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Vitamin D-resistant rickets (R.R.) is a geneti-
cally transmitted form of rickets that fails to re-
spond to treatment with nutritional doses of vita-
min D. I,t is characterized by a low serum phos-
phorus, a normal serum calcium, and an elevated
serum alkaline phosphatase, and is transmitted by
a sex-linked dominant inheritance pattern (2).

In the first detailed study of R.R., Albright,
Butler and Bloomberg (3) demonstrated poor
intestinal absorption of calcium and hyperphospha-
turia. Nutritional doses of vitamin D had no ef-
fect on these metabolic abnormalities, but mas-
sive doses improved calcium absorption and de-
creased the hyperphosphaturia.1 Albright and
colleagues therefore suggested that the poor ab-
sorption of calcium was a stimulus for increased
parathyroid hormone secretion, which in turn
caused the hyperphosphaturia.

In recent years, many studies of R.R. have dem-
onstrated that the fraction of filtered phosphate re-
absorbed (TRP) is low despite the presence of a
low serum phosphorus concentration. Consider-
ing this finding and the similarity of R.R. to the
Fanconi syndrome and renal glycosuria, Dent and
Harris (4, 5), Fanconi (6) and others have con-
cluded that R.R. is caused by an isolated renal
tubular defect of phosphate reabsorption. This
opinion has been widely accepted and has led to
general usage of the term "phosphate diabetes" as
a synonym for the disease.

* Presented in part at the 51st Annual Meeting of the
American Society for Clinical Investigation, Atlantic
City, N. J., May 1959 (1).

t Trainee in metabolism.
t American Cancer Society Scholar in Medicine.
1 The urinary phosphate excretion may not be in-

creased in absolute quantities. However, it is always
greater than normal considering the low serum phosphorus
concentration. In the absence of hyperparathyroidism or
a renal tubular defect, a low serum phosphorus concen-
tration is associated with a very low urinary phosphate
excretion.

The present studies were performed to distin-
guish between a primary tubular defect and ex-
tra-renal causes for the hyperphosphaturia in R.R.
If the hypothesis of Albright is correct, an eleva-
tion of the serum calcium by the infusion of cal-
cium salts should abolish the secondary hyper-
parathyroidism and, consequently, increase the
phosphate reabsorption. On the other hand, if
an absolute intrinsic defect of renal phosphate
transport exists, the calcium infusion should have
little effect on phosphate reabsorption.

The infusion of calcium in R.R. was associated
with a definite increase of phosphate reabsorption.
This evidence, combined with appropriate control
studies, indicated that extra-renal factors are in
part responsible for the characteristic pattern of
phosphate reabsorption.

MATERIAL AND METHODS

Eight patients, 7 females and 1 male, with the char-
acteristic features of R.R. were studied. They were de-
rived from 3 families belonging to a group of patients
under observation at the Shriners Hospital of St. Louis
(7). The patients selected for study had received no vi-
tamin D therapy for at least 3 years and had not had
any orthopedic operations resulting in immobilization for
at least 1 year before the study. The age of the patients
ranged between 7 and 53 years. Physical and labora-
tory examinations were done to exclude acidosis, gly-
cosuria, aminoaciduria, overt renal impairment, infection,
or other intercurrent illnesses.

Ten control subj ects were studied. These included
2 normal medical students, 4 normal siblings of pa-
tients with R.R., and 4 patients on the general medical
wards of Barnes Hospital who were under observation
for diseases unrelated to skeletal or metabolic disease
and did not receive treatment during the study. The
results obtained in the 4 siblings were indistinguishable
from those in other normal control subj ects and were
therefore included in the control group. A patient with
postoperative hypoparathyroidism was also studied.

Phosphate and creatinine clearances were measured
simultaneously in the postabsorptive state. Patients were
given 1 L of water orally at the beginning of each study
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and additional water throughout the study in order to

assure adequate urine flows. Clearance periods varied
from 2 to 4 hours, and 5 to 6 clearance periods were

obtained in each study. Urine was collected by voiding.
Samples of venous blood were obtained at the mid-point
of each period. Phosphorus was determined by the
method of Gomori (8) and creatinine by the method of
Folin as modified by Hawk, Oser and Summerson (9).
In 50 normal adult subj ects, the creatinine clearance
measured with this method averaged 95 ml per minute
(range, 70 to 110). Calcium was determined by flame
photometry (Coleman flame photometer, model 21).
The results are expressed as amount of phosphate reab-
sorbed per minute and as per cent TRP. It is assumed
that all of the inorganic serum phosphate is ultrafiltrable
and that the excreted phosphate represents the portion of
filtered phosphate which is not reabsorbed. Phosphate

secretion by the tubules has been demonstrated in the

chicken (10) and has been suggested by recent studies
in the dog (11, 12). To our knowledge, however, there

is no convincing evidence of tubular phosphate secre-

tion in man. Since the clearances of phosphate and cre-

atinine were determined from measurements performed
on the same samples of blood and urine, it should be

noted here that errors due to incomplete bladder emptying

did not affect the calculated value of the TRP.
For at least 3 days before an infusion, the subjects

were given a hospital diet supplemented by a minimum of
1 quart of milk daily in order to assure an adequate
phosphate intake. After an overnight fast with an un-

restricted intake of water, 1 or 2 control clearance pe-

riods were obtained. An infusion of 15 mg of calcium

per kg of body weight as the gluconate-glticoheptonate
(Abbot) in saline was then given intravenously at a

TABLE I

Patterns of renal excretion of phosphate before, during and after infusion of calcium *

Creatinine Serum Filtered Excreted Reabsorbed TRP Serum
Age Period clearance P P P P Ca

yrs mlimint mg/100 ml pmoles/min % mg/100 ml

A. Normal subjects
33 A 67.1 4.90 106 20.4 85.6 80.9 10.1

B 66.7 4.82 104 14.2 89.8 86.3 11.4
C 68.3 5.37 118 15.6 102 86.4 12.3
D 67.6 5.84 127 15.6 111 87.4 12.7
E 68.1 6.23 137 19.6 117 85.4 11.7

52 A 90.4 3.59 104 9.5 94.5 90.9 9.5
B 123 3.91 155 14.4 141 91.0 10.4
C 106 4.39 150 16.1 134 89.3 12.2
D 80.4 4.77 124 13.2 111 89.4 12.0
E 70.2 5.16 117 8.5 108 92.3 11.4

B. Rachitic subjects
7 A 66.8 1.86 40.1 26.5 13.6 33.9 10.2

B 77.1 1.94 48.3 16.2 32.1 66.4 11.2
C 88.8 2.17 62.2 26.9 35.3 56.7 12.7
D 81.5 2.55 67.0 10.7 56.3 84.0 10.7
E 77.5 2.55 63.8 17.4 46.4 72.7 10.8

16 A 106 2.54 86.8 16.9 69.9 80.5 9.9
B 108 2.67 93.0 19.0 74.0 79.6 11.1
C 133 2.98 128 15.1 113 88.3 12.0
D 106 3.03 104 10.3 93.7 90.1 11.7
E 137 3.01 133 11.0 122 91.7 9.9

18 A 120 2.11 81.7 19.3 62.4 76.4 9.6
B 120 2.50 96.8 17.8 79.0 81.6 11.8
C 115 2.73 101 13.2 87.8 86.9 12.4
D 105 2.78 94.2 5.8 88.4 93.8 11.6
Et 96.5 2.51 78.1 6.1 72.0 92.2 10.1

53 A 106 1.92 65.7 10.0 55.7 84.8 9.7
B 97.6 2.06 64.8 5.7 59.1 91.2 10.6
C 108 2.98 104 7.6 96.4 92.7 11.6
D 147 3.55 168 10.8 157.2 93.6 11.9
E 118 3.51 134 4.9 129 96.3 11.2

* Period A, before infusion (average of two 2-hour or one 4-hour clearance); Periods B and C, during infusion (two
consecutive 2-hour clearances); Periods D and E, after infusion (two consecutive 2-hour clearances). P = phosphorus;
TRP = tubular reabsorption of phosphate; Ca = calcium.

t Corrected to 1.73 m2 body surface.
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constant rate over 4 hours. Two clearance periods of 2
hours each were obtained during the infusion and 2 im-
mediately following the infusion.

RESULTS

Normal subjects. The mean response of the
TRP during the calcium infusion studies in 10
subjects is shown in Figure 1, and details of two
representative studies are shown in Table I, A.
On a random diet, the baseline TRP in normal
subjects in this laboratory is 85 + 3 per cent,
with 95 per cent confidence limits of 77 to 93 per
cent (13). The serum phosphorus increased dur-
ing the infusion in every case, in agreement with
previously reported data (14). The creatinine
clearance remained constant or increased. As a
result of these changes, the filtered load of phos-
phate always increased. In general, the reab-
sorbed phosphate increased in proportion to the
filtered phosphate so that the TRP rose only
slightly (Figure 1). During and following the in-
fusion, the phosphate reabsorption was often very
high and in the range of values of maximal tubu-
lar phosphate reabsorption reported by Thompson
and Hiatt [(15), Table I, A].

Rachitic subjects. The mean response of the
TRP during the calcium infusion studies in the
eight rachitic subjects is shown in Figure 2, and
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FIG. 1. EFFECT OF CALCIUM INFUSION ON FILTERED

PHOSPHATEREABSORBED (TRP) IN TEN NORMAL SUB-

JECTS. Mean 1 SE. A was a 4 hour control period;
all other clearance periods extended over 2 hours; 15 mg

of calcium per kg of body weight was infused at a con-

stant rate over 4 hours.
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FIG. 2. EFFECT OF CALCIUM INFUSION ON TRP IN
EIGHT RACHITIC SUBJECTS. Mean ± 1 SE. A was a
4-hour control period; all other clearance periods ex-
tended over 2 hours; 15 mg of calcium per kg of body
weight was infused at a constant rate over 4 hours.

details of four representative studies are shown
in Table I, B. The serum phosphorus always in-
creased during the infusion, as it did in normal
subjects, and changes in the creatinine clearance
were variable with a tendency toward an increase
during the infusion. Both filtered and reabsorbed
phosphate always increased. However, the reab-
sorbed phosphate increased more than the filtered
so that the fraction of TRP increased markedly.

Hypoparathyroid patient. In order to test the
possibility that a calcium infusion may alter renal
phosphate transport independently of changes in
parathyroid activity, the effects of a calcium infu-
sion were studied in a hypoparathyroid subject
who was maintained on constant doses of parathy-
roid extract (Table II). The patient developed
hypoparathyroidism after a thyroidectomy three
years previously and had not received vitamin D
for four months before the study. Parathyroid
extract (Lilly) was administered for the three day
period preceding the study. On the day of the
calcium infusion study, parathyroid extract was
given intravenously at a constant rate.

Administration of parathyroid extract resulted
in a striking increase of the creatinine clearance.
However, owing to the concurrent decrease of the
serum phosphorus concentration from 5.8 to 2.6
mg per 100 ml, the filtered phosphate decreased
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TABLE II

Pattern of renal excretion of phosphate in a
hypoparathyroid subject *

Creati- Reab-
nine Serum Filtered Excreted sorbed

clearance P P P P TRP

inl/mint mg/100 ml jAmoles/liin7
Baseline

57.0 5.81 107 5.5 103 96.2

After 3 days' i.m. parathyroid extract, 200 U q6fhr
118 2.59 98.6 20.9 77.7 78.8

2 hrs after i.v. parathyroid extract, 50 U/hr, maintained through-
out remainder of experiment

106 2.58 88.2 24.4 63.8 72.3

During calcium infusion, 15 ruig/kg
115 2.86 106 28.4 77.6 73.2
117 2.99 113 37.0 76.0 67.2

Following calcium infusion

112 3.27 118 41.4 76.9 65.2
109 3.52 124 40.7 1&83.3 67.2

* P = phosphorus; TRP = tubular reabsorption of phosphate.
The first two clearance periods lasted 4 hours, the others 2 hoturs.

t Corrected to 1.73 m2 body surface.

slightly (from 107 to 99 ,.tmoles per minute).
The reabsorbed phosphate fell from 103 to 78
,umoles per minute while a 4.6-fold increase of
phosphate excretion occurred. A transitory de-
crease of filtered as well as reabsorbed phosphate
occurred 2 hours after beginning the intravenous
infusion of parathyroid extract. During and fol-
lowing the infusion of calcium, the filtered phos-
phate increased, chiefly as a result of an increase
of the serum phosphorus concentration, while the
reabsorbed remained nearly constant at approxi-
mately 77 p.moles per minute. The TRP conse-

quently decreased. This response should be con-

trasted with that of patients whose parathyroid
glands are intact: in the presence of the glands,
the invariable increase of the filtered phosphate
induced by the calcium infusion was associated
with a disproportionately large increase of the re-

absorbed phosphate and therefore an increase of
the TRP.

DISCUSSION

The literature contains brief references to the
use of intravenous infusions of calcium in the dif-
ferentiation between intrinsic renal and extra-
renal causes of impaired phosphate reabsorption in
R.R. Lamy, Royer, Frezal and Lestradet (16)
noted a decrease in phosphaturia and an increase
of the TRP from 82 to 98 per cent during a cal-
cium infusion in a patient with typical R.R. Les-
tradet, Royer and Jacob (17) studied five patients

with R.R. before and following an infusion of
calcium. A moderate increase of the TRP was
noted in three patients and a decrease in the two
other patients. However, this study was not comii-
parable with the present one because the calcium
was administered in a solution containing 4 per
cent glucose; the infusion of glucose was likely to
be associated with a decrease of the serum phos-
phorus concentration. Data on changes in serum
phosphorus concentration and details of phosphate
excretion were not given. In their review of the
literature on R.R., Winters, Graham, Williams,
MIcFalls and Burnett (2) refer to unpublished
observations on the effects of a calcium infusion in
two patients with R.R. The phosphaturia was
diminished, but "phosphorus did not completely
disappear from the urine as would have been ex-
pected in the presence of marked hypophospha-
temia, if the resorptive mechanism had been con-
verted to complete normality. . . ." Fraser, Lee-
ming, Cerwenka and Kenyeres (18) published
preliminary observations on two patients with
R. R. with calcium infusions and noted rapid dimi-
nution of the excessive urinary output of phos-
phorus throughout the period of calcium infusion.

In the present studies, the infusion of calcium
was associated with a striking increase of the rate
of phosphate reabsorption in every case. This ob-
servation indicates that extra-renal factors are of
major importance in causing the abnormal pat-
tern of phosphate excretion in R.R. It is not
possible to state whether phosphate reabsorption
was completely restored to "normal" by the cal-
cium infusion, because phosphate reabsorption is
highly variable in normal subjects. This is true
both under baseline conditions and during phos-
phate loading. The maximal tubular reabsorptive
rate often does not attain a consistent value in sub-
jects studied repeatedly (15). Although para-
thyroid extract is known to decrease the Tmp,
there is a considerable overlap of values of the
Tmp in normal and hypoparathyroid subjects
(15, 19). During and following the calcium in-
fusion, phosphate reabsorption in the rachitic sub-
jects often attained values within the range of the
normal Tmp, even though the plasma concentra-
tion of phosphorus was far below that which is
commonly reached in studies of the Tmp, and
full saturation of the transport system for phos--
phate would therefore not be expected.
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In recent years, the TRP has been widely used
as an indirect measure of parathyroid function.
The TRP is low in hyperparathyroidism and high
in hypoparathyroidism (20). It is not, however,
a specific measure of parathyroid function. The
TRP is not a discrete measure of phosphate trans-
port but a ratio relating tubular reabsorption of
phosphate to the filtered load of phosphate. This
seems to be an appropriate expression for the
following reasons. 1) Comparison between nor-
mal and rachitic subjects is facilitated by factor-
ing reabsorbed phosphate by the filtered load; the
filtered load decidedly affects reabsorption and is
always low in the rachitic subjects owing to the
characteristic hypophosphatemia. 2) It was of in-
terest to explore the possibility that changes in
phosphate reabsorption during the calcium infu-
sion might be related to changes in parathyroid
function. Crawford, Osborne, Talbot, Terry and
Morrill (21) have shown that the TRP is a more
sensitive index of parathyroid function than the
absolute rate of phosphate reabsorption: the TRP
has an essentially constant high value in para-
thyroidectomized animals and promptly decreases
when parathyroid extract is administered. The
impressive increase of the TRP during and fol-
lowing the calcium infusions may therefore be re-
lated to decreasing parathyroid function. While
this conclusion is open to doubt in the absence of
more direct measures of parathyroid function, it is
consistent with the available data. The control
observation in the subjects with hypoparathy-
roidism receiving a constant amount of parathyroid
extract lends support to this explanation by show-
ing that the calcium infusion does not induce an
increase of the TRP when fluctuations of para-
thyroid function are not possible. The small de-
crease of the TRP actually observed in this ex-
periment is consistent with the increase of filtered
phosphate, which may by itself cause a slight de-
pression of the TRP in the hypoparathyroid state
(22).

The present experiments do not shed any light
on the important observation that there are carriers
of R.R. who have hypophosphatemia without overt
bone disease (2, 23). Active bone disease is be-
lieved to develop because the concentration of se-
rum phosphorus is so low as to prevent normal
calcification of osteoid. It is known that sera ob-
tained from rachitic patients fail to effect normal

calcification of rachitic rat cartilage in vitro (24,
25) and that rapid calcification can be achieved
in rachitic subjects by the continued infusion of
phosphate and calcium (25). These observations
focus attention on the hypophosphatemia as the
immediate precursor of the bone disease and ap-
pear to show that an intrinsic defect of bone does
not exist. The existence of asymptomatic car-
riers of the disease represents a paradox that holds
the key to a more comprehensive explanation of
the etiology of R.R.

SUMMARY

1. The effects of the intravenous infusion of
calcium were studied in patients with vitamin
D-resistant rickets and in control subjects. The
infusion of calcium consistently increased the low
tubular reabsorption of phosphate of resistant
rickets to nearly normal levels.

2. The calcium infusions were always accom-
panied by an increase in the serum phosphorus,
the filtered phosphate, and the reabsorbed phos-
phate. This is interpreted as suggesting decreased
parathyroid function.

3. It is concluded that secondary hyperparathy-
roidism, presumably due to defective gastrointesti-
nal absorption of calcium, accounts, at least in part,
for the phosphaturia and the hypophosphatemia
characteristic of the disease.
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