattern, the
PB1 model could cope well with the growth data of these
patients. The PB1 model did slightly worse when short-
term variations in growth velocity were present in the
data. It can indeed be expected that the PB1 curve will
be generally less suitable to describe growth patterns in
pathological conditions with marked periods of growth
retardation and/or catch-up growth.

Growth of the patients

Since longitudinal data on growth in normal Dutch chil-
dren are not available, we could not compare the appli-
cation of the Preece Baines method in our patients with
normal controls. We decided not to use other longitudinal
standards, such as the Belgian or Swiss ones for exam-
ple, since adult height of those references differed con-
siderably from that of the Dutch children and there
might also be essential differences in features of the
growth pattern, such as the adolescent growth spurt.
Our study confirms previous findings that the average
height of the patients is approximately two SD’s below
the average height of the population [21]. As also found

recently by Balsan and Tieder [1], most, if not all, of the
growth retardation in HR patients took place before and
not during puberty. In fact, judging by the height of nine
of our patients at the age of 5 years, the retardation oc-
curred even before that age. Harrison et al. [6], Stickler
[22] and Schimert and Fanconi [16] observed that con-
spicuous growth retardation occurred during the first
few years of life, whereas length of the children at birth
had been virtually normal. Combining their studies and
ours we can tentatively conclude that growth retardation
in HR occurs very early in life. This may be related to
the fact that HR mainly affects growth of the legs [20]. In
normal children, pre-pubertal growth velocity in the legs
is faster than in the trunk, especially during the first few
years of life. In this period of rapid growth, factors which
disturb growth, such as rickets, apparently have a great-
er effect on the legs than on the trunk, causing a dispro-
portion between sitting height and leg length. During
adolescence, when the trunk grows slightly faster than
the legs [23], there was in general no further growth re-
tardation. The appearance or increase of the rachitic de-
formities however which occurred in five patients in the
beginning of puberty, most probably was related to the
increase in the velocity of leg growth. It is of interest that
these five patients lost an average of 0.28sds of height
during puberty, one of them losing as much as 0.51sds
and none of them gaining height.

In four children a gain in height, which could be cal-
led catch-up growth, was noted at some time between
the age of 5 years and the end of growth. There was no
obvious relation to a change in therapy, except perhaps
the additon of oral phosphate to the regimen in the girls.
It is probably more important however that these four
patients had minimal signs of rickets, clinically as well as
on X-ray films which may therefore be a condition for
catch-up growth to occur.

The girl (patient 14) who lost 1.16 sds of height during
puberty had a very short period of adolescent growth,
which we cannot explain. Her adolescent growth was
only 16.4 cm.

Age at menarche

We have no explanation for the observation that age at
menarche was significantly later than in normal girls.
One might be inclined to think of secular trend phenom-
ena since the reference population was measured in 1980
and a number of the patients entered the study 25 or more
years earlier. But in 1965, menarche in Dutch girls oc-
curred at an average age of 13.42 + 1.21 years [29] and
this is also significantly earlier (P << 0.05) than the age in
our girls.

Skeletal age and prediction of adult height

The normal values for bone age and the equally normal
values for PAH in the majority of the patients are in ag-
reement with the presence of normal control of the pro-
cesses of growth in this disease. We do not know why
two of the predictions fell consistently outside the nor-
mal range.



The main conclusion of this study is that growth retar-

dation in patients with HR appears to occur in the first
few years of life, probably mainly as a result of the im-
pact of the disease on the growth of the legs.
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