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Despite a large amount of experimental data,
it remains uncertain whether all of the plasma
phosphate is filtrable through semipermeable
membranes. Early micropuncture studies in Am-
phibia indicated that the concentration of inor-
ganic phosphate in glomerular filtrate was the
same as that in whole plasma (1, 2). If this is
the case in mammals, approximately 17 per cent
of the plasma phosphate may be nonfilterable.
This follows from consideration of the normal
plasma water content, 930 g per L, and the theo-
retical Donnan ratio for divalent anions, 0.90 to
0.91 (Reference 3, page 771). Since 80 per cent
of the plasma phosphate consists of HPO02- and
20 per cent H2PO,-, the effective Donnan factor
for plasma phosphate should be 0.91 to 0.92.
The concentration of phosphate in ultrafiltrate
would therefore be 1/0.93 x 0.915 or 1.175 times
that in whole plasma.

Some of the pertinent reports are summarized
in Table I. This list is not intended to be com-
plete, and in particular omits the earliest obser-
vations, reported prior to 1926. In those in-
stances in which the plasma or serum values
were reported without correction for water con-
tent, a correction was applied as described below.
The ratio of phosphate concentration in ultra-
filtrate or dialysate to that in plasma or serum wa-
ter for the entire group averages 0.94. The theo-
retical value, representing complete filtrability, is
1.09. Only a few isolated samples have been
found to show ratios of 1.09 or higher.

The only two studies in which the pH and tem-
perature were the same as that of blood in vivo,
References 6 and 8, revealed mean ratios of 0.85
and 0.89, respectively. These studies both uti-
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lized measurements of saline solutions equilibrated
with the circulating plasma.

It has also been reported that the filtrability of
plasma phosphate may become markedly reduced
when either plasma calcium or plasma phosphate
is increased (5, 9, 11). These observations have
supported the concept of a nondiffusible calcium
phosphate complex. However, this substance is
thought to be present only in abnormal plasma.

Toribara, Terepka and Dewey (13) have shown
that the filtrability of plasma calcium is influenced
by the pH and temperature at which ultrafiltra-
tion is performed. Phosphate analyses of ultra-
filtrates prepared at body temperature and normal
plasma pH have not been reported. The reported
data (Table I) are for the most part based upon
small series and exhibit considerable scatter. The
filtrability of phosphate in uremic plasma has ap-
parently not been studied. The occurrence of a
"colloidal" calcium phosphate complex might be
anticipated under these conditions, since hyper-
phosphatemia is often pronounced.

For these reasons, ultrafiltration was carried out
at 370 C in an atmosphere of 5 per cent CO2 and
95 per cent O0, using plasma samples from nor-
mal subjects and from patients with azotemia.
The results indicate that a significant fraction of
the plasma inorganic phosphate is apparently
bound to proteins. This binding is not dependent
upon plasma calcium or magnesium. In azo-
temic patients without phosphate retention, pro-
tein-binding of phosphate is the same as in normal
subjects. In the presence of phosphate reten-
tion, no evidence was found for a decrease in the
filtrability of phosphate. On the contrary, the
percentage of phosphate bound to protein did not
differ significantly from normal.
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TABLE I

Ratios of the concentration of phosphate in ultrafiltrate or dialysate to that in plasma or serum water in
reported studies on normal humans and dogs

No. and
Authors species Method Range Mean

Pincus et at. (4) 6 Dogs Ultrafiltration 0.90-1.10 1.01
1926

Grollman (5) 7 Dogs Ultrafiltration 1.00-1.00 1.00
1927

Greene and Power (6) 14 Dogs Dialysis in vivo 0.54-1.11 0.85
1931

Benjamin and Hess (7) 21 Humans Ultrafiltration Not given 0.97
1933 73 Dogs Ultrafiltration Not given 0.94

25 Rats Ultrafiltration Not given 0.93
-Cantarow and Haury (8) 6 Dogs Vividiffusion 0.85-0.95 0.89

1939
Harrison and Harrison (9) 6 Dogs Ultrafiltration 0.87-0.93 0.91

1941
Smith et al. (10) 13 Humans Ultrafiltration 0.97-1.08 0.96

1943
Hopkins et al. (11) 6 Humans Ultrafiltration 0.90-1.09 0.99

1952
Foulks (12) 5 Dogs Ultrafiltration 0.79-0.88 0.85

1955

METHODS

Venous blood was obtained in oiled syringes wet with
heparin solution, and separated without exposure to
air. Ultrafiltration was carried out by the method
of Toribara and associates (13). Plasma pH, meas-

ured before and after ultrafiltration, did not change more

than 0.05 unit. Phosphate was determined on trichloro-
acetic acid filtrates of plasma and on ultrafiltrates by the
method of Fiske and Subbarow (14). The recovery of
phosphate added to plasma or ultrafiltrate averaged 100
per cent. Protein determinations were performed by
the biuret method (15). Plasma water content, in
grams per liter, was approximated as 990 minus 8 [Prot],
where [Prot] represents the protein concentration in
grams per cent (3).

In order to determine whether equilibrium across the
cellophane membrane persisted during ultrafiltration,
several types of experiments were performed. 1) Phos-
phate concentrations were compared in the fluid formed
during the first half hour of ultrafiltration, representing
approximately 15 per cent of the volume of plasma
used, and during the ensuing three hours, at the end
of which the volume of plasma remaining was about one-

half of the original volume. In four normal samples,
the ratios of phosphate concentrations in the first por-

tion to the last portion were 0.99, 0.97, 0.98, and 0.97.
2) Ultrafiltrates of normal plasma were subjected to

ultrafiltration again, one-half of the total volume pass-

ing through the casing. The concentration of phosphate
in the newly formed ultrafiltrate was, on the average,

3 per cent less than that in the original ultrafiltrate.
3) Ultrafiltrates were prepared from a solution of sodium

phosphate, 0.061 M, at pH 7.4, and also from this solu-
tion diluted 20-fold with isotonic saline. Again, cen-
trifugation was continued until one-half of the total
volume used had passed out of the sac. The phosphate
concentration in these ultrafiltrates was, on the average,
2 per cent lower than in the original solutions. 4) Nor-
mal plasma samples were dialyzed against their own ul-
trafiltrates. This was done by filling a sac prepared
from Visking casing with plasma obtained anaerobically,
plus a small amount of mercury. This sac was inserted
into a tube containing an equal volume of ultrafiltrate,
plus a small amount of mercury. The tube was closed
with a stopper, into which a needle was inserted in order
to remove entrapped air. The needle was removed, and
the tube was then rocked mechanically in a constant tem-
perature bath at 37° C for six hours. The concentra-
tion of phosphate in ultrafiltrates of normal plasma was
unchanged by this process.

All of the above results lend support to the con-
clusion that the method of ultrafiltration yields a valid
sample of fluid in equilibrium with whole plasma. De-
viations from equilibrium are so small that they lie
within the experimental error.

RESULTS

The results of 24 determinations performed in
15 normal subjects and in 4 normal dogs are
shown in Table II.

The ratio of phosphate concentration in ultra-
filtrate to that in plasma water in the human sub-
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jects averaged 0.825. As indicated above, if all
of the phosphate were ultrafilterable, the ratio
should be 1:0.915 or approximately 1.09. The
filtrable inorganic phosphate of plasma therefore
comprises 0.825: 1.09 or 76 per cent of the total.

The assumption that ultrafiltrate phosphate
equals plasma phosphate entails only a small error,

because it ignores corrections for Donnan factor
and water content. In this series of subjects, the
ratio of ultrafiltrate phosphate to plasma phosphate
(uncorrected for water content) averages 0.89.

In Table III are shown the results of observa-
tions in a series of patients with renal disease.
Although all of these subjects had signs of renal
damage, in many the degree of azotemia was

slight. Consequently phosphate retention was

present in only 21 of the 32 patients. The high-
est plasma phosphate observed was 5.32 mmoles
per L or 16.5 mg per 100 ml.

In the patients without phosphate retention,

the ratio of ultrafiltrate phosphate to plasma water
phosphate averaged 0.866, a value which does not
differ significantly from the normal mean of
0.825. In the patients with phosphate retention,
this ratio averaged 0.889, which also is not sig-
nificantly greater than the normal mean. Thus
the absolute quantity of phosphate bound is in-
creased approximately in proportion to the rise
in plasma phosphate. For example, in the five
plasma samples containing 3 to 4 mmoles per L
of phosphate, the average filtrate phosphate is
3.14 mmoles per L. Applying a Donnan factor
of 0.915, the free phosphate in plasma water be-
comes 2.87 mmoles per L. Total phosphate in
plasma water averages 3.32 mmoles per L.
Therefore bound phosphate is 3.32 to 2.87 or

0.45 mmoles per L, or 14 per cent of the total.
In the normal subjects similar calculation reveals
that an average of 0.31 mmoles per L, or 25 per

cent, of the total phosphate is bound. The differ-

TABLE HI

Protein-binding of inorganic phosphate .(normal subjects)*

Ratio
Subject [Proteinlp [Pi]p [Pi]pw [Pi]UF [Pi]UF/[Pi]Pw

gm % mmoles/L mmoles/L mmoles/L
A 6.4 1.89 2.02 1.61 0.80

Normal dogs B 6.6 1.18 1.26 1.15 0.91
C 6.2 1.26 1.34 1.29 0.96
D 6.7 1.57 1.68 1.24 0.74

Mean 0.85

MW 6.5 0.74 0.79 0.69 0.87
MW 7.2 1.15 1.23 0.96 0.78
MW 7.2 1.13 1.21 0.96 0.78
MW 6.6 1.22 1.30 0.98 0.75
1W 7.2 0.79 0.85 0.74 0.75

Normal men 1W 6.9 0.88 0.94 0.84 0.89
GM 7.6 1.43 1.54 1.38 0.90
DS 7.7 1.04 1.12 1.00 0.89
LL 6.5 1.30 1.39 1.15 0.83
JB 6.3 1.52 1.62 1.44 0.89
KG 6.5 1.07 1.14 1.09 0.96

GK 7.6 0.96 1.03 0.80 0.78
GK 6.6 0.99 1.06 0.86 0.81
JS 8.0 1.38 1.49 1.04 0.70
JS 6.3 1.28 1.36 1.22 0.90
MF 7.1 1.14 1.22 1.04 0.85

Normal women BC 7.2 1.26 1.35 1.03 0.76
MS 8.9 1.21 1.33 0.97 0.73
RC 6.5 1.45 1.55 1.27 0.82
MM 6.6 0.88 0.94 0.76 0.81
SB 7.3 1.16 1.24 1.07 0.86

Mean 0.825 i 0.066(SD)

* [Pu~p = inorganic phosphate concentration in plasma; [Pi]pw = inorganic phosphate concentration in plasma
water; [Pi]UF = inorganic phosphate concentration in plasma ultrafiltrate.
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TABLE III

Protein-binding of inorganic phosphate in patients with azotemia*

Ratio
Subject [Protein]p [PijP [Pilpw [Pi]uF [Pi]UF/[Pi]PW

gm % mmoles/L mmoles/L mmoles/L
Jon 6.6 1.07 1.14 0.99 0.87
Gre 6.5 1.12 1.20 1.03 0.86
Sis 7.3 1.27 1.36 1.19 0.88
Bar 7.4 1.32 1.42 1.27 0.89

Patients with- Sim 7.0 1.33 1.42 1.30 0.92
out phosphate Ste 7.3 1.43 1.53 1.32 0.86
retention Wil 6.2 1.41 1.50 1.26 0.84

Dil 6.6 1.46 1.56 1.28 0.82
Kin 7.8 1.45 1.56 1.41 0.90
Hew 8.1 1.49 1.61 1.26 0.78
Spe 6.6 1.54 1.64 1.50 0.91

Mean 0.866 + 0.041 (SD)

New 5.5 1.61 1.70 1.47 0.86
Sta 5.9 1.67 1.77 1.60 0.90
Wil 7.0 1.71 1.85 1.57 0.85
Edw 6.0 1.75 1.86 1.71 0.92
Mor 5.7 1.71 1.81 1.52 0.84
Lin 6.3 1.82 1.94 1.74 0.90
Jac 5.7 1.81 1.91 1.78 0.93
Sta 6.8 1.80 1.92 1.64 0.86
Bro 6.6 1.80 1.92 1.68 0.88

Patients with Har 6.2 1.97 2.10 1.80 0.86
phosphate re- Fis 5.7 2.05 2.17 1.92 0.88
tention Ree 4.3 2.28 2.38 2.07 0.87

Dav 6.6 2.43 2.59 2.30 0.89
Goo 5.7 2.79 2.95 2.57 0.87
Wav 6.9 3.02 3.23 3.05 0.94
Edw 5.7 3.14 3.32 3.05 0.92
Jac 5.8 3.18 3.38 3.03 0.90
She 6.2 3.48 3.70 3.36 0.91
Dis 5.5 3.44 3.64 3.08 0.84
Seg 6.4 5.07 5.39 5.23 0.97
Hie 7.4 5.32 5.72 5.14 0.90

Mean 0.889 1 0.034(SD)

* Symbols as in Table II.

ence in protein concentration between the two
groups was minor.'

In order to determine whether some form of
interaction with calcium is involved in the ap-
parent protein-binding of phosphate, the trisodium
salt of ethylenediaminetetraacetic acid (EDTA)
was added to plasma before ultrafiltration. Five
ml of plasma was mixed with 0.2 ml of EDTA
solution, (adjusted to pH 7.4) and ultrafiltered.
This amount of EDTA is sufficient to complex
the entire amount of calcium and magnesium pres-
ent. The concentration of phosphate in this ultra-
filtrate was compared to that in ultrafiltrate from

1 It is possible that hyperlipemia, with a consequent
decrease in plasma water content, might account for part
of the apparent increase in this ratio in renal failure.
However, none of the subjects had the nephrotic syn-
drome or frankly lipemic plasma.

the same plasma diluted with saline instead of
EDTA solution. No difference was noted in
three experiments. These results indicate that the
protein-binding of phosphate in normal plasma
is not dependent upon the presence of calcium or
magnesium.

DISCUSSION

The results of this study indicate that a signifi-
cant portion of the inorganic phosphate of plasma
is not filtrable through cellophane. In normal
subjects, this moiety amounts to about one-fourth
of the total plasma inorganic phosphate; in pa-
tients with renal disease and phosphate retention,
it is a somewhat smaller fraction. The probable
explanation of these findings is protein-binding.
It is also conceivable that phosphate might exist in
plasma in a nondiffusible form without being
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bound to protein, calcium or magnesium. How-
ever, there is no evidence for such a compound
at present. Govaerts (16) reported that a por-

tion of the plasma phosphate does not exchange
readily with administered radiophosphate. As
Handler and Cohn (17) have shown, the specific
activity of urinary phosphate is equal to that of
plasma phosphate during a constant infusion of
radiophosphate. These authors suggested that
urinary delay time, or exchange with a pool of in-
organic phosphate in the tubular epithelium, may

account for the findings of Govaerts. It is also
possible, however, that the exchange of adminis-
tered radiophosphate with protein-bound phos-
phate may be significantly slower than with the
filtrable portion of plasma phosphate.

We have not investigated -the filtrability of
phosphate in the presence of hypercalcemia.
Others (5, 11) have reported that a nonfiltrable
calcium phosphate complex is formed under these
conditions. In normal plasma, the data presented
here indicate that the protein-binding of phosphate
is not dependent upon the presence of calcium or

magnesium.
The present results probably do not alter the

conclusions of the numerous studies pertaining to

renal tubular reabsorption of phosphate in man

and dogs. In most of these studies, it has been
assumed that phosphate concentration in the glo-
merular filtrate is equal to phosphate concentra-
tion in plasma water. As indicated above, this
assumption entails an error of 15 to 20 per cent in
normal subjects, and less in patients with renal
disease. The possibility also remains that the
filtrability of phosphate at the glomerulus may

differ from that indicated by cellophane mem-

branes.
The theoretical Donnan ratio, 1/r2, as calcu-

lated by Van Slyke, Wuand McLean (3), is ap-

proximately 1.10 at normal pH and protein con-

centration. This is the factor which has been em-

ployed herein, in order to estimate the free phos-
phate ion concentration in whole plasma. As
Manery (18) has pointed out, the observed Don-
nan ratios for various ions in plasma are all less
that this theoretical value. The deviation is very

small in the case of sodium and potassium but
greater in the case of chloride, sulfate (19), fer-
rocyanide (20) and phosphate. Purified proteins
bind virtually all anions which have been studied

(21, 22). It seems reasonable to infer, therefore,
that free phosphate ions in plasma are distributed
across semipermeable membranes in accordance
with the theoretical factor, and that the remainder
of plasma phosphate is bound to protein.

SUMMARY

Ultrafiltrates were prepared at 370 C in-an at-
mosphere of 5 per cent CO2 from plasma samples
obtained from 4 dogs, 15 normal men and women,
and from 32 patients with varying degrees of
azotemia. In the normal subjects, an average of
one-fourth of the inorganic phosphate of plasma
was found to be protein-bound. This binding
was not dependent upon the presence of calcium
or magnesium.

In patients with azotemia, with or without phos-
phate retention, the fraction of plasma inorganic
phosphate bound to protein was not significantly
different.
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