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The relationship in man between the concentra-
tion of inorganic phosphate 3 in serum and its rate
of excretion in urine forms the subject of this
paper. A particular attempt has been made to
distinguish between those variations in the excre-
tion rate which passively reflect changes in serum
P concentration and those which are due to other
causes. Two general types of experiments have
been employed. In the first type, no P, other
than that in the usual diet, was supplied. The
concentration of P in serum and its rate of ex-
cretion in the urine were compared under a
variety of circumstances. Normal diurnal varia-
tions, the effects of the ingestion of food and
water, sleep, activity, and the injection of insulin,
were all considered. In the second group of ex-
periments, the relationship between renal excre-
tion of P and the concentration of P in serum was
studied after the latter had been artificially raised
by the intravenous infusion of phosphate. Such
observations in man have apparently never before
been described, except for one observation by
Schultz (1), at moderate elevations of the
serum P.

MATERIAL AND METHODS

The experimental subjects included normal individuals
and patients with diabetes mellitus. Urine specimens
were collected in successive intervals by voluntary void-
ing, every effort being made to make the collections as
complete as possible. Blood specimens under oil were
obtained from time to time, allowed to clot, and the
serum promptly withdrawn. Inorganic phosphate was
determined by the macro method of Fiske and Subbarow
(2). Ultrafiltrates of serum were obtained by the

1 From a thesis submitted by Robert W. Ollayos to the
Yale University School of Medicine in partial fulfillment
of the requirements for the degree of Doctor of Medi-
cine, 1941.

2Aided by grants from the Ella Sachs Plotz Fund and
from the Fluid Research Fund, Yale University School
of Medicine.

sHereafter the symbol "P" will represent "inorganic
phosphate."

method of Lavietes (3). Diurnal variations of renal
excretion were studied in a healthy, young, adult, medical
student (R. 0.). In most of the experiments, collections
were begun about seven in the morning and continued at
approximately hourly intervals throughout the day and
evening. Blood samples were obtained five or six times
during the experiment. The intervals between were some-
what irregular, since some attempt was made to obtain
samples in as close a relation as possible to changes in the
rate of urinary excretion of P. The subject fasted from
the preceding evening until the end of the observation
period. Water was given at the rate of 200 cc. per hour
during the day of the experiment. The subject remained
ambulatory during the period of observation, reading,
writing, or doing simple laboratory tasks; no strenuous
exertion or exercises were performed. On some days,
the customary hours of waking and sleeping were re-
versed. The subject breakfasted about seven a.m., then
fasted for the next twenty-four hours. Collections of
urine were started at seven p.m. of the same day and
continued throughout the night. The subject slept in the
afternoon, and stayed awake all night while urine and
blood samples were being collected.

Serum P and renal excretion rate of P were studied
in three hospitalized, diabetic patients under insulin
therapy. The dietary and therapeutic schedules were
not disturbed. Serum P and urinary excretion rate of
P were followed in relation to meals and to insulin
therapy during the morning and early afternoon, in very
much the same way that they were studied in the normal
subject.

Four subjects, three normal and one with mild essen-
tial hypertension, received infusions of 500 cc. of isotonic
neutral sodium phosphate solution. The phosphate solu-
tion was made up by dissolving 12.33 grams of Na,HPO,
X 12 H.O and 1.12 grams of NaH2PO, X H20 in ap-
proximately 500 cc. of freshly distilled water. The solu-
tion was sterilized by boiling, and brought to exactly 500
cc. volume, by the addition of sterile distilled water, just
before giving. A sample was always tested with a
phenol red indicator to be certain that its pH was not
above 7.3. The infusion was given over a period of 30
to 40 minutes. None of the patients had subjective
symptoms of discomfort or objective evidences of reaction
during or after the infusion. Numbness, tingling, and
tetany were entirely absent. Following the infusion, blood
and urine samples were obtained at intervals of forty-five
to ninety minutes, the exact intervals being indicated in
Table I. The experiments continued for six to eleven
hours after the infusion; the subjects received water at
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TABLE I
Intravenous infusion of neutral isotonic sodium phosphate solution

Concentration of Distribution of inorganic
inorganic phosphate phosphate

Experiment Clearance of
number Period Duration Urine flow inorganic Remainder

Body weight phosphate R red Present in
Urine Serumt frecovere extcelluu

fluidI I ,.
minutes

35
65
58

157
52
53
40
45
60
60
60

60
120
60

120
28
32
45
40
50

195

60
35
90
43
57
42
90
68

120

65
69
43
37

. 45
45
75
45
75
65
55
60

120

cc. per minute
6.23
2.20
2.19
0.82
3.04
2.49
1.80
1.16
1.09
1.01
0.68

0.73
0.79
1.80
0.37
4.64
3.72
3.96
2.92
1.88
0.81

0.61
0.56
0.35
1.72
8.98
9.76
3.31
1.19
0.82

2.38
4.97
2.60
2.54
2.82
2.60
2.68
8.00
3.80
7.15
0.80
0.92
2.75

mgm. per 100 cc.
3

12 3.5
36
55 3.4

314 17.
395 10o
457
464 72
345 6.(
263
301

44 2.
44
61
12 3.:

198 18.S
303 12.
216
167 8.I
232 7.4
259

65
52 2.4
54
38 3.-

133 13.4
118 7.*
161 5.'
276
275

12 3.
167 20.4
406
251 9.(
189 7.1

79
45
30 4.
39 4.
16

128 3.'
120
40

* Injection given during this period.

the rate of 200 cc. per hour, but no food. Clearances of
P were calculated by a method previously described (4).

RESULTS

(A) Excretion in the normal fasting subject

In Figure 1A are presented the diurnal varia-
tions of P excretion, and of serum P, in the nor-

mal fasting subject, on a single typical day. The
excretory rate first fell off sharply during the

99

48
35
80

59
00

52

15

91
51

78
08

69

33
43
35
,46

,19
,7

,60
,08

,98
,54

,71

cc. per minute
5
7

21
13

73
84
63
53
43

13
13
38
14

72
70
51
55

15
11
6

22

105
73
63

9

79
55
58
28
19
42
30
27
26
29

per cent of total amount injected

32

50

56

64

20

37
44
55

37
52

68

40
47

54
56

59

62

48

27
20

61

37
26

29
15

30
18

8
6

2

per cent

20

23
24

19

26
30

34
33

30
35

38
38

39

t Sample at end of period.

second hour after arising, then gradually in-
creased during the late morning hours, reaching a

maximum in. the early afternoon. In experi-
ments in which the customary rhythmn of sleeping
and waking was reversed (Figure 1B), the ex-

cretory rate fell off sharply in the second hour
after the subject had arisen, just as it did in the
early morning hours of the control experiments.
However, instead of increasing again after 2 or

kgm.
1.

77.8

2.
77.6

3.
86.4

4.
56.3

1
2
3
4
5*
6
7
8

9
10
11

1
2
3
4
5*
6
7
8
9

10

1
2
3
4
5*
6
7
8
9

1
2*
3
4
5
6
7
8
9

10
11
12
13
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3 hours, the rate of excretion persisted at a low
level for another three to nine hours. The transi-
tory increase in the excretory rate of P at about
2 a.m. did not always appear. After falling off
for a time, the rate of excretion once again in-
creased markedly during the morning hours after
a sleepless night. The characteristic curve of P
excretion in this group of observations (Figure
iB), therefore, differs in form from that of the
same subject with a normal cycle of sleeping and
waking (Figure IA).

No regular pattern of variation in the serum P,
corresponding to variations of P excretion in the
urine, can be seen in any of these experiments
with the normal diurnal variations of P excretion.
In four of the six experiments, the serum P con-
centration decreased between the first and third
hour after rising. In one control observation,
there was a sharp, unexplained rise in the serum
P to 5.7 mgm. per cent during the early evening,
unassociated with any increase in the renal ex-
cretion of P.

(B) Effects of food and insulin

In Figure 2A, the effects of a high carbohydrate
breakfast in a normal subject are shown. No
other food was taken during the period of ob-
servation. The fall in excretion rate seen in a
fasting subject during the second hour after aris-
ing is replaced by a moderate rise in excretion
rate of P immediately after breakfast. Similar
results were obtained in two other subjects. The
rate soon falls off again, and the remainder of
the daily cycle is indistinguishable from that of
the completely fasting subject.

In the three diabetic subjects receiving insulin,
there was, on the other hand, an initial decrease
both in the serum P and in the urinary excretion
rate of P following breakfast and insulin (Figure
2B). No good quantitative relationship and no
exact synchrony could, however, be established
between serum P and urinary excretion rate of
P. Thus, in the experiment of Figure 2B, serum
P concentration was still decreasing at the same
time that the renal excretion rate was beginning
to return to its initial value. In another experi-
ment, there was an almost complete absence of P
from the urine, while the concentration of P in
serum was 3.1 mgm. per cent, a concentration
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FIGS. 2A AND 2B. EXCRETION OF P (A) IN A NORMALSUBJECT FOLLOWINGBREAKFAST, AND
(B) IN A DIABETIC SUBJECT FOLLOWINGINSULIN AND BREAKFAST

commonly associated with much higher rates of
excretion of P in the urine.

(C) Statistical relationships of urinary excretion
of P to serum P concentration and to

rate of urine flow
In Figure 3, the urinary excretion rate of P, in

all experiments in which no P was injected, is
plotted against corresponding serum concentra-
tion. The latter values Wvere obtained by inter-
polation. There is almost no statistical correla-
tion between the two variables.
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In the individual -observations of diurnal varia-
tions of P excretion, there was no discernable
relationship between the excretion rate of P and
the rate of urine flow (Figures 1 and 2). This
conclusion is confirmed by the evident lack of cor-
relation between these two variables in Figure 4,
in which they are plotted directly against one
another.

(D) Effects of infusion of sodium phosphate
solution

The results of four experiments in which neu-
tral isotonic sodium phosphate solution was in-
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jected intravenously are given in Table I. Enough
phosphate was given to increase the serum P five-
or six-fold. The rate of urinary excretion of P
was likewise enormously increased, to a greater
degree indeed than was the serum concentration.
As a result, the clearance of P is several times
as great at artificially elevated concentration of
serum P than at normal concentrations. As con-

centration declined, the clearance of P also de-
creased. The exact functional relationship be-
tween urine excretion rate and the corresponding
mean serum concentration of P is shown in Fig-
ure 5. The lines are nearly straight, and tend
to intersect the abscissa at or slightly above the
region of normal serum concentration. This close
interdependence of the two variables contrasts
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sharply with the lack of correlation between the
two when no P is injected (Figure 3).

Some estimate of the distribution of injected
P between cellular and extracellular fluid of the
body has been made in the last three columns of
Table I. It has been assumed that the extra--
cellular fluid of the body constitutes 25 per cent
of the body weight, and that the concentration of
P in the extracellular fluid is identical with that
in an ultrafiltrate of serum. Ultrafiltrates of
serum were made in one experiment (number 4
of Table I), and the concentrations of P in the
ultrafiltrates did not differ by more than 5 per
cent from the concentrations in the corresponding
whole sera. It was therefore assumed in the
other experiments that concentration of P in
serum could be used as an approximation of its
concentration in ultrafiltrate. The percentage of
the injected P present at any time in the extra-
cellular fluid is therefore:
Body weight (kgm.)

4

X Increase in serum P X 10 X 2985'

where the increase in serum P is expressed in
mgm. per cent, and 2985 represents the number
of mgm. of P injected in each experiment. Urin-
ary recovery has been estimated by subtracting an
assumed average endogenous P excretion rate of
0.5 mgm. per minute from the total urinary ex-
cretion of P. The difference between the total
amount of P injected, on the one hand, and the
sum of the P recovered from the urine and that
still present in the extracellular fluid, on the other,
must represent P which has entered cells or has
been excreted into the gut. Between 20 and 34
per cent of the injected P was regularly present
in this "remainder" within the first hour after
injection. From that time on, the amount in-
creased very slightly or not at all during the next
few hours, while, at the same time, the extra-
cellular fluid was losing its P to the urine. As a
result, only 60 to 70 per cent of the injected P
was recovered during the course of our experi-
ments, even though in one instance (number 4
of Table I), the serum P had returned to normal.

DISCUSSION

Under normal circumstances, the concentration
of P in serum evidently does not determine com-

pletely the rate of urinary excretion of P, since
the latter may vary quite independently of the
serum P (Figure 3). The fact that no constant
parallel change in the concentration of P in serum
accompanies the wide variation of urinary P dur-
ing the normal diurnal cycle proves that the rate
of urinary excretion is much affected by factors
other than serum P concentration (Figures 1A
and iB). On the other hand, we know that, after
injection of P, changes in concentration of P in
serum are reflected in changes in the rate of
urinary excretion of P (Figure 5). It is also
quite possible that the same thing is true under
more normal circumstances, except that the
changes in the serum P are usually masked by
quantitatively more important changes, due to
other causes. For instance, insulin and carbo-
hydrate administration cause a reduction in the
serum P, due mainly to a passage of P out of
the extracellular fluid into the cells (Figure 2B);
this reduction is regularly paralleled by a reduc-
tion in the rate of urinary excretion of P. It
seems reasonable to believe that the change in the
rate of urinary excretion is simply a reflection of
the change in serum concentration. It is possible
that, in a somewhat similar way, the marked in-
crease in the rate of excretion of P following
prolonged acidosis, due to excessive carbon diox-
ide (5), only reflects the rise in concentration of
serum P. On the other hand, the increased rate
of P excretion, which often follows the ingestion
of food by normal subjects not receiving insulin
(Figure 2A), is apparently unrelated to changes
in the serum P. The marked increase in the
urinary output of P following parathormone, with-
out much change in the concentration of P in
serum (6), indicates that this hormone acts di-
rectly on the kidney, rather than indirectly through
a control of the serum P. If P in urine is
derived from serum P passing through the glo-
merular filter, then variations in tubular reab-
sorption must be quite as important, under normal
circumstances, as variations in the concentration
of P in the glomerular filtrate in governing the
rate at which P is finally excreted in the urine.

In marked contrast to the situation at normal
concentrations, serum P concentration seems to
be the main correlative of the rate of renal ex-
cretion of P whenever serum concentration is
increased well above normal (Table I and Figure
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5). The findings in man in this respect are quite
similar to those in the dog (8 to 11) and in the
rabbit (7). In view of the different relationship
between serum P and renal excretion rate, at
normal and at artificially elevated serum P con-

centrations, the transition from elevated to normal
levels of serum P are of especial interest. Ex-
periment 4 of Table I is relevant. At a serum P
level between 5 and 6 mgm. per cent, the pre-

viously rapid decline in the serum P suddenly
slackened. At the same time, the urinary excre-

tion rate became markedly irregular and lost its
previous linear mathematical relationship to serum

P. This single observation suggests that the shift
from a type of excretion closely dependent upon

serum concentration to one relatively independent
of it may occur fairly rapidly and completely at a

critical level of the serum P. In this case, the
critical level was a little greater than 5 mgm. per

cent. The solitary observation of Schultz (1)
indicates a similar fairly abrupt change in the rate
of decline of the serum P at 6 mgm. per cent.
Urinary excretion was not, however, as clearly
dissociated from serum P concentration below this
level as in our experiment.

The kidney is evidently the chief channel
through which large sudden additions to the P
of the body are removed, since about two-thirds
of the injected P was recovered from the urine,
even before the serum P and the renal excretion
rate had returned completely to normal. In addi-
tion to the amounts present in the extracellular
fluid, there is still a considerable fraction of the
injected P which has been segregated elsewhere in
the body. The partition between cells (or bone)
and the bowel of this segregated balance is not
known. As has been pointed out, the segregation
takes place almost entirely within the first hour
after infusion. After this time, the fraction in-
creases slowly or not at all, so that there can be
little continued excretion into the bowel and little
loss from the cells. If any considerable portion
of this fraction is, in fact, excreted into the gut,
such excretion must take place initially with great

speed, then suddenly almost cease. Studies with
radioactive P have suggested that, contrary to

older beliefs, the only P normally excreted into
the gut is that which forms a part of the intestinal
secretions. Our observations on the distribution
of injected P do not indicate any sustained ability

of the gut to adjust its excretion of P to the
presence of acute hyperphosphatemia, and are
entirely consistent with a negligible increase in
excretion into the gut.

The results of the attempt to alter the diurnal
P tide by reversing the hours of sleeping and wak-
ing are not easily explained in their entirety.
The initial fall in the excretory rate of P upon
rising in the early evening, after an afternoon's
sleep, is similar to that observed in the midmorn-
ing hours following a customary sleep during the
previous night. This decrease may be related to
the increased muscular tone and muscular activity
attendant upon waking life (12). The later, long
continued reduction of P excretion, with a re-
versal of normal waking and sleeping hours, has
no counterpart in the normnal diurnal pattern of
P excretion. Had the normal tide been com-
pletely reversed, or had the usual excretory pat-
tern persisted, a high rate of excretion of P
between midnight and 7 a.m. would be expected.
Ingestion of food and recovery from exercise, the
commonest means of producing a fall in the renal
excretion rate of P, were excluded by the condi-
tions of the experiment. Although no adequate
explanation is available, it is apparent that diurnal
variations in P excretion are not entirely attributa-
ble to the transition from a state of sleep to one
of wakefulness.

The changes in serum P concentration and renal
excretion rate of P in the diabetic subjects follow-
ing food and insulin confirm the findings of other
workers (13 to 16). The increased renal excre-
tion of P in certain normal subjects following
the ingestion of food appears to support the con-
tention that a decrease in the excretion of P does
not invariably follow the administration of car-
bohydrate (17 to 22). The value of this evidence
is, however, lessened by the fact that the meals
are not purely carbohydrate in composition, and
that therefore an unknown amount of fat was
ingested along with the carbohydrate.

CONCLUSIONS

(1) The rate of urinary excretion of P in man
under normal circumstances does not depend pri-
marily on the concentration of P in the serum,
although it may be influenced by changes in the
latter.

(2) Following the intravenous injection of
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large amounts of neutral isotonic sodium phos-
phate solution in normal man, the rate of urinary
excretion of P is mainly determined by the con-
centration of P in serum.

(3) Injected P is distributed through a greater
volume than that of the extracellular fluid.
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