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BY G. DONALDWHEDON2 AND EPHRAIMSHORRt
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OF VINCENT TOSCANIANDESTELLE STEVENS

(From the Russell Sage Institute of Pathology, the Department of Medicine, Cornell University
Medical College, and the New York Hospital, New York, N. Y.)

(Submitted for publication July 27, 1956; accepted November 26, 1956)

Further evidence of the extensive effects of in-
fection with the poliomyelitis virus upon many
bodily systems is presented in this paper, the sec-
ond of a series (1) describing metabolic and physi-
ological features of the natural course of paralytic
acute anterior poliomyelitis during its acute, con-
valescent and chronic phases.

The most marked alteration in metabolism noted
during the immobilization of healthy subjects in
body casts (2) was greatly increased excretion of
calcium, progressing to urinary calcium outputs
more than double those of the control phase and
to large negative calcium balances. This striking
result suggested that it would be pertinent to in-
vestigate the extent of mineral loss occurring in
patients with a seriously immobilizing disease
such as paralytic acute anterior poliomyelitis.

Several indications of alteration in calcium and
phosphorus metabolism in poliomyelitis have been
reported, such as hypercalcemia, hypercalciuria,
urinary tract lithiasis, bone rarefaction and re-
tardation of bone growth. Orr (3) found hyper-
calcemia four months after onset in a nine-year-
old boy with extensive paralysis and, later, in 10
of 11 other children with paralytic poliomyelitis.
Wilkins (4) noted "hypercalcemia in some of the
paralytic cases at Children's Hospital" in Balti-
more. Hypercalciuria in poliomyelitis has been
mentioned several times but quantitatively only
once, by Wilkins (5) who found as much as 1
gram per day in the urine of a patient, presumably
a child, with poliomyelitis. The frequence of uri-
nary tract calculi formation in poliomyelitis is well
known, particularly in severely paralyzed patients

1 Aided by a grant from the National Foundation for
Infantile Paralysis.

2 Present Address: National Institute of Arthritis and
Metabolic Diseases, National Institutes of Health, Be-
thesda, Maryland.

t Died, January 6, 1956.

restricted to respirators (6, 7), although the pre-
cise incidence has not been tabulated. Osteoporo-
sis in paralytic poliomyelitis (5, 8-10) has been
recognized, but except for our preliminary abstract
of these studies (11) accounts have not docu-
mented the extent of associated calcium loss. Re-
tardation of bone growth with shortening of the
paralyzed limbs of children prior to the age of
bone maturity has been shown to be related to the
degree of muscle atrophy in the involved extremity
and unrelated to the child's age at onset (12, 13).

Interest of recent observations of serum alkaline
phosphatase in poliomyelitis has been focused not
on bone metabolism but on involvement of enzy-
matic processes in severe infections. Ainslie,
Stumpf, and Francis (14) showed a brief fall in
alkaline phosphatase in monkeys with paralytic
poliomyelitis or malaria and in cows infected with
Br. abortus. In 86 humans with poliomyelitis,
however, they found no significant lowering during
the first two weeks after onset.

The present report outlines the extent and vary-
ing pattern of changes in calcium and phosphorus
metabolism, principally with respect to the excre-
tion and balance of these elements, during various
phases of paralytic poliomyelitis. Particular at-
tention is given to conditions favoring the develop-
ment of osteoporosis and urinary tract calculi.

PROCEDURE

Plan and procedure of these studies were outlined in
the first paper in the series (1). The present report
is based on data of the same nine patients, who were
studied for from five to nine months on the Metabolism
Ward of the Russell Sage Institute of Pathology and
New York Hospital. Study was begun early in the
acute phase in four of the nine.

Consecutive metabolic data are given in tables in Ap-
pendix A. Paralysis ranged in degree and extent from
moderately marked to severe. Detailed case summaries
are given in Appendix B. Patients' care and therapy
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FIG. 1. CALCIUM AND PHOSPHORUSBALANCES, URINARY CITRIC ACID AND SERUMCALCIUM, PHOSPHORUSAND
ALKALINE PHOSPHATASEDURING THE FIRST SIX AND TENTH MONTHSOF ILLNESS IN A 21-YEAR-OLD MALE WITH
PARALYTIC ACUTE ANTERIOR POLIOMYELITIS

Serum alkaline phosphatase is plotted in this and in subsequent graphs in Bodansky units. The balance data in
this and in subsequent graphs are charted with the intake and output both plotted upward from the base-line and uri-
nary output on the bottom in order to portray clearly changes in urinary excretion as well as changes in balance.

and the constant diets given throughout the studies were
described in the first paper of the series (1).

METHODS

Routine of the Metabolism Ward has been described
(1, 2). Balance studies were carried out in six-day pe-
riods. Initially, urinary calcium and phosphorus were
determined daily, but later their analyses and that of
citric acid were made on three-day pooled specimens.
Methods of analysis of urine, stool and serum for calcium
and phosphorus in this laboratory have been previously
stated (2). Urinary citric acid was determined by the
method of Taussky and Shorr (15, 16). Serum alkaline
phosphatase was determined by the method of Bodansky
(17, 18) as modified by Woodward (19).

RESULTS

A. Acute and Convalescent Phases

Data of acute and convalescent phases (first
six months) are considered together since, with
the exception of shifts in urinary phosphorus,

changes were not rapid. Alterations in calcium in
particular were gradual and sluggish, extending
over several months. The data of seven patients
(Figures 1 to 4) were used as the basis for the
following description.

Calcium
a. Pattern and degree of loss. Urinary calcium

increased gradually to high levels at the fifth week
after onset of illness. Among the seven patients
maximal urinary calcium ranged between 0.391
and 0.789 gm. per day (average over a six-day
period), the mean maximum for the group being
0.574 gm. per day (Table I). Urinary calcium
was maintained at a high plateau, remaining above
0.250 gm. per day for an average of five and one-
half months, and declining slowly before ambula-
tion was begun. Fecal calcium excretion was un-
changed in four patients and variably increased
in three, tending in these latter individuals to be:

_ _
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FIG. 2. CALCIUM AND PHOSPHORUSBALANCES, URINARY CITRIC ACID EXCRETION AND SE-
RUMCALCIUM, PHOSPHORUSAND ALKALINE PHOSPHATASEDURING THE FIRST SIX MONTHSOF
ILLNESS IN A 21-YEAR-OLD FEMALEWITH PARALYTIC ACUTEANTERIOR POLIOMYELITIS

The interruption in this graph and those in subsequent graphs result from the exclusion of
data for the periods during and for from two to four weeks following the administration of
special procedures (see text).

greatest during the second and third months and
remaining within 0.100 gm. per day of the calcium
intake figure for approximately six months.

Maximal negative calcium balance occurred on
the average nine weeks after onset and ranged
from - 0.420 to - 0.683 gm. per day among the
seven patients, the mean being - 0.540 gm. per
day. Negative calcium balance continued for an
average of seven months; positive calcium balance
was regained approximately one month after pa-
tients began to stand on their feet. Average total
calcium loss over the seven months was 58 grams.

b. Relation between total loss and osteoporosis.
In view of the widely varying estimates of the per-
centage loss of total body calcium necessary for
osteoporosis to become roentgenographically evi-
dent and the lack of specific data on this point,
analysis in this respect was made of the total cal-

cium losses of these patients. In the four patients
whose studies were begun within one week of onset
the entire loss was exactly measured; in R.W. all
but the small losses of the first three weeks were
known, and in F.S. all but those of the first four
weeks.

X-rays of long bones and spine taken at ap-
proximately monthly intervals were evaluated by
Dr. John Evans, Radiologist-in-Chief of the New
York Hospital-Cornell Medical Center, who was
unaware of the metabolic data. Initial X-ray evi-
dence of osteoporosis was usually a patchy de-
mineralization and coarsening of trabecular mark-
ings in the lower extremities regional to the joints,
most often in the necks or distal ends of the femora.
In three patients the first abnormality noted was a
sub-metaphyseal band of rarefaction in the distal
tibiae (Figure 5). These earliest signs of de-
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FIG. 3. CALCIUM AND PHOSPHORUSBALANCES, URINARY CITRIC ACID EXCRETION AND
SERUMCALCIUM, PHOSPHORUSANDALKALINE PHOSPHATASEDURINGTHE FIRST, THIRD, AND
FIFTH THROUGHSEVENTHMONTHSOF ILLNESS IN A 27-YEAR-OLD MALE WITH PARALYTIC
ACUTEANTERIOR POLIOMYELITIS

mineralization appeared approximately three
months after onset and occurred with an average

loss of 2.0 per cent of the total body calcium.
[In Table II in which these data are presented, esti-
mated total body calcium has been taken as 1.8 per

cent of pre-illness body weight (20).]
As immobilization continued, areas first noted

became more lucent and changes appeared in pubic
and ischial rami and in the acetabular fossa of the
innominate bone (Figure 6). Although recum-

bency continued for an average of 6 months, nega-

tive calcium balance for 7 months, and total cal-
cium losses averaged 4.6 per cent with range to
9.4 per cent, no changes in the spine could be
detected.

Phosphorus
In contrast to the gradual increase in calcium

excretion, phosphorus excretion rose promptly,

the increase being entirely in the urinary com-

ponent. Peak excretion occurred between the
9th and 17th days among the four patients stud-
ied early, the mean being the 14th day. This was

two days prior to the mean day of peak nitrogen
excretion and approximately three weeks before
maximal calcium output developed.

Maximal urinary phosphorus ranged between
1.07 and 2.13 gm. per day (three-day average)
with a mean maximum of 1.64 gm. per day for pa-

tients D.Q., M.O'M., D.A., and J.C. Maximal
negative balance, at this same time, using in cal-
culations the average fecal phosphorus over the
first four periods, ranged from - 0.452 to - 0.986
gm. per day, the mean being -0.724 gm. per day.
Following this early peak, urinary phosphorus ex-

cretion declined gradually but remained more than
1.0 gm. per day for an average of three and one-

half months. Return to positive phosphorus bal-

D. A.
478821
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FIG. 4. CALCIUM AND PHOSPHORUSBALANCES, URINARY CITRIC ACID EXCRETION AND SE-
RUMCALCIUM, PHOSPHORUSAND ALKALINE PHOSPHATASEDURING THE FIRST, SECOND, FIFTH,
SIXTH AND NTINTH MONTHSOF ILLNESS IN A 39-YEAR-OLD MALE WITH PARALYTIC ACUTE
ANTERIOR POLIOMYELITIS

TABLE I

Summary of data on calcium excretion and balance during convalescent phase of paralytic acute anterior poliomyelitis

Maximal urinary
calcium Mean Maximal negative Mean

(6-day period) urinary Duration balance negative
calcium urinary balance

Weekafter 2nd-3rd Ca over Weekafter 2nd-3rd
Patient Gm./day onset months 0.250 gm. Gm./day onset months

gm./day months gn./day
D. Q. 0.460 7th 0.401 3.5 -0.420 6th -0.277
M. OGM. 0.391 5th 0.354 3.5 -0.471 10th -0.347
D. A. 0.476 5th (0.307)* 3 -0.429 6th (-0.124)*
J. C. 0.564 3rd 0.515 5 -0.536 11th -0.434

(0.536) (6th)
R. W. 0.661 5th (0.477)* 6 -0.572 6th (-0.428)*
F. S. 0.674 6th 0.612 8 (-0.663) (7th) -0.560

-0.669 9th
C. R. 0.789 (9th)t 0.687 9.5 (-0.665) (9th) -0.575

-0.683 13th

Mean 0.574 5th 0.514t 5.5 -0.540 9th -0.439t
* Procedure given during second month which reduced calcium excretion.
t Excluding the data of D. A. and R. W.
t Study not started until eighth week.
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FIG. 5. INITIAL X-RAY EVIDENCE OF DEVELOPMENTOF OSTEOPOROSIS
On left: X-ray of tibiae of D.Q. taken during first month after onset of illness, showing essentially normal bone

density.
On right: X-ray of tibiae of D.Q. taken two months after onset, showing sub-metaphyseal band of rarefaction.

ance, on intakes ranging from 1.35 to 1.66 grams
daily, varied widely in time, from eight weeks to
nine and one-half months after onset. Phosphorus
generally began to be stored approximately two
weeks before nitrogen, but in two patients, F.S.
and C.R., who had very large calcium losses, phos-
phorus storage did not occur until two and one-half
and five months after nitrogen balance was re-

stored. The total measured phosphorus losses of
the first four patients were 18.78, 11.38, 21.12
and 30.97 gm., the mean total loss being 20.56 gm.

Calculation of theoretical phosphorus balances
based on the 14.7: 1 ratio of nitrogen to phos-
phorus in muscle and on the 2.23: 1 ratio of cal-
cium to phosphorus in bone (21) revealed that
phosphorus was excreted during the acute phase

FIG. 6. LATER X-RAY EVIDENCES OF DEVELOPMENTOF OSTEOPOROSIS
On left: X-ray of pelvis and femur of M.O'M. taken during first month after onset of illness, showing essentially

normal bone density.
On right: X-ray of pelvis and femur of M.O'M. taken six months after onset, showing rarefaction of pubic ramus,

acetabular fossa and neck and intertrochanteric area of femur.
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WITH PARALYTIC ACUTE ANTERIOR POLIOMYELITIS

of poliomyelitis in disproportionately greater
amounts than nitrogen and calcium. The pattern
was consistent from patient to patient. In the four
studied early, for a three-day period between the
7th and 10th days after onset actual or measured
phosphorus excretion exceeded by 15 to 40 per
cent the theoretical excretion based on calcium and
nitrogen excretion. A long phase soon followed,
averaging 39 days for the first five patients, when
theoretical balances were more than 10 per cent
more negative than actual phosphorus balances.
This phase of retention, or less loss, of phosphorus
relative to nitrogen and calcium occurred on the
average between the 17th and 56th days after
onset and amounted to 15 to 20 per cent, or sig-
nificantly more than could be accounted for by pos-
sible variations in diet. Following this phase, the
measured and theoretical phosphorus balances
agreed closely, generally within 5 per cent as re-
lated to intake. Within this close agreement,

measured phosphorus balances from metabolic pe-
riod to metabolic period were in every instance
more positive than the theoretical.

Factors influencing calcium solubility
Among the principal known factors affecting

calcium solubility in the urine are urine volume,
pH and citric acid. Their role in relation to the
problem of urinary tract stone formation has been
discussed (22).

Citric acid is valuable because it forms with cal-
cium a weakly ionized and very soluble calcium
citrate complex. Formation of this complex evi-
dently exerts a protective action in ambulatory
patients in whom variations in calcium excretion
induced by changes in diet are paralleled by pro-
portional variations in citric acid excretion (22).
However, when urinary calcium and phosphorus
excretion increased during immobilization of nor-
mal subjects (2), urinary citric acid did not change

972

..... _ __.....



CALCIUM AND PHOSPHORUSMETABOLISM IN POLIOMYELITIS

TABLE II

Quantitative relationship between cakium loss and demonstrable osteoporosis in paralytic acute anterior poliomyelitis

Initial long bone
osteoporosis

Pre- Est. Total calcium loss
illness total Months Total
body body after Ca Ca months Dura-

Patient weight Ca* onset loss loss recumbent tion Amount %

gm.
2 18.0
3 27.1
3.5 15.4
2.5 27.6
3.5 36.0
3 33.1

1.6
2.6
1.0
1.9
2.9
2.2

3 26.2 2.0

2 (18.0)t (1.5)t

3.5
3.5
6
7
5
8

mos.
5
5.5
7
7
8
8.5

5.5

9

6

gm.
27.0
43.0
17.0
54.9
55.3
95.5

2.5
4.2
1.1
3.7
4.5
6.5

7 48.8 3.8

10 113.4 9.4

7 58.0 4.6

* See text and reference 20 for estimation as per cent of body weight.
t Including an estimate of calcium loss of first six weeks of illness based on rate of loss thereafter and taking into

account the usual smaller losses during the first three weeks.

and urinary pH shifted slightly toward alkalinity,
thus presenting conditions tending to favor precipi-
tation of calcium phosphate. Urinary calcium in'
these subjects more than doubled without any
compensatory rise in urinary citric acid.

In the patients immobilized with paralytic polio-
myelitis a similar lack of compensatory rise in
citric acid was evident, except in M.O'M., the only
female who was studied during the early weeks.
Her average urinary citric acid excretion during
the first two weeks of illness was 0.505 gm. per
day; during the fifth to seventh weeks when uri-
nary calcium was highest (0.329 to 0.391 gm. per

day) her citric acid nearly doubled and during the
second and third months averaged 0.954 gm. per

day (S.D. = + 0.048), a urinary citric acid/cal-
cium ratio of 2.7: 1. In the three males who were

studied early, citric acid did not increase during
the rise in urinary calcium excretion. For the
six males studied during the convalescent phase,
during the second and third months when mean

urinary calcium was highest, 0.407 to 0.672 gm.
per day, the urinary citric acid/calcium ratios
ranged from 0.75: 1 for R.W. to 1.31: 1 for F.S.,
the mean ratio for the group being 1.11: 1.

During acute and convalescent phases urinary
pH remained consistently within the normal range

and no trends in urinary volume were apparent.

Blood chemistry
The alterations in serum calcium and phosphorus

during the first four months after onset are shown
in Table III. With one exception, the mean se-

rum calcium values were within normal limits for
our laboratory, 9 to 11.5 mgm. per cent. In C.R.,
a 17-year-old boy, the mean was 11.9 with indi-
vidual values ranging to 14.0 mgm. per cent. In
J.C., a 39-year-old man, three of the nine serum

calciums obtained during this phase were above
11.5 mgm. per cent. During the phase of hyper-
calcemia in these two patients urinary calcium
averaged 0.687 and 0.490 gm. per day, respectively.
After the first four months, with rare exception,
serum calcium remained within normal limits.

In each patient a considerable number of values
for serum phosphorus were higher than 4.5 mgm.

per cent, the mean during the first four months
exceeding this figure in four of the seven patients.

Serum alkaline phosphatase generally remained
within a normal range of 2 to 4.5 units. Values
tended to be low in D.Q and D.A. whose calcium
losses were less than the other patients. In C.R.,
whose calcium loss was greatest, ten values during
the fifth to ninth months (not shown in Table III)
ranged from 4.2 to 7.1, mean 5.5 units.

In view of the reported tendency for hyper-
calcemia to accentuate renal injury (4), it may be

Kg.
61
57
89
82
68
82

67

D. Q.
M. O'M.
D. A.
J. C.
R. W.
F. S.

Mean of 6
Patients

C. R.

Mean of 7
Patients

gm.
1,098
1,026
1,602
1,476
1,224
1,476

1,206
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TABLE III

Summary of serum chemistry data during first four months after onset of poliomyelitis

Serum alk. phosphatase

Serum calcium Serum phosphorus No. of det.

No. of det. No. of det. Under Over
over 11.5/ over 5.0/ 2.0/ 4.5/

Patient Mean S.D. total no. Mean S.D. total no. Mean S.D. total no. total no

mgm. % mgm. % mgm. % mgm. % mgm. % mgm. %
D. Q. 10.2 40.11 0/8 4.4 40.26 0/8 2.0 40.42 2/6 0/6
M. O'M. 10.3 40.52 0/10 5.0 ±0.37 4/10 3.1 4:0.66 0/5 0/5
D. A. 10.4 410.40 0/12 4.4 :1:0.30 0/12 1.8 :10.53 7/9 0/9
J. C. 11.0 40.83 3/9 4.2 ±0.32 0/9 2.9 4±0.88 0/7 1/7
R. W. 10.9 40.51 1/8 4.9 ±0.43 3/8 3.9 ±0.43 0/7 1/7
F. S. 11.2 40.95 1/10 4.6 ±0.30 1/10 4.1 40.90 0/6 3/6
C. R. 11.9 ±0.94 4/7 5.1 40.21 6/7 3.6 40.63 0/5 1/5

Mean 10.8 ±0.60 4.7 ±0.35 3.1 40.90

noteworthy that blood urea nitrogen determina-
tions performed bi-weekly were never elevated and
no defect in urine concentration became apparent.

B. Chronic Phase
Two patients, J.W. and R.V.K. (Figure 7),

were studied in the chronic phase (more than six
months after onset of illness).

Calcium
When J.W. was first observed seven months

after onset, urinary calcium was elevated, 0.301
gm. per day, and calcium balance was negative.
By the following month urinary calcium had
levelled to approximately 0.200 gm. per day and
calcium balance was no longer negative; ambula-
tion was unrelated as it was not begun until three
and one-half months later. The time at which
these indices returned to normal was within the
range of the seven patients previously described.
Thereafter, urinary calcium remained normal and
calcium balance in equilibrium.

In R.V.K., studied between the 17th and 24th
months after onset, urinary calcium remained well
within normal limits and calcium balance was
slightly positive. Her activity was limited to two
hours daily in a wheel chair until the end of her
studies.

Extensive and marked osteoporosis of pelvis
and lower extremities in both patients at the time
they were first observed indicated earlier extensive
mineral loss which had gradually subsided, long
prior to ambulation.

Phosphorus
Throughout these later months, phosphorus bal-

ance remained positive to the extent of 0.100 to
0.400 gm. daily. Urinary phosphorus was within
normal limits. Theoretical phosphorus balances
calculated from balances of nitrogen and calcium
deviated less than 10 per cent from measured
balances.

Factors influencing calcium solubility

Urinary citric acid excretion did not change
during the chronic phase. Urinary citric acid/
calcium ratios were a high 4.0 and 3.6, respectively,
in these two female patients. Urine volumes and
urinary pH were not altered from the normal.

Blood chemistry
Serum calcium, phosphorus and alkaline phos-

phatase determinations in both patients were con-
sistently normal.

COMMENT

Calcium loss in these paralytic patients was
greater than has been previously documented for
any other condition, including immobilization for
fracture (vAde infra). Immobilization or disuse
appeared to be the major factor in the deminerali-
zation, although stress involving adrenal cortical
hormone hypersecretion and the trophic influence
of denervation may have been contributory.

Influence of stress
In our patients stress mediated through the

adrenal cortex probably exerted only a minor in-
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fluence. Meagre evidence to date suggests that in
poliomyelitis adrenal cortical hyperfunction con-
tinues for only a short period (1), while deminer-
alization definitely continued for many months.
Furthermore, from evidence in the literature, it is
difficult to evaluate the effect of adrenal cortical
stress on calcium excretion in man, particularly
since in clinical states stress is often accompanied
by immobilization. Courses of administration of
ACTH (usually 100 mgm. daily) in ambulatory
patients in whomcalcium excretion has been stud-
ied (23, 24) have been brief, 5 to 12 days. Slight
increases in urinary calcium were reported in five
patients and virtually no change in twelve; fecal
calcium excretion was apparently increased in five
patients, but in each ACTHwas given for 5 days
or less. Augmented urinary calcium excretion was
noted in only one of three patients receiving 100
to 200 mgm. of cortisone daily for as long as thirty
days (25). That significant mineral losses may
occur when cortisone is given over longer periods
is strongly suggested by an increase in severity of
osteoporosis of the spine in a patient with rheuma-
toid arthritis (26) and by persistent negative cal-
cium balance in a similar patient (27). Only the
short-term studies seem applicable to the present
consideration, however, in view of probable limi-
tation of stress in poliomyelitis to the first two
weeks after onset; evidence that stress may exert
an effect for a longer period in this disease has not
yet been demonstrated. Studies to date have not
consistently shown increased calcium excretion
under short-term influence of adrenal cortical
hypersecretion.

Influence of denervation
Denervation is usually accompanied by a con-

siderable degree of disuse, but the latter may be
minimized by passive motion or weight-bearing.
A circumstance in our study in which effects of
disuse apparently could be separated from those
of denervation occurred in four patients who had
severe paralysis of upper extremities. Only one
(F.S.) showed demineralization of arm bones and
that only to a mild extent; on the other hand, de-
mineralization was uniformly present in femora
and tibiae even though lower extremity paralysis
was in several instances no more marked than
upper. It is suggested that upper extremities,

though severely paralyzed, rarely became deminer-
alized because they were sufficiently used or moved.

That denervation per se probably does not cause
extensive calcium loss is further supported by the
observation by Abramson (28) on the effect of
weight-bearing in two groups of paraplegics.
Over a three-year period one group moved about
only by wheel chair while the other walked with
braces and crutches for an average of one hour
daily. Twenty-five of the thirty non-ambulatory
paraplegics showed osteoporosis of the pelvis and
legs, whereas only one of the eight who walked
with similar injury to the spinal cord showed bone
rarefaction and that to only a mild degree.

Although these observations indicate that dener-
vation could account for little, if any, of the ex-
tensive calcium loss in our patients, they are too
limited to be conclusive. Recent study of urinary
calcium excretion in poliomyelitis by Plum and
Dunning (29, 30) showed hypercalciuria during
early weeks in patients with bulbar or high spinal
involvement but without extensive trunk or lower
extremity paralysis, and these investigators have
discussed (30) the possible role of neural factors
in calcium loss. In their studies, an initial pattern
was noted of gradual rise of urinary calcium over
a period of several weeks, similar to that seen in
the present study, indicating that movements of
calcium are sluggish, apparently regardless of
cause.

Influence of immobilization
Changes noted in this study of poliomyelitis are

strikingly similar to those observed in other dis-
eases in which immobilization has played an im-
portant role. The changes may be compared with
those noted on immobilization of a 14-year-old
boy following fracture of a femur treated with
open reduction and plate (3), of a thirty-five-year-
old women after fusion of an ankle (31), of two
cases of Paget's following fracture (32), and of
thirteen patients with prolonged dysfunction of a
leg, nine of whom were tuberculous (33). The
detailed study by Howard, Parson, and Bigham
(5) of seventeen male patients immobilized with
complete leg and partial body casts for fracture
or osteotomy was extensive enough to outline a
pattern of calcium loss. In this study, urinary cal-
cium gradually rose during the first month to a
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high plateau level, averaging 0.510 gm. per day,
which was maintained for sixty to one-hundred
days; urinary calcium began to fall shortly before
ambulation was instituted.

More direct evidence of the effects of immobili-
zation per se was afforded by the study by Deitrick,
Whedon, and Shorr (2) of normal healthy men
with no previous bone disease. For six to seven
weeks four subjects were immobilized (in plaster)
to a degree approaching that of a patient such as
D.Q. with extensive paralysis of the legs. While
the subjects' dietary intake was kept constant, uri-
nary calcium excretion increased gradually until
at the fourth to fifth week it reached a peak, aver-
aging 0.342 gm. per day, which was maintained for
the remainder of the immobilization. Negative
calcium balances were also of considerable mag-
nitude. Maximal urinary calcium excretion in the
fracture series was approximately 50 per cent
greater and in the poliomyelitis patients was 67
per cent greater than in the immobilized normal
subjects. The pattern of loss, however, was al-
most identical in the three groups, in which im-
mobilization was an outstanding feature.

In the present group of patients, all of whom
were extensively paralyzed, magnitude and par-
ticularly duration of calcium loss were in propor-
tion to the degree of paralysis and to the degree
and duration of immobilization, as is evident from
inspection of the two summarizing tables (Tables
I and II). In partial contrast to this observation,
the study of urinary calcium excretion by Plum
and Dunning (29, 30) of twenty-three patients
with a wide variety of paralytic involvement due
to poliomyelitis revealed little relationship between
intensity of hypercalciuria and the site and degree
of paralysis. Duration of hypercalciuria, however,
was proportional to the degree of paralysis and to
the amount of resulting immobilization.

Mode of action of immobilization
In the absence of weight-bearing, the skeleton is

not exposed to stresses and strains that are thought
to stimulate formation of bone in the interlacing
arch-like patterns of cancellous trabeculae in long
bones. Both absence of weight-bearing and muscle
paralysis tend to reduce muscle-tendon pull on
periosteal surfaces and so diminish the stimuli ac-
centuating bone formation over bone resorption.

Abramson's study (28) of paraplegics seems to in-
dicate that absence of skeletal weight-bearing is
the more important factor since weight-bearing
prevented osteoporosis of pelvis and lower ex-
tremities of completely paralyzed ambulatory
patients.

The fundamental mechanism by which immobili-
zation permits calcium loss is presumed to be de-
creased bone formation, with bone resorption
continuing at a normal rate, rather than an in-
creased bone resorption such as might be caused
by hypersecretion of parathyroid hormone. The
tendency to elevation of serum phosphorus during
the course of the demineralization seems to exclude
the possibility that the parathyroid glands were
exerting an abnormal influence.

Possible effects of circulatory changes
Effects on mineral loss of possible changes in

circulation to extremities and to bone during im-
mobilization or following neurological injury are
difficult to assess. Hyperemic circulatory changes
have been reported to improve bone growth, as fol-
lowing sympathectomy (34) and in long standing
arteriovenous fistulae (35), and to accelerate frac-
ture healing as in experimental venous ligation
(36). A conflicting view (37) has been ex-
pressed, however, that decreased blood supply re-
sults in increased density of bone and hyperemia
leads to skeletal demineralization. It is not known
whether changes in bone circulation occur during
the paralytic stages of poliomyelitis, and, if so,
what kind.

Relationship of calcium loss to development of
demonstrable osteoporosis
The principal consequence of the large mineral

loss was the development of bone rarefaction or
osteoporosis. The important features were locali-
zation of its initial evidences in the ends of the
long bones of the lower extremities, its appearance
as early as three months after onset and the
rather small calcium loss in relation to total body
calcium, 2.0 per cent. It has been suggested that
if non-paralyzed areas were excluded from the
estimation of total body calcium used in this cal-
culation, on the assumption that calcium loss and
osteoporosis would develop only in paralyzed
areas, this would increase the percentage figure
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of calcium loss before osteoporosis could be diag-
nosed by X-ray. Although this is true, the aver-
age figure would be raised relatively little since in
this group of patients only the skull, ribs and in
two instances the upper extremities could be con-
sidered unparalyzed.

The sharp band of rarefaction in the sub-meta-
physeal area of the distal tibiae of three patients
indicated extremely rapid demineralization in a
location where bone turnover is normally par-
ticularly active. As mineral losses continued,
rarefaction became apparent in the pelvis and, in
one instance, in the humerus of an extremely
paralyzed upper extremity. No evidence of de-
mineralization in the spine appeared although total
calcium losses ranged as high as 9.4 per cent.
That early stages of demineralization were present
in this area is suggested by observation of other
patients with poliomyelitic paralysis in whom
demineralization of the spine was detected after
approximately one year. Since these patients
were not on metabolic study, no accurate estimate
can be made of the percentage loss of calcium
necessary for obvious changes in this area. By
comparison with losses of the metabolic group,
however, it may be supposed that demonstration
of osteoporosis of the spine requires calcium losses
of more than 10 per cent. The figure may actually
be much higher because of the difficulty of radio-
logical interpretation of the spine due to the fine
architecture of the vertebrae and interference by
varied pattern of overlying bowel shadows.

Urinary tract calculi formation as a potentially
serious consequence of immobilization
The high incidence of urinary tract calculi dur-

ing immobilizing conditions is well known (5, 38-
43) and is documented in Freeman's series (44)
of 700 patients with spinal cord injury as 23 to 35
per cent. Certain factors which favor the precipi-
tation of calcium phosphate in the urinary tract
were shown to be present during the immobiliza-
tion of normal men (2). These were excessive
excretion of phosphorus as well as calcium, slight
alkaline shift of pH and a failure of urinary citric
acid to rise compensatorily with calcium as would
be expected in ambulatory individuals. In the
present study similar factors were evident in that
urinary calcium and phosphorus were consider-

ably increased and in the six male patients urinary
citric acid failed to rise. There were no significant
changes in urinary pH or volume. In the single
female patient, increase in urinary calcium was
accompanied by marked increase in urinary citric
acid, a change which would aid in keeping cal-
cium and phosphorus soluble. The increase in
urinary citric acid in this patient is unexplained;
it apparently was not related to the increase nor-
mally occurring in women during the menstrual
cycle, presumably under the influence of estro-
genic hormone (45, 46), since this patient had no
vaginal bleeding during her hospitalization and
no evidence of ovarian cyclic activity in vaginal
smears.

In the patients here reported, no calculus de-
veloped, and the search for crystals and red blood
cells in the urine was negative. Possibly calculi did
not form because no other factors conducive to their
formation were present. Urinary volumes were
not permitted to fall to low levels. Except for
brief intervals in two patients, infection, which
would have reduced citric acid levels, did not oc-
cur; necessity for bacteria or a foreign body as a
nucleus for precipitation of salts in the urinary
tract has been emphasized (47) in the pathogene-
sis of nephrolithiasis. Obstruction or stasis (6, 7)
presumably by kinking of a ureter, which has also
been noted as factor, may have been prevented by
frequent changes in position and movement
brought about by physical therapy.

Another potential consequence to large mineral
losses is renal injury occurring in conjunction with
hypercalcemia (4), with attendant damage to re-
nal tubules, albuminuria and reduced ability to
concentrate urine. Evidence of impaired renal
function was not detected in the present study.

Serum calcium and alkaline phosphatase

Hypercalcemia (serum calcium > 11.5 mgm.
per cent) was noted at some time during the
course of these observations in four of the seven
patients. In two of the four, however, elevation
occurred in only a single determination. No re-
lation was found between age of the patient and
occurrence of hypercalcemia. Correlation was
highly significant, however, for the whole group
between mean serum calcium values and total cal-
cium loss (corr. coeff. = + 0.809), maximum
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negative calcium balance (+ 0.809) and maximal
urinary calcium over a six-day period (+ 0.823).

Although serum alkaline phosphatase values
generally remained within normal limits, they
tended to be low in the two patients with the
smallest total calcium losses, and some elevated
values were noted in the two patients with the
greatest losses. Ambulation was not a factor,
since it was not begun until after these alkaline
phosphatase changes had developed.

Possible significance of changes in phosphorus
excretion
Changes in phosphorus excretion in relation to

calcium and nitrogen were of unusual interest be-
cause of the high concentration of phosphorus in
nervous tissue (48). Calculations of expected
phosphorus excretion on the basis of the ratios
of this element to N in muscle and Ca in bone in-
dicated a disproportionate actual loss of phos-
phorus by 15 to 40 per cent between the seventh
and tenth days and a relative retention over the
succeeding six weeks. These changes paralleled
closely with slight delay pathological events in
the neurons of the spinal cord and brain (49, 50).
Maximum destruction of motor nerve cells is com-
plete within the first 3 to 6 days; thereafter, the
proportion of normal motor neurons increases and
of abnormal motor neurons decreases gradually for
between four and six weeks, indicating recovery of
abnormal cells. It seems not unlikely from con-
sideration of quantitative relationships that early
excess phosphorus excretion could have come
mainly from destroyed or damaged nervous tissue
and that later retention represented storage in re-
covering motor neurons. Abundance of phos-
phorus in other tissues, however, makes it difficult
to exclude the possibility of influence of other
factors in the movement of phosphorus.

Influence of ambulation
In view of the apparent relationship of immobili-

zation to mineral loss in this and in preceding stud-
ies, the data were surveyed for evidence of an effect
on calcium in the opposite direction by ambula-
tion. Decreases in the excretion of calcium oc-
curred during the later convalescent months, but
they could be at most only partially ascribed to
increased activity and ambulation, since these de-

creases began uniformly prior to standing and
walking; this apparently spontaneous decline in
mineral loss suggested the possibility that there
were stores of readily available calcium which
were beginning to be depleted and that the remain-
ing calcium in the skeleton was more tightly
bound. With the beginning of ambulation, cal-
cium excretion continued to decline gradually
without evidence of more rapid fall. In other
studies some influence of exertion on calcium ex-
cretion has been noted. Heavy resistance exer-
cises reduced calcium loss in one of two patients
with rheumatoid arthritis (51). A definite re-
ductive influence of ambulation on excessive min-
eral loss was seen in the recovery phase of the
immobilization study of normal men (2) in which
ambulation was rapid, but in this study also re-
turn of calcium excretion to control levels was
sluggish. It can only be concluded in the present
study that a moderating effect on calcium of in-
creased activity and ambulation, though possible,
was not visible.

The question may be raised that if ambulation
had been started earlier and allowed to proceed
rapidly, it might have had an evident effect on
calcium excretion. Ambulation was generally
delayed because muscle recovery had not yet pro-
gressed to the point at which it could be expected
to provide effective support of the skeleton and
effective motility. Actually, some of the data sug-
gested the possibility that too early ambulation
might be harmful; brief but definite increases in
urinary phosphorus and creatine were noted in the
few instances in which ambulation was attempted
abruptly. Others have observed increases in uri-
nary calcium on early weight-bearing (52), al-
though such changes were not evident in the
present study. Finally, careful clinicians warn
against too early ambulation (53, 54); premature
weight-bearing apparently does not hasten the
return of muscle power but may retard it and lead
to harmful muscle substitution. When the patient
has extensive paralysis, to minimize deminerali-
zation measures other than early ambulation evi-
dently must be sought.

SUMMARY

This second paper of a series describing altera-
tions in metabolism in paralytic acute anterior
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poliomyelitis outlined changes in calcium and
phosphorus. Data were based on studies over six
to nine months each of nine extensively paralyzed
patients. Four were studied during the acute and
convalescent phases of the disease, three during
the convalescent phase only and two during the
chronic phase. Calcium and phosphorus data
presented in this paper were limited to those ob-
tained during the administration of standard ther-
apy, with the view of outlining the natural course

of the disease with respect to these elements.
Principal findings were as follows:

1. Progressive increase in calcium excretion
was noted, primarily in the urinary component.
Urinary calcium reached high levels at the fifth
week after onset of illness which were sustained in
plateau fashion for many months. Maximal uri-
nary calcium excretion averaged 0.572 gm. per

day; mean maximal negative calcium balance was

- 0.540 gm. per day (constant calcium intake
0.920 gm. per day). Calcium balance remained
negative for an average of seven months, mean

total calcium loss being 58 gm.
2. The extensive calcium loss seemed to be re-

lated principally to the extreme degree of im-
mobilization, an important aspect of which pre-

sumably was the lack of skeletal weight-bearing.
Possible additional influences on calcium loss of
denervation per se, of altered circulation to bone,
and of stress mediated through the adrenal cortex
were discussed.

3. The quantitative relationship was explored
between total calcium loss and development of
demonstrable osteoporosis, which initially ap-

peared on the average three months after onset
near joints of the long bones in the lower ex-

tremities. Average total calcium loss was 2.0 per

cent of the estimated total body calcium at the
time osteoporosis was initially detectable.

4., Increases in urinary excretion of calcium and
phosphorus accompanied by little change in uri-
nary volume, pH and citric acid excretion pro-

vided a suitable setting for urinary tract calculus
formation in the male patients. In the single fe-
male patient studied during acute and convalescent
phases, urinary citric acid excretion increased
markedly, an event which would favor solubility
of the increased amounts of mineral in the urine.

5. Serum calcium tended to rise in four of the
seven patients studied during acute and convales-
cent phases; levels of serum calcium were directly
related to degree of calcium loss.

6. Phosphorus excretion increased rapidly after
onset reaching a peak on the 14th day, approxi-
mately three weeks prior to the time of maximal
output of calcium. Calculation of theoretical phos-
phorus balances based on nitrogen and calcium
balances indicated a disproportionate actual phos-
phorus loss during the second week and relative
retention over the succeeding six weeks; the time
parallel between these alterations and the patho-
logical changes in phosphorus-rich nerve tissue
was noted.

7. Observations during the chronic phase of
paralytic poliomyelitis revealed essentially normal
findings with respect to calcium and phosphorus
excretion and blood levels.

8. Ambulation was not observed to exert a defi-
nite moderating influence on mineral loss. Modest
evidence supported the suggestion of hazard in
too early ambulation.
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