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In 1923, not many years after Epstein's (1)
original characterization of lipoid nephrosis, Sal-
vesen and Linder (2) first observed a lowering
of the serum calcium concentration which paral-
leled the decrease in serum protein level in pa-
tients with this disease.' In addition, two other
features indicating a disturbance of calcium me-
tabolism in nephrosis have been described. Boyd,
Courtney, and MacLachan in 1926 (5) and
Scriver in 1928 (6) both noted an excessive loss
of calcium in the feces and a diminished excretion
in the urine.

In the course of a systematic study of children
with nephrosis in this hospital over the past 5
years, a further indication of abnormal calcium
metabolism has come to our attention, namely, a
generalized decalcification of the skeleton as ob-
served by x-ray. The degree of this decalcifica-
tion varies roughly with the severity and dura-
tion of the disease; in 2 instances in our experi-
ence, fractures have occurred after relatively slight
trauma. Some degree of decalcification is often
demonstrable within a month after detection of the
disease.

The studies reported in this and a subsequent
paper were designed to correlate the x-ray changes

1These authors, accepting the theory that part of the
serum calcium is bound to the proteins and thereby ren-
dered non-ionizable and non-diffusable, came to the con-
clusion that the deficiency in the serum calcium was
entirely in this fraction, and that the ionized or diffusible
portion was at a normal concentration. They based their
conclusion on the facts that tetany never occurred in these
patients, even when the total serum calcium level fell to
"tetanic" levels, and that edema fluid contained as high
a concentration of calcium in nephrotic patients as in
cardiac patients who had a normal serum calcium level.
Since then, Liu (3) has shown by ultrafiltration that
the diffusible calcium in the serum of these subjects is
within normal limits, and McLean and Hastings (4) with
the frog-heart technique have demonstrated that the
ionized calcium is also normal.

in the bones with the alterations
metabolism.

in calcium

SUBJECTS

Two boys, S. G. aged 11 years, and R. M.
aged 4 years, and one girl, R. Q. aged 9 years,
all exhibiting the signs and symptoms of the
nephrotic syndrome or lipoid nephrosis were se-
lected for study. Protocols of the subjects are
shown graphically in Figure 1. Each patient had
been observed in this hospital for at least 2 years
prior to the period of this investigation, which was
carried out during the last 6 months shown in the
graphic protocols.

Subject S. G., a few months prior to this study,
had begun to exhibit diminution of both the urea
clearance test and the ability to concentrate the
urine. In subjects R. M. and R. Q., these func-
tions were normal. Throughout the 6-month pe-
riod of study, the condition of R. Q. and S. G.
remained stationary, but in the second month,
R. M. underwent a spontaneous remission from
his disease following a pneumococcus Type IV
bacteriemia. It was possible to maintain the
constant metabolic regimen throughout the recov-
ery period. During his subsequent convalescence,
he was occasionally utilized as a control, desig-
nated as "convalescent," showing a normal cal-
cium metabolism and at the same time a degree
of skeletal calcium deficiency comparable to that of
the other patients. Another boy, J. P., , aged 5
years, who had recovered from an attack of acute
glomerulonephritis 2 months previously, was also
used as a control, designated "normal" (see Fig-
ure 1).

METHODOF STUDY

Each subject was placed on a high-protein, low-sodium
diet of constant weekly composition, adequate in calories
and having a slightly alkaline ash. Vitamins were sup-
plied by 15 drops of percomorph oil, 100 ml. of orange
juice, and 10 grams of brewers' yeast daily. The dietary
calcium, 75 per cent of which was in the form of milk,
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FIG. IA

FIG. 1 B FIG. 1 D

FIG. 1. DATA SUMMARIZINGLABORATORYAND CLINICAL OBSERVATIONSON S. G., R. Q., AND
R. M. THROUGHOUTTHE OBSERVEDCOURSEOF THEIR ILLNESS

The present studies were carried out during the last 6 months shown in the figures. The
fourth protocol is that of the normal control (J. P.).
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varied between 0.7 and 1 gram, and the phosphorus be-
tween 0.9 and 1.3 grams daily. After preliminary control
studies, patient S. G. received 1 gram of added calcium
in his diet as calcium lactate.

COLLECTION OF SPECIMENS

One-half portions of each diet as served were weighed,
mixed in a Waring blender, transferred to a large evapo-
rating dish and evaporated to dryness on a steam bath to
a constant weight. The dry material was pulverized with
a mortar and pestle. Duplicate 1-gram samples were
weighed out for nitrogen analysis. The nitrogen content
of the diets prepared for analysis in this manner never
varied more than 1 per cent from the value calculated
from standard tables of food analysis. Four-gram sam-
ples were used for dry ashing, which was carried out
overnight in a muffle furnace at 5000 C. The ash was
dissolved in hot normal HC1, transferred quantitatively
to a 100 ml. volumetric flask, cooled, made up to volume,
and filtered through ash-free filter paper. Analyses for
Ca, P, Na, K, and Mg were performed on the filtrate.

The stools were marked off with. 0.4 gram of carmine
given at the beginning of each experimental period. Each
stool was transferred quantitatively from the container
into which it was passed to a Waring blender. After
thorough blending, the stool was again transferred quanti-
tatively to a 5 liter bottle, previously weighed to 0.1 gram.
At the end of the collection period, the bottle was again
weighed to within 0.1 gram, the difference between the
two weights being the wet weight of the stool plus the
water used in transfer. It was then shaken for 15 minutes
on a shaking machine and 10 ml. samples measured in
quadruplicate into weighing bottles from a calibrated
wide-mouthed pipette, allowing 5 minutes for the pipette
to drain. These samples were weighed and then dried
on a steam bath to a constant weight. The total dry
weight of the stool was then calculated by multiplying
the total wet weight by the dry weight/wet weight ratio.

The remainder of the stool was dried on a steam bath
and pulverized with a mortar and pestle. The total dry
weight for each metabolic period was calculated from
the total wet weight X the dry weight/wet weight ratio.
Duplicate 2-gram samples were ashed and dissolved in
100 ml. of normal HCI using the technique described
above for the diets. Mineral analysis of the duplicate ash
solution agreed within 1 per cent.

The urine for each metabolic period was pooled, the
volume measured, and chloride and nitrogen measure-
ments made. For other analyses, 400 ml. of urine were
brought to dryness on a steam bath, ashed, and redissolved
in 100 ml. normal HCI with the technique used for diet
and stools.

ANALYTICAL METHODS

Calcium was determined on 10 ml. of urine ash (40 ml.
of urine) and 2 ml. of stool ash solution according to the
procedure of Tisdall and Kramer (7). Because of the
extremely low urinary calcium excretion, some samples

were checked by isolating and analyzing all the calcium
in 200 ml. urine samples. Similar values were obtained
in both cases. Serum calcium was measured by the
manometric method of Van Slyke and Sendroy (8). Mag-
nesium was determined on 3 ml. samples of the calcium-
free supernatants by the hydroxyquinolate method as
outlined by Nordb6 (9). Sodium was determined by
the method of Butler and Tuthill (10). Only a few
stool sodiums were done because the values were so low
as to be negligible. Nitrogen was determined in stools
and urine by the macro-Kjeldahl procedure (11). Plasma
albumin and globulin were measured by the micro-
Kjeldahl method (11). Phosphorus was measured by
the Fiske and Subbarow (12) method, and potassium
by the method of Fiske and Litarczek (13).

For the determination of fecal lipids, two 1-gram sam-
ples of dried stool were placed in 200 ml. volumetric
flasks; one sample was used for estimation of neutral fat
and the other was acidified with 1 ml. of concentrated
HCl for the analysis of total fecal lipids. The volume of
each sample was increased to 200 ml. with equal parts of
redistilled absolute alcohol and ether and extraction al-
lowed to proceed for 2 hours at room temperature with
occasional gentle shaking. After filtering, an aliquot of
the filtrate was evaporated to dryness on a steam bath
and analyzed for carbon according to the technique of
Van Slyke and Folch (14) by wet combustion and mano-
metric measurement of the CO, produced.

OBSERVATIONS

I. X-ray

The nature of the bone changes seen in nephro-
sis is brought out by the contrast between the
roentgenogram of the hand of a child with nephro-
sis and that of a normal child of similar age and
development which were photographed simultane-
ously on the same plate (Figure 2). In the pa-
tient (No. 2), the carpals and the shafts of the
phalanges, metacarpals, radius, and ulna exhibit
a diffuse rarefaction, notwithstanding the fact that
the epiphyseal lines are as dense as those of the
normal subject. This picture suggests that, al-
though epiphyseal growth and calcification pro-
ceed normally, for some reason there is an ex-
cessive loss of calcium from the shafts of the
bones. In other words, in contrast to rickets, the
difficulty in nephrosis appears not to be an in-
ability to deposit calcium in the osteoid matrix
formed at the epiphysis, but rather an inability to
hold the calcium in the shafts of the bones despite
adequate calcification of the epiphyseal matrix.
The majority of the children with nephrosis stud-
ied in this clinic have grown at a normal rate
during their illness and not one has shown any
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FIG. 2. X-RAY COMPARISOROF THE HANDOF A NEPHROTIC CHILD (S. G., No. 2) WITH THE HANDOF A
NORMALCHILD (No. 1) OF SIMILAR AGE AND DEVELOPMENT,PHOTOGRAPHEDSIMULTANEOUSLYON THE SAME
PLATE

sign of rickets or other skeletal disease. Even
when fractures occurred, healing proceeded
normally.

II. Metabolic studies

The metabolic data obtained on the 3 patients,
which are summarized in Table I along with
those of the normal control, confirm the findings
of previous workers (2, 5, 6). The virtual ab-
sence of calcium from the urine is. perhaps the
most striking observation. Wehave analyzed 24-
hour urine specimens of 6 other patients with
this disease, not included in this report, and in all
obtained urinary calcium values of similar small
magnitude.

Our patients showed the characteristic low se-
rum calcium concentration common to the disease.
With the exception of S. G., who had signs of
renal functional insufficiency, usually accompanied
by phosphorus retention, the concentration of
phosphorus in the serum was normal for children
of this age. It should also be mentioned that
all these patients had normal levels of serum
phosphatase.2

The fecal calcium was only a little less than the
calcium intake, resulting in extremely low calcium
retentions. It is worthy of note that in none of

2 Weare grateful to Dr. Fuller Albright, Massachusetts
General Hospital, Boston, Massachusetts, for these
measurements.
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TABLE I

Average daily nitrogen, calcium, and phosphorus balances in children with nephrosis

Nitrogen Calcium Phosphorus Serum

date Cal- Phos- proteini
Intake Feces Urine Balance Intake Feces Urine Balance Intake Feces Urine Balance cium phorus t

t t

grams per day grams per day grams per day mgm. per 100 ml.
S. G. d 11 yrs. 12.620 1.140 10.130 +1.350 0.736 0.728 0 +0.008 1.495 0.794 0.420 +0.285 6.60 7.40 4.84
Oct. I1-Oct. 30

R. Q. 9 9 yrs. 12.780 0.866 10.330 +1.584 0.993 0.875 0.006 +0.112 1.444 0.520 0.625 +0.299 8.73 5.60 4.56
Feb. 2-17

R. M. e 4 yrs. 6.680 0.925 5.800 -0.045 0.823 0.807 0.001 +0.015 0.852 0.630 0.290 +0.068 7.09 4.90 4.38
Dec. 30-Jan. 13
(before crisis)

Feb. 24-March 10 7.460 0.530 5.760 +1.170 0.947 0.432 0.032 +0.483 0.928 0.290 0.455 +0.183 9.20 4.60 5.90
(after crisis)

J. P. de S yrs. 9.240 0.792 7.280 +1.168 1.077 0.717 0.092 +0.268 1.119 0.320 0.670 +0.129 10.5 5.00 6.51
May 12-19
(normal control)

t Average of weekly analyses.

our patients was the excessive fecal calcium ex-

cretion associated with steatorrhea. The amount
of fat in the stools was within the normal range

and of the same magnitude as that in the control
subject.

The fact that disturbances in nitrogen and
mineral metabolism are a definite part of the
nephrotic syndrome is well illustrated by the
data obtained on patient R. M. before and after
a "nephrotic crisis" (15) associated with a Type
IV pneumococcus bacteriemia which was followed
by a remission from his disease. The metabolic
events which occurred at the time of the "crisis"
are described by the data shown graphically in
Figure 3, and they provide a striking account of
a remission in nephrosis. Prior to the "crisis,"
the patient was extremely edematous. He had the
characteristic hypoproteinemia and hypocalcemia
of nephrosis. The urinary excretion of sodium
averaged less than 2 m.eq. and of calcium no more

than 1 mgm. daily. On the other hand, the fecal
loss of nitrogen, calcium, and phosphorus was of
such a magnitude that the child was in a negative
balance in respect to nitrogen and phosphorus,
and retained only 2 per cent of his ingested cal-
cium. The high fecal phosphorus excretion re-

sulted in a reversal of the normal fecal: urinary
phosphorus ratio of 2: 3 (16).

Following the "crisis" there was a diuresis,
with a loss of 6.5 kgm. in weight and complete
disappearance of edema. At the same time, the

serum protein and calcium levels rose simultane-
ously to near normal values. The diuresis was

accompanied by a remarkable outpouring of so-

dium, calcium, and phosphorus in the urine. The
average daily urinary sodiumii excretion (luring the
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FIG. 3. A GRAPHIC REPRESENTATIONOF THE META-
BOLIC EVENTS OCCURRINGAT THE TIME OF A NEPHROTIC
"CRISIS" ASSOCIATED WITH A TYPE IV PNEUMOCOCCAL
BACTERIEMIA IN PATIENT R. M.
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2 weeks after the "crisis" was 60 m.eq. greater
than the intake, and the average daily weight loss
450 grams. Since 450 grams of interstitial fluid
contain 65 m.eq. of sodium, it is apparent that
this patient's weight loss could be almost entirely
accounted for by a loss of interstitial fluid.

Owing to the sharp decrease in fecal excretion,
there was also a tremendous increase in total
calcium retention, notwithstanding the marked in-
crease in the urinary output of this element. The
total retention of nitrogen and phosphorus was
likewise greatly increased, and the fecal: urinary
phosphorus ratio returned to normal (Table I).
In this respect, the patient behaved like a child
who, after a prolonged period of starvation, was
again receiving an adequate diet. The rapid shift
of calcium and phosphorus excretion from stool to
urine, which would not be expected to occur dur-
ing recovery from starvation, is probably a sec-
ondary result of the correction of the abnormal
water retention in nephrosis. Apparently, the
calcium and phosphorus contained in the edema
fluid were in large measure washed out along with
the sodium during the diuresis. After the edema
had subsided, the urinary calcium excretion fell to
low normal values which would be expected in the
presence of a skeletal calcium deficiency.

The combination of low serum calcium concen-
tration, extremely low urinary calcium excretion,
and abnormally low calcium retention has been
encountered in all the nephrotic children that have
been studied, both by others (5) and by us. This
combination appears to be characteristic of the
disease. In case R. M. (Table I and Figure 3),
all these abnormalities of calcium metabolism
present before the "crisis" entirely disappeared
after the "crisis," together with the clinical signs
of nephrosis other than albuminuria. This occur-
rence adds to the evidence that the calcium ab-
normalities are a part of the nephrotic syndrome.

DISCUSSION

Three facts appear from the observations pre-
sented: I. The shafts of the bones showed rare-
faction by x-ray examination, while, on the con-
trary, the density of the epiphyseal lines was rela-
tively normal. II. Skeletal growth was normal,
in so far as bone length and shape were concerned.
III. The nephrotic children failed to retain cal-
cium at a rate even remotely approaching the re-

tention rates of normal children. In 2 of the 3
cases, fecal excretion of calcium almost exactly
equaled calcium intake. Almost no calcium was
excreted in the urine. Apparently, the renal re-
tention was compensatory; without it, the calcium
deficit of the organism would have been more

.severe.
The actual rates of calcium storage per kgm.

body weight for all our experimental subjects,
including R. M. before and after his "crisis," have
been calculated from the data in Table I and are
presented in Table II. Additional data obtained
in the case of S. G. after his dietary calcium had
been more than doubled are also given in Table II.
To compare graphically the annual rate of cal-
cium storage of these children on their standard
diets throughout the course of their illness with
the annual rate of a normally growing child, as
given by Leitch (17), Figure 4 has been con-
structed by assuming that the total annual in-
crease in body calcium equals the average daily
calcium retention per kgm. ideal body weight
x average annual body weight x 365. The data
for calculating the annual rate of calcium storage
in the children with nephrosis were taken from
Table II. Patient S. G. presents an extreme ex-
ample of the total calcium deficit which can occur
in these children over the course of time. His
annual calcium storage rate shown in the graph
between the ages of 9 and 11 years was calculated
from the data obtained when his intake was 0.736
gram of calcium per day which is approximately
the amount of calcium provided by the high-
protein, low-salt diet employed in the treatment
of nephrosis in this hospital. On this intake, S. G.
retained 8 mgm. of calcium daily. At that rate,
he would store only 2.85 grams of calcium in a
year. When his intake was increased to 2.180
grams of calcium per day, the calcium retention
rose to 220 mgm. per day (Table II), or 80 grams
per year, as shown in the graph for the period
between 11 and 12 years. Leitch found that an
average of 120 grams was stored annually by a
child of the same age.8

3 Leitch's figures agree with those of Sherman (18)
but are higher than others in the literature, notably those
of Kinsman et al. (19), Duckworth (20), Shohl (21),
and Macy (22). R. Q. and R. M., however, show de-
ficient calcium storage by any published standard, and
only S. G. on the high intake of 2 grams daily reaches
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TAoLE In

Aveage daily cakium retention per kil7ogram ideal body weight in 3 children with nephrosis (including one convalescent
after a "nephrotw crisis") and one normal child

Calcium

Patient Date Actual Ideal weight Retention
weight for height___

Intake Balance
Per kgm. Percentage

ideal weight of intake

kgm. kgm. grams per day grams per day grams per day per cent
S. G. 11 yrs. Oct. 16-Oct. 30 26.7 26.3 0.736 +0.008 0.0003 1

Dec. 30-Jan. 13' 25.8 26.3 2.180 +0.220 0.008 10

R. Q. 9 yrs. Feb. 3-Feb. 17 27.0 30.4 0.993 +0.112 0.004 11

R. M. 4 yrs. (Before "cisis") Dec. 30-Jan. 13 22.0 16.4 0.823 +0.015 0.001 2
1 wreek after "crisis" Feb. 24-Mar. 10 15.5 16.4 0.948 +0.484 0.030 51
4 weeks after "crisis" Mar. 24-Mar. 31 15.2 16.4 0.948 +0.215 0.013 22

J. P. 5 yrs. Normal May 12-May 19 20.2 18.6 1.077 +0.268 0.014 25

l7.5 grams of calcium lactate per day added to diet.

In spite of their deficient calcium retention, 2
of the nephrotic subjects, R. Q. and R. M., grew
at a perfectly normal rate, as measured by the
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FIG. 4. RATE OF GROWTHAND CALCIUM STORAGEIN
NORMALCHILDREN ANDIN 3 CHILDREN WITH NEPHROSIS,
S. G.,* R. Q., AND R. M., THROUGHOUTTHE COURSEOF
THEI ILLNESS

Normal values taken from Leitch (17). Values for
patients calculated from data in Table II.

* S. G.'s calcium storage rate during his 9th and 10th
years was calculated from the data obtained while he was
on a daily intake of 0.736 gram of calcium; during his
11th year the data obtained while he was on a daily in-
take of 2.197 grams were used (see Table II).

the lower storage levels observed in normal children on
half that intake.

Baldwin-Wood standards for height (23), dur-
ing the entire period of their illness. S. G., the
child who failed to grow normally, was the one
whose urea clearance test and urine concentrating
ability were diminished.4 All 3 children pre-
sented the same degree of skeletal decalcification.
These facts are important in indicating that the
decalcification is not the result of a generali-zed
nutritional disturbance with failure to form new
bone matrix, but rather an inability to retain cal-
cium in the shafts even though it was deposited
at the epiphyseal lines.

Of the foregoing facts, the following may be
related in a direct sequence of cause and effect:
(1) the excessive fecal loss of calcium, (2) the
failure to retain calcium at a normal rate, and
(3) the rarefaction of the shafts of the long bones.
Two additional facts are of importance in describ-

4 In the 2 years since the completion of this study, pa-
tient S. G. has taken a sudden spurt in growth of 8 cm. in
contrast to a growth of only 4 cm. in the 3 preceding
years. At the same time, his x-rays indicate a much
greater degree of skeletal calcification. This has taken
place in spite of the fact that he is now suffering from
chronic glomerular nephritis with approximately the same
degree of renal impairment that he showed during the
study. The only difference in his present condition is
that he is no longer in the nephrotic stage and now has
a normal serum protein and calcium level. He has not
reached the stage of advanced renal failure with serious
phosphorus retention and acidosis.
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ing the general picture of the disturbance of cal-
cium metabolism in nephrosis: (1) normal growth
of long bones and (2) apparently adequate calci-
fication of the epiphyses.

The following interpretations have been made
from these facts: (1) Bone matrix formation is
normal. (2) Calcification of the shafts is incom-
plete because of a deficient supply of calcium. (3)
Under conditions of general calcium deficit, the
epiphyses of the growing bones are favored, with
regard to calcium distribution, at the expense of
the shafts.

SUMMARYAND CONCLUSIONS

I. The combination of generalized rarefaction
of diaphyseal bone and relatively good calcification
in the regions of epiphyseal growth has been a
uniform x-ray finding in the children with neph-
rosis studied in this clinic. Most of these children
have shown normal rates of bone growth and in
none has there been any sign of rickets or other
skeletal deformity.

II. The disturbances of calcium metabolism in
nephrosis described by previous investigators
have been found to be present also in the 3 neph-
rotic children who were the principal subjects of
the present study. These disturbances are: (1)
an abnormally low serum calcium concentration,
(2) excretion of an abnormally great percentage
of the ingested calcium in the stools, and (3) a
virtual absence of calcium in the urine.

III. The excessive loss of calcium in the feces
results in a rate of calcium storage far below
normal for the growing child. Presumably this
failure to store calcium at a normal rate leads to
the skeletal decalcification demonstrable by x-ray.
The presence. of normal bone growth and rela-
tively good epiphyseal calcification suggests that
the available supply of calcium is distributed in
the growing epiphyses in preference to the
diaphyses.

IV. In one patient who underwent a sudden
remission from his disease, the rapid disappear-
ance of all clinical signs of nephrosis was accom-
panied by an equally prompt correction of the
disturbances in calcium metabolism. This obser-
vation supports the view that the abnormal cal-
cium metabolism is a part of the nephrotic
syndrome.
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