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A study of the specific gravity of urine can
make no pretense to novelty. The superiority of
specific gravity determinations to uroscopy was
pointed out by Cardinal Nicolaus of Cusa (Cusa-
nus) in 1440. Leonhard Thurneysser of Thurin,
physician to Johann Georg von Brandenburg, esti-
mated the specific gravity of urine with a crude
pyknometer (1576) and Methe (1727) devised a
urinometer much like those in use today (13).
The systematic study of the density of urine in
kidney disease was described by Blackall in 1820
(6) who suggested that a low specific gravity
might be due to a deficiency of urea in the urine.
Bright and his associates (9), as well as Christison
(10), Rayer (38), and Rees (39), gave increasing
empbhasis to its importance as an indication of the
loss of concentrating power of the kidney. Hed-
inger and Schlayer (23) attempted to standardize
conditions in order to obtain a urine of maximum
concentration. Mosenthal (33), Volhard (42),
Addis and Shevky (2), Lashmet and Newburgh
(28), and Fishberg (14) introduced various modi-
fications designed to simplify and increase the re-
liability of the concentration test. Fishberg, espe-
cially, has emphasized its clinical value, designating
it as “ the most generally useful test of renal func-
tion for the general practitioner.”

Many attempts have been made to estimate total
solids of urine from specific gravity. All such
efforts to discover an exact simple relationship pre-
suppose either that each of the solids has the same
effect per unit concentration, or that the composi-
tion of the urine is always the same. Long (29)
and Albarran (3), however, pointed out the mark-
edly different effects on specific gravity of equal
concentrations (by weight) of the principal con-
stituents of urine. Blohm (7) and Addis and
Foster (1) concluded that no precise quantitative
significance could be attached to the results of any
method of estimating total solids of the urine from

1 Supported by a grant from the Commonwealth Fund.

specific gravity measurements because of its vari-
able composition.

Pepper (35) found that, in normal subjects,
urea and chloride accounted for 50 to 75 per cent
of the specific gravity of the urine, but that the
ratio of urea to chloride might vary considerably.
Similar studies by Ishizu (24) on Japanese sub-
stantiated these findings. Alving and Van Slyke
(4), on the basis of theoretical calculations with-
out actual determination of the individual constitu-
ents in a given urine, postulated that * three-
fourths of the rise in specific gravity above that of
water may ordinarily be attributed to the mineral
salts, and about one-fourth to urea, with other or-
ganic solids of relatively slight influence.” This
statement was made in regard to urines of high
gravity. Urines of low gravity were explained as
being attributable in some cases to polyuria, in oth-
ers to a low output of salts. This emphasis on the
gravity contribution of salts led these authors to
conclude that the concentration test appears to
measure chiefly the ability of the kidney to con-
centrate mineral salts.

Weiser and Thelen (43), on the other hand, be-
lieved that the constituents of the urine could not
alone account for the specific gravity and that
volume effects or other physico-chemical phe-
nomena would have to be invoked in order to ac-
count for the “ residual specific gravity ” (gravity
unaccounted for by known constituents). Their
work raises an important question. Is it necessary
to postulate physico-chemical or other effects to
explain the total urinary specific gravity, or is the
gravity of any urine a simple additive function of
the concentrations of its constituents? If the lat-
ter is correct, then it should be possible to calculate
the specific gravity of a urine from its composition.

This study concerns the relationship of the spe-
cific gravity to the composition of urine in normal
subjects. It attempts to provide an answer to the
following questions. Can the specific gravity of
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a complex dilute solution of inorganic and organic
substances be calculated with accuracy? Can the
specific gravity of a normal urine be similarly cal-
culated from analysis of its composition? Is spe-
cific gravity a satisfactory index of total solids?

Specific gravity of complex aqueous solutions as
an additive property of the contributions
of the individual components

When a solid is dissolved in water, a slight in-
crease in volume occurs, but the weight of water
displaced is much less than the weight of the solute
entering into the homogeneous liquid phase, so
that the resulting solution has a greater weight per
unit volume than the water alone. The mass per
unit volume either of the solvent or of the solution
is defined as the absolute density. Generally,
however, the term “ density ” refers to the relative
density, i.e., to the ratio of the density of the solu-

tion to the density of a standard (usually water)
{-]

either at the same temperature (D §—°> or, more

o

frequently, at 4° (D ‘%) In either case, the value

obtained is commonly called the specific gravity.
-]

D ;—o is the preferable value since it is numerically

equal to the density at °, i.e, it is the weight in
grams per cubic centimeter at ¢° centigrade.
Since the terms “ density ” and “ specific grav-

TABLE 1
Specific gravity factors

Values to be added to the specific gravity of water at 241,
o
(0.99823) to give the specific gravity at %)o— of a 100 milli-

equivalent (or milli-molar) solution of the principal solutes
found in urine.

Increment per
Increment per 100 mEq. per liter 100 mM.
per liter
Cl | SO | HiPO, | HPO, | HCOs |CsHiOn| ST | Ures
Na | 0.00413] 0.00642] 0.00894| 0.00675¢ 0.00610f 0.00417
K | 0.00475( 0.00700] 0.00965°| 0.00714*| 000668
NH, | 0.00166] 0.00388| 0.00754 | 0.00349
Ca | 0.00454| 0.00668] 0.
Mg | 0.00385{ 0.00603
0.00285%| 0.00162

* Determined experimentally. Other values calculated
from density data of Landoldt-Bérnstein and International
Critical Tables.
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ity ” are frequently rather loosely used, it should
be emphasized that determinations of specific
gravity are of no value unless the conditions under
which they were obtained are recorded.

In the following discussion, the portion of spe-
cific gravity of a solution above the density of
water similarly determined has been defined as the

o
specific gravity increment. For water, D ;—ois unity
o
and D ‘£_° is the density at £°. Thus for an aqueous

tO to
solution, D e torD P
density of water at ¢°) gives the specific grav-
ity increment. To be strictly comparable, since

— d, (where d; is the

o (<]
D Zta = D;—o X d., the specific gravity increment of
(-]
a solution of gravity D ‘% should be given by
to to
D F D Z—o‘ - dg
7 1. Rearranging this expression to —a
t t

shows that, since the numerator is small and the
denominator approximately unity, the absolute er-

ror introduced by using the simpler expression is
o

slight. In this study, D 24% is determined to the

fourth decimal place and the above simplification
affects the fifth decimal by less than five units, so

(-]
the expression Dz‘% —0.9982 has been used to

determine the specific gravity increments.

Before studying the relationship between specific
gravity and concentration of solutes in aqueous
solutions containing more than one dissolved sub-
stance, the effects of the individual solutes were
investigated.

From the density tables of Landoldt-Bornstein’s
Tabellen and the International Critical Tables the
specific gravity increments of solutions containing
100 milli-equivalents (or milli mols) per liter at
20° were calculated, expressing the specific grav-

o
ity as D 273,— - When the necessary data were not
available or recorded values did not agree, the in-
crements were determined experimentally, using
pyknometers of approximately 10 cc. capacity.
Since the error in the determination of specific
gravity is less than 0.0001, the factors may be in
error. in the fifth decimal place but probably are all
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accurate to the fourth place.
in Table I.

Since specific gravity increment varies directly
with concentration in the lower concentration
ranges, the values in Table I may be used to calcu-
late the specific gravity of a solution of any of the
above substances in the concentration range found
in urine (from 20 to 300 mEq. per liter for the
inorganic constituents and from 100 to 600 mM.

o

per liter for urea). Thus, specific gravity %,Q- of

1 per cent NaCl (171.2 mEq. per liter) = 0.99823

+ (1.712 X 0.00413) =1.00529. The fifth deci-
mal figure is significant only in placmg the fourth
figure to the closest unit.

Albarran’s data (3) were derived in a like man-
ner but calculated as grams of substance necessary
to elevate the specific gravity 0.001 at 15° C. when
added to a liter of urine. Others (Addis and
Foster (1), Pepper (35), Alving and Van Slyke
(4), Ishizu (24), Willis (44), Weiser and Thelen
(43), etc.) have made similar calculations.

In applying these factors to the calculation of
the specific gravity of a strong solution or of a
solution containing more than one solute, the total
concentration of solute becomes the limiting factor
in the accuracy of the calculation. Thus, each
factor in the above table is calculated to allow for
the displacement of a certain volume of water by
the molecules of the solute when the latter is pres-
ent in relatively low concentrations (1 to 2 per
cent). If this concentration is sufficiently in-
creased, or if other solutes are added, the volume
of water in one liter of solution becomes pro-
gressively less and errors of increasing magnitude
appear. In the case of NaCl, the calculated spe-
cific gravity is in error by about 0.0004 at 4 per
cent and 0.0010 at 6 per cent concentration. These
values, however, are well above the concentrations
of NaCl found in urine. The calculated specific
gravity of a 6 per cent urea solution is in error
by about 0.0001. From a similar consideration of
the other factors above, it may be estimated that
the error in calculating the specific gravity con-
tribution of a single substance in urine is 0.0001
or less. The use of factors based on molar rather
than molal concentration eliminates the necessity
of determining water content in each analysis.

Two implications are involved in applying simi-

They are recorded
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TABLE II
Calculated and observed specific gramlws at 2 s of an
‘“artificial urine’’
S

Constituent Concentration gx‘:ﬁgf

increment
grams per liter "'%q" ('w)

Urea........... 27.923 465.0 0.00753
Creatinine. ... .. 1.753 15.5 0.00044
KCl............ 3.989 53.5 0.00254
NaCl........... 4.530 71.5 0.00320
KH,POq........ 4.627 34.0 0.00328
Na,HPO,....... 0.512 7.2 0.00049
2S04 ...t 2.030 23.3 0.00163
(NH,).SOq...... 2.273 344 0.00133
Na C,HOs...... 3.805 46.4* 0.00194
HC.HO;....... 0.144 2.4* 0.00002
Water.......... 0.99823
Specific gravity (calculated)............... 1.02063

Specific gravity (observed)................ 1.0202

* Acetate added as 48.8 cc. of N acetic acid + 46.4 cc. of
N sodium hydroxide to obtain the ratio of salt to acid
existing at pH 5.9.

lar calculations to more than one solute: First,
each individual substance must contribute its effect
without influencing or being influenced by other
substances ; and second, interchange of anions and
cations must not affect the above factors.

A study of the latter assumption leads to an
interesting observation pointed out by Valson
(41). A mixture of 100 mEq. of NaCl and 100
mEq. of K,SO, in one liter of solution has a

calculated specific gravity 25 20° _ 099823 (H,O)

-+ 0.00413 (NaCl) + 0.00700 (K,SO,)=1.00936.
Such a solution may equally well be considered as
containing 100 mEq. each of KCl and Na,SO,.

In this case, specific gravity gf—o =0.99823 (H,0)

+ 0.00475 (KCl) 4 0.00642 (Na,SO,) =1.00940.
The determined value is 1.0094. In other words,
the factor determined for each of the electrolytes
in the above table is in reality a summation of two
ionic factors each independent of the other. Fur-
ther study of Table I reveals that this is apparently
a general phenomenon. The five cations listed
show differences in factors between Cl and SO,
of 0.00229, 0.00225, 0.00222, 0.00214, and
0.00218; i.e., for any given cation as sulphate, a

(-]

100 mEq. solution has a specific gravity at gf—o
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TABLE III
Calculated and observed specific gravity of urine after addstion
of salts and urea

gnvity Specifie gravity Difference
Substance | Concen- | increment (Caleu-
added tration of lated—
uidded | Caloulated| Observed | °P*ev®d
mEq. (mM.)
per liter
(Original specifio gravity of urine = 1.0277)
Ures........ 4174 000676 | 10345 | 1.0338 0.0007
NaCl........ 205.4 000848 | 10362 | 1.0856 0.0006
K80i....... .9 000727 | 10850 | 1.0347 0.0003
KH;PO. ... 1029 000993 | 1.0376 | 1.0372 0.0004
(Original specifio gravity of urine = 1.0185)
Urea........ 4164 0.00674 10252 | 1.0248 0.0008
NaCl........ 205.5 000848 | 1.0270 | 1.0285 0.0005
KeSOs....... 1038 000727 | 10258 | 1.0254 0.0004
KH:POy. ... 1032 000096 | 10285 | 1.0279 0.0006

about 0.0022 higher than the same concentration
of cation as chloride. The ionic nature of these
specific gravity effects is not quite so exactly

apparent throughout the table, particularly with
some of the phosphates. This probably indicates
partial ionization of the secondary and tertiary
hydrogen. The cases where the agreement is
poorest are those involving substances present in
relatively small amounts in urine, so no attempt
has been made to check these factors more closely.

In order to test the accuracy of specific gravity
calculations of solutions approximating urine in
composition, a number of “ artificial urines ” were
studied. These were prepared by weighing the
pure substances and dissolving them in water to a
volume of one liter at 20°. Table II shows the
composition and the calculated and observed spe-
cific gravities of one of these. This was a duplica-
tion of a normal urine, the composition of which
had been determined by analysis, but the “arti-
ficial urine ” contained only those substances for
which specific gravity factors were available. So-
dium acetate was used as representative of or-
ganic acids. The pH of this solution was 5.90,
of the original urine, 5.88.

Five such “ artificial urines ” were studied with
total solid contents ranging from 38.4 to 53.4
grams per liter. The maximum difference be-
tween calculated and observed specific gravity was
0.0007, the average 0.0004.

Another method of studying the applicability

J. WAIDE PRICE, MAX MILLER, AND J. M. HAYMAN, JR.

of the above specific gravity factors to solutions
of mixed solutes is to dissolve a substance in urine
of previously determined specific gravity. Data
from an experiment of this type are given in Table
III. A weighed amount of solid was dissolved
in urine, made up to a volume of 100 cc., and the
specific gravity was determined by pyknometer
and compared with the calculated value.

The average difference of 0.0005 between calcu-
lated and observed specific gravity is an indication
of the approximate error involved in the calcula-
tion, and compares with the value 0.0004 observed
as the average in “ artificial urines.” It represents
the summation of the specific volume effects of the
solutes. The first part of Table III represents
specific gravities about as high as will be encoun-
tered in normal human urine, while the values in
the second part are in the upper range of normal.

From this it may be concluded that the maxi-
mum error in calculating the specific gravity of a
solution similar in composition to urine is less than
0.0010, and more likely of the order of 0.0005.

If Weiser and Thelen’s postulate (43) that a
significant portion of the specific gravity of urine is
the result of volume contraction or other physico-
chemical effects be correct, these should diminish
as the urine becomes more dilute. A concentrated
urine in which such effects would be pronounced
should on increasing dilution approach a straight-
line relationship between total concentration and
specific gravity increment in the range of low spe-
cific gravities although deviating significantly from
linearity at higher specific gravities. This was not
found to be the case. When a concentrated urine
was diluted with water specific gravity increment
was always a linear function of the degree of dilu-
tion, at least within two units in the fourth decimal
place.

Calculation of the specific gravity of normal urine

Since the specific gravity of a complex solution with
a total concentration of solutes of the order of magnitude
found in urine can be calculated satisfactorily when the
composition of the solution is known, an attempt can justi-
fiably be made to calculate the specific gravity of urine
from analysis of its major constituents.

Urine was collected from 6 normal males between the
ages of 14 and 32, All subjects were given a weighed
diet for a week before collections began and remained on
that diet throughout the collection period. Two diets
were used: “high” protein containing 100 grams or 110
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grams, and “low” protein containing 40 grams or 50
grams daily. The remainder of the diet was adjusted to
supply a total energy value of 2,300 to 3,000 calories.
The daily ingestion of salt was kept approximately con-
stant and the water intake varied to yield urines of spe-
cific gravity from 1.003 to 1.028.

Urine was collected over 24-hour periods in chemically
clean glass jars containing toluene and stored during the
collection period in a refrigerator at 3°-6° C. The analy-
ses were performed immediately following the close of
the period.

Urine volume was measured in graduated cylinders of
appropriate size, involving an error of less than 1 per
cent. Specific gravities were determined with a Westphal
balance at 20° C., using a bob calibrated to give Dg‘f—, .
By checking the balance from time to time, the maximum
error in determination was kept below 0.0002. Protein
as determined by the Shevky-Stafford method (37) was
not present in sufficient quantity to affect the observed
specific gravity.

Hydrogen ion concentrations were determined in the
earlier experiments by the bicolor method of Hastings,
Sendroy and Robson (37). Later, measurements were
made with the Leeds and Northrup glass electrode as-
sembly Number 7661-A1. When values in the upper pH
range were anticipated, the urine specimens were collected
with precaution against loss of CO, and stored under oil.

The analytical methods employed were: total nitrogen
by micro Kjeldahl; urea, Van Slyke and Cullen or Van
Slyke; ammonia, aeration and titration; creatinine, Folin
colorimetric; uric acid, Benedict and Franke; potassium,
Kramer and Tisdall; sodium, Butler and Tuthill; chloride,
Volhard-Harvey or Van Slyke and Sendroy; sulphur (in-
organic, ethereal, and neutral), gravimetric methods of
Folin and Benedict; inorganic phosphate, Pincus and
Malot; organic acids, Van Slyke and Palmer; carbon di-
oxide content, Van Slyke (37); total base, Wright and
Allison (45). The sum of calcium and magnesium was
calculated by subtracting Na* + K* from total fixed base.
The ratio of HPO, to H,PO, was calculated from the pH.
Bicarbonate was calculated from the total CO, by the
Henderson-Hasselbalch equation, using the determined pH
and the pK' calculated from total base content according
to Sendroy, Seelig and Van Slyke (40a).

Total urine solids were determined by an application
of the “cryochem” process of Flosdorf and Mudd (15).
Ten cc. specimens of urine in glass evaporating dishes
were frozen in an alcohol-solid CO, mixture and dehy-
drated for 24 hours in the frozen state in a vacuum desic-
cator over freshly dried granular calcium sulphate, using
a Cenco “ Hyvac” pump. With control solutions, 24-hour
drying was found to be sufficient to remove the water
completely. Duplicate urine samples always checked at
the end of this period but, with continued exposure to
the high vacuum, the urine residues showed a progressive
slow loss of weight amounting to about 1 per cent every
24 hours up to 96 hours.

This method of drying, while largely obviating errors
due to decomposition of the constituents of urine at higher
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temperatures, results in the loss of volatile substances such
as carbon dioxide from bicarbonate and volatile fatty
acids. The continued removal of such substances is prob-
ably largely responsible for the decrease in weight after
the first 24 hours.

The acid-base balance of the electrolytes and the
nitrogen partition were calculated as checks on the
accuracy of the determinations.

From the urine analyses and the specific gravity
factors (Table I), the increments of specific grav-
ity contributed by each of the analyzed substances
can be calculated and the sum compared with the
observed total increment.

Three methods are available in handling the
salts:

(A) The various anions and cations may be
combined in any convenient way to form salts,
and the salt concentrations used in the calculation.
As previously shown, the method of combination
is immaterial.

(B) The Na*, K+, and NH,* ions may be par-
titioned among each of the anions according to
their percentages of the total cation. For this
purpose Ca** 4+ Mg** are grouped with Na*.
This grouping of Ca** 4+ Mg* with Na* is justi-
fied, as can be seen from the specific gravity fac-
tors of Table I. Ca** has a slightly greater and
Mg** a slightly smaller effect on specific gravity
than Na and since they are present in roughly the
same concentration, both being small, the error in
grouping them with Na is slight.?

(C) The anions may be considered as present
entirely in the form of Na salts.

Methods A and B are both somewhat tedious
but yield the same result. Method C, which at
first glance seems to be only a rough approxima-
tion, also gives the same value as 4 or B. This
is due to a fortuitous balancing of the K and NH,
concentrations and factors, and presumably would
not always hold. If K or NH, concentrations de-

2In a urine containing 30 mEq. per liter of Ca + Mg
(the maximum in our series), the error in calculating
specific gravity by considering this fraction of cation as
Na would be — .00012 if it were all Ca and <+ 0.00008 if
it were all Mg. If present in the usual proportions, the
errors are almost completely balanced. This would not be
true in urines where the cation distribution varies greatly
from the normal (low salt intake, nephrosis, etc.). In
such casés, Ca and Mg should be determined as well as
Na and K.
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viate much from the normal, Method A4 or B is to
be preferred.

Table IV illustrates the calculation of the spe-
cific gravity of a mixed salt solution made up in
approximately the same concentration as one of
the normal urines. It will be seen that the three
methods of calculation agree quite closely and are
well within the limits of analytical errors.

The specific gravity of twenty normal urines
from subjects on the standard diets was calcu-
lated by both Methods B and C, using the experi-
mentally determined concentrations of Na, K, and
NH, for B. Method B tends to give slightly lower
values, but in no case does the difference exceed—
0.0004. Fourteen of the twenty are identical or
differ by 0.0001 ; seventeen do not differ by more
than 0.0002.

Where Na and K were determined, Method B
was used throughout. In some of the earlier ex-
periments where these were not determined,
Method C was used.

The experimental data from the first series of
experiments on 2 male subjects with normal renal

J. WAIDE PRICE, MAX MILLER, AND J. M. HAYMAN, JR.

function (ages 32 and 28) are given in Table V.
The subjects were ambulatory during the experi-
mental periods but exercise was limited in order
to minimize salt and N loss by perspiration.
Since the acid-base balance involved eight analy-
ses, a maximum difference between acidic and basic
radicals of 10 per cent was arbitrarily chosen for
the selection of urines for calculation of specific
gravity. In most instances, the error was less than
5 per cent. On high protein diets, the sum of the
cations is usually less than the sum of the anions,
probably because the organic acids have been con-
sidered to be present entirely as salts (4.e., as an-
ions). On high protein diets, pH is consistently
lower due to increased excretion of the acid prod-
ucts of protein catabolism. In these more acid
urines, some of the organic acids may exist uncom-
bined, amounting possibly to as much as 10 per
cent at pH 5.0 (assuming an average pK of 4.0)
and this nonionized fraction should not be used in
calculating the acid-base balance. Since this cor-
rection cannot be accurately estimated, the organic
acids have been grouped entirely with the anions,

TABLE 1V
Comparison of methods for the calculation of specific gravity
Method A Method B Method C
: Concen- Specific : Concen- Specific . Concen- Specific
Constituent tration mfr‘;:tei ¢ Constituent tration ingcx;:?l; . Constituent tration ingcrra;:te;'r‘ ¢
mEgq. per liter mEq. per liter mEq. per liter
KCl1 53.5 0.00254 KCl 63.2 0.00300
NH,Cl 19.6 0.00033
NaCl 71.5 0.00320 NaCl 48.2 0.00199 NaCl 131.0 0.00541
K,SO, 23.3 0.00163 K.SO, 27.8 0.00195
(NH,): SO, 344 0.00133 (NH,): SO, 8.7 0.00034
Na,SO, 21.2 0.00136 Na.SO, 57.7 0.00370
KH,PO, 34.0 0.00328 KH,PO, 16.4 0.00158
NH.H,PO, 5.1 0.00038
NaH,PO, 12.5 0.00112 NaH,PO, 34.0 0.00304
K.HPO, 3.5 0.00025
- (NH)s HPO, 1.1 0.00004
Na,HPO, 7.2 0.00049 Na,HPO, 2.6 0.00018 Na.HPO, 7.2 0.00049
H.0 0.99823 . H.O 0.99823 H.O 0.99823
Specific gravity 1.01070 | Specific gravity 1.01075 | Specific gravity 1.01087

Observed specific gravity = 1.0108

Method A: Calculated according to composition as actually prepared.

Method B: Cations distributed proportionally among anions.

per cent of total cation.)

(Na = 36.8 per cent, K = 48.2 per cent, NH; = 15.0

Method C: Anions considered as being present entirely as sodium salts.
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TABLE V
Concentrations of major constituents and acid-base balance of twenty-two urines from 2 subjects on low and high protein diets
Sub- | vol | Specific) i | Urea |60 | To2! |NHJ| C1 | SO |H:PO(| HPOJ HCOH OF2nicl JZ | (Z | Bares | Error
mM. | mM. | mEq. | mEq.| mEq. | mEq.| mEq. | mEq.| mEq.| mEq. | mEq. | mEq. | mEq.
ce. per per per | per | per | per | per | per | per | per per per per :f',.g
liter | Uiter | liter |liter | liter |liter | liter | liter | liter | liter | liter | liter | lster
D (40 Gram protein diet) Age 30. Ht. 173.5 cm. Wt. 56.6 kgm.
a 1500 | 1.0080| 6.2| 98.3| 7.4 |110.1}10.5| 61.6]|13.8| 11.6 | 5.3 | 1.4 | 23.9 | 120.6|117.6 30] 25
b 415 | 1.0283| 6.3| 296.0 | 23.7 | 349.5| 26.6| 167.9 | 54.1| 40.2 |23.2 | 2.0 {107.2 | 376.1 | 394.6 |—18.5| —4.8
c 460 | 1.0275| 6.7| 322.0 | 21.3 | 328.3 | 24.4| 152.5| 45.0] 29.3 |45.2 | 5.0 | 74.1 | 352.7|351.1 1.6 0.5
d 725 | 1.0162| 6.4/ 199.8| 15.4 | 216.4| 21.5/111.5( 28.1] 20.4 |14.9 | 0.9 | 40.8 | 237.9]216.6| 21.3| 9.4
e 3240 |1.0030| 6.6| 51.9| 3.2 | 58.7| 5.5 32.5| 6.1] 45| 54| 3.1 9.2 | 64.2| 60.8 34| 5.5
f 2790 | 1.0037| 6.5/ 52.2| 3.8 | 68.0{ 6.1f 36.6f 7.6/ 68| 6.3 | 2.8 10.2 | 74.1| 70.3 3.8] 5.3
D (100 Gram protein diet)
a 1000 | 1.0238| 5.2/ 396.0 | 14.1 | 274.7]29.1| 171.3| 54.3] 34.8 | 1.8 | 0.1 | 40.3 | 303.8 | 302.6 1.2 04
b 1020 | 1.0248] 5.2| 443.0 | 12.4 | 290.5 | 28.6{ 208.3 | 53.2| 36.0 | 2.0 | 0.1 | 40.8 {319.1]|304.4| 14.7| 4.7
c 985 | 1.0275| 5.1/ 472.0 | 11.7 | 284.5| 30.6| 189.8 | 60.0| 38.6 | 1.8 [ 0.1 | 32.8 | 315.1]|323.1|— 8.0|—25
d 1000 | 1.0266| 5.2| 503.0 | 13.4 | 314.9| 29.6| 215.3 | 59.8| 33.7 | 1.8 | 0.1 | 40.0 | 344.5|350.7|— 6.2 —1.8
e 3020 | 1.0064] 5.0/ 160.0| 4.2 | 80.4|16.0] 63.3|18.7] 10.5]| 0.4 | — | 11.1 | 96.4{1040|— 7.6| —7.6
f 3480 | 1.0063| 5.2| 146.0| 3.5 | 92.1|11.0/ 660|175 9.7 ]| 0.3 | — | 11.1 |103.1|104.9|— 1.8 —1.7
g 1640 | 1.0136] 5.2{ 311.0| 8.6 |153.8]|20.1] 90.0|34.7[ 225 | 1.2 | 0.1 | 21.8 |173.9]|170.3 36| 21
1790 | 1.0127] 5.2/ 283.0| 7.8 |154.6| 19.6| 104.7 | 33.3[ 20.2 | 1.0 | 0.1 | 26.5 |174.2|185.8|—11.6| —6.4
M (50 Gram protein diet) Age 28. Ht. 180 cm. Wt. 72.5 kgm.
a 890 | 1.0217] 6.6| 300.6 | 18.6 | 255.8 | 35.1| 148.8| 39.1| 20.6 (24.8 | 3.5 | 43.1 [290.9|279.9( 11.0| 3.9
b 580 | 1.0265| 6.4] 355.0 | 23.1 | 300.9 | 28.8| 188.4 | 45.1] 26.3 {19.2 | 4.0 | 48.7 |329.7|331.7|— 2.0| —0.6
c 1980 | 1.0080| 6.7| 128.5| 7.7 | 124.5|10.7] 75.9|14.5| 7.1 |10.8 | 7.6 | 17.8 | 135.2 133.7 1.5 1.1
d 1410 | 1.0110| 6.6| 161.6 | 10.2 | 149.3 | 15.1] 92.3|20.0{ 10.1 [12.2 | 4.5 | 23.0 | 164.4|162.1 23 1.4
M (110 Gram protein diet)

a 1635 | 1.0171] 5.71 311.7| 9.3 | 195.7| 26.4| 140.2 | 38.3| 23.4 | 3.2 | 0.9 | 239 |222.1|229.9|— 7.8| —3.5
b 1160 | 1.0229| 5.7| 396.0 | 14.8 | 265.1 | 32.8/205.9 | 50.4| 27.7 | 3.8 | 0.6 | 33.1 }297.9]321.5(-23.6| —7.6
c 2350 | 1.0105| 6.2 225.0| 6.8 |136.0| 14.1] 86.3]26.0] 12.7 | 5.8 | 2.0 | 16.8 | 150.1 | 149.6 0.5| 03
d 2920 | 1.0080| 5.7| 182.5| 5.6 | 91.1|13.6] 55.1|21.8] 13.2 | 1.8 | 0.5 | 14.4 | 104.7|106.8 |— 2.1| —2.0

giving, in the more acid urines, a total concentra-
tion of acidic constituents bound to base slightly
in excess of the amount actually present.

Using the factors given in Table I, the specific
gravity contributions of urea, creatinine, chloride,
sulfate, phosphate, and bicarbonate were calculated
by Method C. Data of the 2 subjects, D. and M.,
are presented in Table VI. In addition to these 2
subjects, similar studies were carried out on 5 more
individuals (subject M was studied again 6 months
after the first experiments). The average per
cent of specific gravity determined on the two pro-
tein diets is given in Table VII. (Method B was
used in calculations in the last four subjects.)

In a person with normal kidney function on a
relatively constant diet, the specific gravity con-

tributions of the substances enumerated above are
fairly constant, since they are for the most part de-
rived from exogenous soyrces and during a 24-
hour period will be almost completely excreted,
provided the subject is in balance. Urine volume
changes over normal ranges will not affect output
appreciably ; consequently these substances will be
diluted or concentrated to the same degree and the
specific gravity effect expressed on a percentage
basis will remain constant. Over a range of spe-
cific gravity from 1.0030 to 1.0283, on either low
or high protein diet, the same specific gravity pat-
tern is obtained. :

On a high protein diet, relatively more of the
specific gravity can be accounted for, the total av-
eraging between 80 and 90 per cent, as compared
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TABLE VI
Calculations of specific gravity (method C) from data of Table V, using factors of Table I
S Contributions to specific gravity of Sum of |Per cent
Sub- crﬁe; specific | specific
ject | fre” Per | C P P P Pe Pe Per | ontrt, | Sdeter
incre- er | Creati- | Per er er r r er - T-
ment | Urea | ne| nine |cent NaCl cent NasSOq« cent NaH:PO4 cent NasHPO, cent NaHCO; cent | butions | min
D (a) | 0.0098 |0.00159 | 16.2 {0.00021 | 2.1 [0.00254 | 25.9 |0.00089 | 9.1 [0.00104 10.6 |0.00036 3.7 [0.00009 | 0.9 |0.00672 68.6
0.0301 480 | 16.0 68| 2.3 694 | 23.1 347 | 11.5 359 119 157 5.2 12 | 0.4 |0.02117 70.2
c) | 0.0293 522 | 17.8 61| 2.1 630 | 21.5 289 | 9.9 262 8.9 305 [10.4 30 | 1.2 {0.02099 71.6
(d) |0.0180 324 | 180 4 | 2.4 461 | 25.6 180 | 10.0 182 10.1 100 5.6 5 | 0.3 |0.01296 72.0
e) | 0.0048 84| 17.5 09| 1.9 135 | 28.1 39| 8.1 40 83 36 7.5 19 | 4.0 |0.00362 75.2
f) |0.0055 85 | 15.5 111 20 151 | 27.5 49 | 8.9 61 1.1 43 7.8 17 | 3.1 {0.00417 75.8
D ag 0.0256 [0.00642 | 25.1 [0.00040 | 1.6 [0.00708 | 27.7 |0.00349 | 13.6 [0.00311 12.1 [0.00012 0.5 (0.00001 0.02063 80.6
0.0266 718 | 27.0 35|13 861 | 32.4 342 | 129 322 12.1 13 0.5 1 0.02292 86.2
c) |0.0293 764 | 26.1 33| 1.t 784 | 26.8 385 | 13.1 345 11.8 12 0.4 1 0.02324 79.4
d) | 0.0284 815 | 28.7 38| 13 890 | 31.3 384 | 13.5 301 10.6 12 0.4 1 0.02441 86.0
e) | 0.0082 259 | 31.6 12 | 1.5 261 | 31.8 120 | 14.6 94 1.5 3 0.4 (1] 0.00749 91.4
f) | 0.0081 237 | 29.3 10 | 1.2 273 | 33.7 112 | 13.8 87 10.7 2 0.2 0 0.00721 89.0
8 0.0154 504 | 32.7 25| 1.6 372 | 24.2 223 | 14.5 201 13.1 8 0.5 1 0.01334 86.6
0.0145 459 | 31.7 221 15 433 | 29.9 214 | 14.8 181 12.5 7 0.5 1 0.01317 90.8
M (a) | 0.0235 [0.00487 | 20.7 lo.oooss 2.3 |0.00614 | 26.3 |0.00251 | 10.7 |0.00184 7.8 |0.00167 7.1 10.00021 | 0.9 {0.01777 75.6
0.0283 575 | 20.3 66 | 2.3 778 | 27.5 290 | 10.2 235 8.3 130 4.6 24 | 0.8 [0.02098 74.1
c) | 0.0098 208 | 21.2 22| 2.2 314 | 32.0 93| 9.5 63 6.4 73 7.5 46 | 4.7 |0.00819 83.6
(d) | 0.0128 262 | 20.5 29| 23 381 ] 29.8 228 | 10.0 90 7.0 82 6.4 27 | 2.1 ]0.00999 78.0
M (a) | 0.0189 505 | 26.7 26 | 14 579 | 30.6 246 | 13.0 209 11.1 22 1.2 05 | 0.3 {0.01592 84.2
) | 0.0247 642 | 26.0 42 | 1.7 850 | 34.4 324 ) 131 248 10.0 26 1.1 04 | 0.2 |10.02136 86.5
c) | 0.0123 364 | 29.6 19} 15 357 | 29.0 167 | 13.6 114 9.3 39 3.2 12 1.0 {0.01072 87.2
(d) | 0.0098 296 | 30.2 16 | 1.6 228 | 23.3 140 | 14.3 118 | 12,0 12 |12 03 | 0.3 [0.00813 | 83.0

with 70 to 80 per cent on a low protein diet (Table
VII). An increase in protein intake results in a
greater output of urea, sulfate and phosphate
without a proportional increase in water; that is,
the normal human kidney seems to have the ability
to eliminate successive increments of these sub-
stances with some economy of water (cf. Gamble
(19)). Their specific gravity contributions neces-
sarily become proportionately greater, except in
the case of phosphate where the increased molar
concentration may be offset by the decrease in
equivalent concentration resulting from the shift
from alkaline to acid salts at the lower pH values.

The chloride fraction of specific gravity repre-
sents 14 to 15 of the total. In general, the chloride
contribution to specific gravity was slightly less
with the high protein diet since the salt intake was
only slightly increased.

Creatinine contributed only a small quantity (1
to 2 per cent), which was definitely less on the
higher protein diet. Since creatinine is essentially
a product of endogenous metabolism and since
more solids are excreted on a high protein diet,
creatinine makes up a smaller percentage of the
total.

Bicarbonate was variable but usually did not
comprise a very significant part of the total. The
excretion of bicarbonate is dependent on pH and
CO, tension and at the acidity of normal urine and
under a normal tension will not generally exceed
10 mEq. per liter (18, 40b).

These data indicate that 70 to 90 per cent of
the specific gravity of the urine from normal sub-
jects on varying protein diets can be accounted for
by chloride, urea, sulfate, phosphate, creatinine,
and bicarbonate. Of these, chloride contributes
roughly 25 per cent, sulfate and phosphate to-
gether 20 to 30 per cent, urea 15 to 30 per cent,
creatinine 1 to 2 per cent, and bicarbonate 0 to 5
per cent. Urea, sulfate, and phosphate, compris-
ing the major derivatives of protein metabolism,
make up a greater fraction on high protein diets.

The undetermined fraction of specific gravity

The remaining 10 to 30 per cent of the specific
gravity unaccounted for on the basis of analyses
is a fraction of much interest. In specific gravity
units, it amounts to 0.0007 to 0.0061 on the high
protein diet, and 0.0012 to 0.0089 on the low pro-
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tein diet, the absolute magnitude depending on the
total gravity. Since it has been shown that in a
solution such as urine interionic or other physico-
chemical factors do not significantly affect specific
gravity, this relatively large undetermined fraction
must be due to constituents of urine not deter-
mined by analysis.

For a more detailed study of this undetermined
fraction, another series of nine normal urines from
4 subjects was analyzed. The conditions of diet,
collection of samples, analytical methods, etc., were
the same as for the previously studied series. In
addition, Na, K, total solid, total carbon, and ash
were determined. The analytical data were
treated by Method B (Table IV) for the calcula-
tion of specific gravity. The concentration of
each substance analyzed was also expressed in
grams from which the 24-hour output of deter-
mined substances could be calculated and the sum
of these compared with the total solid output.
The determined 24-hour output was further di-
vided into organic (urea -} creatinine) and inor-
ganic fractions and these were compared with the

TABLE VII

Average determined percentage of specific gravity of urine
from subjects on varying protein diets
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TABLE VII
Method of calculating specific gravity and
output of solids of urine
Subject: B (May 25, 1939)  24-Hour Vol. = 1260 ec.
Total base......... 190.0 mEq. per litee Cl
K 64.1

D 2—2-: = 1.0145

....... 80,
...... H:PO,
Catig. 216 HPO. ..
mis......... 188 OO, o 144
2088 mEq. pec liter

207.2 mEq. per liter
Total solids = 36.1 grams per liter; ash = 317£eroent.
= 30.7 per cent, Na+Ca-+Mg = 60.3 per cent of total

Per cent of specific gravity
Num- tro accounted for by
Nitro-
Sgc'i' ofb:{)- gen Total
¥ serva- | output Cre-
tions Urea| Cl | SO | POs | HCOy ati-
nine
grams ‘9‘:';
40-50 Grams protein diet
Lom. 6 4.6*| 12,0 42.4| 6.2| 10.5| 3.9 | 1.6 76.6
D 6 5.4*)16.8] 25.3] 9.6/ 169| 1.7 |2.1|72.4
M 4 8.4 |20.7] 28.9} 10.1| 13.8/ 1.6 | 23| 774
Mt 1 9.4 |23.4]30.110.0} 10.3} 1.3 1 2.0|77.1
L 2 8.7 |20.4{ 27.2 10.3] 9.9 54 |1.9]75.1
B 2 9.7 |21.4{27.8 9.8 11.4| 4.7 | 20| 77.1
K 2 11.1*% | 24.4] 22.81 11.9| 13.0] 1.0 | 2.2|75.3
100-110 Grams protein diet
Lom. 7 10.5* | 19.6| 36.6] 9.9| 11.5] 1.9 | 1.2 | 80.7
D 8 15.4 | 29.0{ 29.7| 13.9} 12.2| 0.0 | 1.4} 86.2
M 4 16.6 | 28.1| 29.3| 13.5/ 12.3| 0.5 | 1.6 | 85.3
Mt 1 16.7 | 28.3| 27.5{ 14.2| 13.9] 0.2 | 1.6 | 85.7
L 1 16.4 | 30.2| 22.5| 14.7{ 14.9] 0.5 | 1.5 ] 84.3
B 2 17.3 |29.7| 22.6| 13.4| 13.8| 0.5 | 1.6 | 81.6
K 2 17.5 | 30.3| 19.2} 14.2| 14.4| 0.2 | 1.7 | 80.0

* Not in nitrogen balance.
1 Six months after first set of observations.

NHq = 9.0 per cent, K =
cation.
Substance Concentration gravity Output
increment
grams per liter
0.00158 2.475
A 0.00016 0.519
65.1 0.00269 3.805
7.7 0.00054 0.671
22 0.00009 0.145
15.0 0.00096 1.065
23 0.00022 0313
0.7 0.00005 0.081
4.6 0.00041 0.552
48 0.00034 0.418
14 0.00005 .093
9.5 0.00064 0.675
44 0.00029 0.440
13 0.00006 0.103
8.7 0.00053 0.731
Sum of determined inorganic solids...............cooiiiiiiiiiiiiiii. 12,086
mM. per liter
Tres.....cocovveeeene. 2242 0.00363 13.463
Creatinine. . ........... 117 0.00033 1323
Sum of determined organic 8olds...........ccciiiiiiiiiiiiiiieiiiaaaas 14.786
Total.......ocovennn. 0.01257 26.872
Specific gravity determined = —— U020 __ 3 100 = 77.3 per oent
orw 10185 — 0.9982 per
Solids determined -:—%—gxwo = 74.5 per cent
24-Hour output:
1. Total soBidSs. .. ....coevvevnunnnnniiannnns 1 X 1.260=45.5 grams
. Determined solids 269 X 1.260=33.9 gnms
3. Undetermined sol 455 —33.9 =11.6 grams.
Ash. ..ol 0317X45 5 =144 grams.
5. Determined ino solids. .. X 1.260=15.2 grams.
6. Organic solids (Total solids—ash) . 45.5 —144 =31.1grams.
7. Determined organic solids 14.8 X 1.260=18.6 grams

corresponding values calculated from the total
solid and ash determinations. An example of the
calculation is given in Table VIII and the data for
all of the urines in this series are summarized in
Table IX.

The data of Table IX show the following rela-
tionships between the determined fraction of spe-
cific gravity and the determined solid constituents
of the urine:

(1) The per cent of specific gravity accounted
for by the major constituents of urine is a value
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TABLE IX
Percentage of specific gravity and total organic and inorganic solids determined by analysis of nine normal urines
i Deter- | Inor- Deter- P
24- m; m{iyc ol:;rt Total Deter- Per ';:? mi:ee:l g;\‘:gc mc minedm ce:rt_
Sub- D Hour | incre- | incre- [ specific lids | mined | cent cent Ash inor- | solids | (total or- | organic
ject ate vol- | ment ment | gravity | 50, t solids | deter- of output c per solids | ganic | solids
ume ob- calcu- | deter- | Outpu output | mined | total solids | centof | —ash) | solids | deter-
gserved | lated | mined solids output | ash | output | output | mined
cc. grams | grams grams | grams grams | grams
“High' protein diet
M | April 17 1770{ 0.0167/0.01436| 86.0 | 68.1 | 55.8 | 82.0 | 31.8 | 21.7 | 23.0 | 106.0 | 46.4 | 32.8 | 70.7
L | April 18| 1585/ 0.0176/0.01489 84.6 | 65.8 | 53.2 | 80.9 | 29.8 | 19.6 | 20.4 | 104.1 | 46.2 | 32.8 | 71.0
B ay 19| 1520/ 0.0200/0.01614] 80.7 | 72.4 | 57.0 | 78.7 | 27.2 | 19.7 | 20.5 | 104.1 | 52.7 | 36.4 | 69.1
K | May 23| 1445| 0.0200/0.01568| 78.4 | 68.8 | 53.5 | 77.8 | 26.1 180 | 18.6 | 103.3 | 50.8 | 34.8 | 68.5
Average 824 79.9 104.4 69.8
“Low’’ protein diet
L | April 24| 1300| 0.0155[0.01094| 70.6 | 41.7 | 30.4 | 729 | 32.2 | 13.4 | 134 | 100.0| 283 | 17.0 | 60.1
L | April 25| 1430{ 0.0144/0.01151] 79.9 | 43.7 | 33.2 | 76,0 | 354 | 155 | 16.4 | 1058 | 28.2 | 16.7 | 59.2
M | April 28| 1320 0.0157/0.01213| 77.2 | 44.3 | 34.7 | 784 | 33.6 | 149 | 15.2 | 102.0| 29.4 | 19.7 | 67.0
B | May 25| 1260} 0.0163|0.01260{ 77.3 | 45.5 | 33.9 | 745 | 31.7 | 144 | 15.2 {1056 31.1 | 18.6 | 59.8
K | June 1| 960| 0.0216/0.01645( 76.2 | 47.7 | 35.1 | 73.6 | 30.7 | 14.6 | 14.3 | 98.0 | 33.1 | 209 | 63.2
Average 76.2 75.1 102.3 61.9

almost identical with the per cent of total solids
which these constituents comprise. There is,
therefore, present in urine a very appreciable quan-
tity of solid matter, not ordinarily determined by
analysis, but probably sufficient to account for the
remainder of the specific gravity if its composition
and the specific gravity contributions of the com-
ponent substances were known.

(2) The determined inorganic solids include all
compounds present in sufficiently high concentra-
tion to have a significant effect either on specific
gravity or on total solid content. The calculated
acid-base balances serve as a check on these analy-
ses. As a further check, the 24-hour output of
inorganic substances is found to be 98 to 106 per
cent of the ash content of the urines, as determined
by dry ashing of the residues obtained in the total
solid determination. Since this method of ashing
produces little change in the composition of these
salts,® this agreement indicates that the inorganic

3 Dry ashing will not appreciably affect alkali or alka-
line earth chlorides and sulfates. There will be some loss
of water from phosphates with formation of metaphos-
phates and decomposition or volatilization of ammonium
salts. Salts of organic acids (which have not been in-
cluded in calculating the total output of inorganic solids)
will be converted to carbonate or bicarbonate and the
cations will largely recombine with the anions previously
held by ammonia. The net result is a relatively slight

constituents have been practically completely de-
termined. The undetermined solid is, therefore,
organic in nature.

(3) Urea and creatinine account for only 60
to 70 per cent of the total organic matter (total
solids-ash). Approximately 30 to 40 per cent of
the organic constituents are substances not com-
monly determined in urine analyses and they may
quite readily account for the 10 to 30 per cent of
undetermined specific gravity.

(4) The absolute amount of undetermined or-
ganic solids is 10 to 15 grams in the 24-hour
urines, slightly higher with high protein intake
(Table X).

Direct study of this 10 to 15 grams would neces-
sitate the estimation of a great number of sub-
stances excreted in the urine in amounts varying
from a few milligrams to a gram or more per day.
Such analyses would be impractical and even im-
possible on a single 24-hour specimen, consequently
only the general nature of the undetermined frac-
tion will be discussed. Table X summarizes the
data for this fraction from the series of urines
presented in Table IX.

One large group of compounds, the organic
change in weight during the ashing so that the ash content

of a urine may be used as a fairly accurate index of the
mineral salts present.
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acids, has been determined in all of the analyses
and is recorded in Tables V and X. This analysis
is essential in calculating the acid-base balance but
the contribution of organic acids to specific gravity
has not been calculated since the individual organic
acids are not sufficiently well known to make pos-
sible the use of an accurate specific gravity factor.

Of the acids determined collectively as organic
acids, uric, hippuric, and citric, are known to occur
in appreciable amounts. Of these, only uric acid
has been determined, and its contribution to spe-
cific gravity cannot be estimated since its physical
state in urine is not known, it frequently being
present in concentration greater than its true solu-
bility in water either as free acid or as urate (36).
Hippuric acid is found in appreciable amounts
(0.8 to 1.9 grams daily output (17, 25)) and citric
acid may be excreted in amounts from 0.2 to 1.0
gram daily (8, 34). However, the excretion of
these known acids can rarely exceed 3.0 grams per
day, which is about 16 mEq. or 14 to 1 of the total
organic acid excretion determined by the method
of Van Slyke and Palmer (37). If the unknown
acids have about the same average equivalent
weight as these three, the organic acid fraction
could well amount to 6 to 10 grams per day, or
about half of the undetermined solids.

A very rough idea of the general effect of or-
ganic acids on specific gravity may be calculated
from the density data of the International Critical
Tables. As sodium salts, these acids have specific
gravity factors of about 0.004 to 0.009 per 100
mEq. per liter, averaging about 0.006. This
would definitely place them as comparable to the
inorganic salts in their effect on specific gravity
(cf. Table I). Assuming the urinary organic
acids to behave in a similar manner, the 10 mEq.
per liter to 100 mEq. per liter present might total
0.0006 to 0.006 in specific gravity units, which
accounts for about 14 of the undetermined frac-
tion of specific gravity.

The fractions of sulphur designated as ethereal
and neutral sulphur are listed in Table X. The
former group contains sulphuric acid conjugated
with phenolic compounds such as phenol, indoxyl,
skatoxyl, p-cresol, and possibly others such as py-
rocatechol and hydroquinone, some of which may
be weak enough acids to be at least partially de-
termined in the organic acid fraction. The neut-
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ral sulphur is present in a wide variety of com-
pounds such as cystine, thiocyanates, taurine de-
rivatives, oxyproteic acids, etc., which are largely
endogenous. -

While some ethereal compounds of phosphoric
acid are present in urine, the amount is so small
as to comprise 5 per cent or less of the total phos-
phorus (30, 46). This has been verified in some
of the urines studied and the amount of phos-
phorus represented by these compounds has been
neglected.

Small amounts of fermentable carbohydrate are
present even in normal urine but the total reducing
power of urine is probably largely due to non-
carbohydrate substances. Pigments are constantly
present, about 75 mgm. being excreted daily (12).
It is obviously impractical to assign specific gravity
factors to these and the multitude of other sub-
stances which have been found in urine.

From the data of Table X, the 24-hour output ’
of undetermined C, N and S can be compared with
the output of undetermined solid. Uric acid was
determined in all of these urines but was grouped
with the organic acids which were not considered
in calculating the specific gravity. Carbon makes
up about 35 to 44 per cent of the weight, nitrogen
5 to 10 per cent, neutral sulphur 0.5 to 1.0 per
cent and ethereal sulphur 0.3 to 7 per cent. This

TABLE X

Comparison of 24-hour output and composition of
total and of undetermined solids

Total solids Undetermined solids®

Sub-

ject Ethe-

Out- | Car- | Nitro-| Out- | Car- real
put | bon | gen | put | bon | gen all:l- sul-
phur

grams | grams | grams | grams | grams | grams | grams | grams

11.30
11.19

13.72

e
>
»
2NeS
>
ES
]
>
'S
R
=_—oO
1 335
S888

coee

““Low” protein diet

April24 | 41.7 | 8.07| 8. 4.13
. 8.04| 862| 105 | 4.09

8.11| 937| 9.6 | 4.14

y 25| 45.5 | 8.78 116 | 445
June 1| 47.7 | 933

B

>

8

S

&
peooo
R38
oooo9
3134

9.89
10.88 | 12,6 | 4.72

* Ethereal sulphur, neutral sulphur and organic acids
have been considered entirely with the undetermined
fraction of total solids.
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corresponds to an atomic ratio of one atom of
sulphur for 10 to 18 atoms of nitrogen and 73 to
107 atoms of carbon.* Such a calculation is obvi-
ously of no value in determining the composition
of any single constituent of the undetermined or-
ganic fraction nor is it useful in calculating a spe-
cific gravity factor for the unknown fraction. It
does, however, permit the following comments:

(1) The undetermined fraction as a whole con-
tains a smaller percentage of nitrogen than if it
were composed entirely of protein degradation
products. If organic acids, which probably con-
tain little or no nitrogen make up one-half or more
of this fraction, the remainder might well approach
the composition of protein fairly closely.

(2) Since sulphur makes up only about 1 to
1.5 per cent of the undetermined solid, and the
known sulphur-containing compounds in the urine
have a relatively high percentage of this element,
the actual weight of these compounds must be
small.

(3) The percentage composition of the undeter-
mined fraction in the 4 subjects studied on both
low and high protein diets is remarkably constant.
The absolute quantity excreted daily is only
slightly higher on the latter regime. This slight
increase may easily be due to the greater excretion
of organic acids. These facts indicate quite
strongly that the undetermined substances are
largely endogenous.

Dialysis of urine through cellophane membranes
gives an indication of the molecular size of the
substances present. When dialyzed against a con-
fined volume of water, all of the substances ana-
lyzed are found to be freely diffusible. When
dialyzed against running water until the dialysate
is free of chloride, 100 cc. of a urine originally
containing 1.13 grams of nitrogen and 5.7 grams
of total solid contained only 2.9 mgm. of nitrogen
and 38 mgm. of solid. The specific gravity was
the same as that of water within the limit of error

4If the uric acid is not included in the undetermined
fraction, the undetermined solid is reduced by 0.5 to 0.8
gram but the percentage composition and empirical for-
mula are not changed significantly (carbon 33 to 40 per
cent, nitrogen 4 to 9 per cent, neutral sulphur 0.6 to 1.1
per cent and ethereal sulphur 0.3 to 0.8 per cent, corre-
sponding to an atomic ratio of 1 sulphur to 7 to 14 nitro-
gen and 70 to 103 carbon).
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TABLE XI
Calculation of specific gravity factor for undetermined
fractions of organic solids (A), and comparison of these
factors with those of known substances in urine (B)

4)
. Specific
Solids .
Subject Mumd und‘et;vrﬁned Factor
grams per liter ef ;‘:',, '-g:”"
110 Gram protein diet
B 13.1 0.0040 0.00031
B 10.2 0.0039 0.00038
K 149 0.0048 0.00032
K 10.7 0.0044 0.00041
M 6.9 0.0024 0.00035
L 8.0 0.0028 0.00035
Average 0.00035
50 Gram protein diet
B 9.2 0.0037 0.00040
B 8.9 0.0035 0.00039
K 131 0.0050 0.00038
K 13.0 0.0052 0.00040
M 7.2 0.0036 0.00050
L 8.7 0.0046 0.00053
L 7.3 0.0030 0.00041
Average 0.00043
Combined average 0.00039
(B)
Specific Specific
Substance gravity Substance gravity
factor factor
0.00071 |NH(CI...... 0.00031
0.00064 | (NH,),SO,...[ 0.00059
0.00090 | (NH,)H,PO,.| 0.00065
0.00080 | (NH,),HPO..[ 0.00053
0.00074
0.00071
0.00095 |Urea........ 0.00027
0.00082 | Creatinine...| 0.00025

of determination. From these two experiments it
is evident that normal urine contains only’ inap-
preciable quantities of true colloidal or non-
dialyzable substances. Consequently, such com-
pounds cannot contribute significantly to the un-
determined specific gravity or to the total solids.
What little is present is probably mucus or cellular
elements derived from the urinary passages plus a
small amount of pigment.
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The undetermined substances of the urine may,
therefore, be characterized as (1) organic com-
pounds, (2) of relatively low molecular weight
(dialyzable), (3) relatively low in nitrogen con-
tent, (4) showing only slight variation with diet
and (5) sufficient in quantity to account for the
undetermined fraction of specific gravity.

The average specific gravity effect per gram of
undetermined solid can be obtained from the data
presented. This calculation was carried out in
thirteen instances and the results are tabulated in
Table XI-4. In Table XI-B the increments per
gram of the determined substances in urine are
shown for comparison. The latter fall in three
distinct groups: the inorganic salts of Na and K
having the greatest effect per. gram, urea and
creatinine the smallest, and the ammonium inor-
ganic salts intermediate. The undetermined solids
exert an effect closest to the organic substances
(urea and creatinine), which is consistent with
their organic nature. On the high protein diets
the undetermined solids have a slightly higher fac-
tor, but the difference is not significant. The con-
stancy of this factor is in keeping with a belief
in the relative constancy in composition of the
undetermined solids.

Estimation of total solids of urine from specific
gravity with a critical evaluation of
Hiser's and Long’s coefficients

Since the specific gravity of urine is a simple
additive function of the concentrations of the indi-
vidual constituents, there is theoretical justification
for the various empirical coefficients proposed for
the estimation of the solids of urine from specific
gravity. Christison in 1840 (10) seems to have
been the first to propose such a coefficient, but it
was not until Hiser’s (21) work (1854) that the
method received much attention.® The latter esti-
mated the total urinary solids in grams per liter by
multiplying the second and third decimal figures
of the specific gravity by 2.33. Long (29) deter-
mined specific gravity to the fourth place by
pyknometer and the total solids by an evaporation
method which permitted correction for losses due
to the ammonia evolved from urine on heating.
His coefficient of 0.260 at 25/4° is the one most

5 The literature has been reviewed by Blohm (7).
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frequently used at the present time, and is quoted
by Hawk and Bergheim (1937) (22) and Best
and Taylor (1939) (5). Long calculated his
coefficient by dividing the weight of solids by the
last three figures of the specific gravity. He
noted, without explanation, that there is more vari-
ation in the coefficient at low gravities, a variation
due in part to the fact that the solid content is cor-
related not with the last three figures of specific
gravity but with the actual increment of specific
gravity above that of water. With lower gravities
this correction plays a significant réle, as is shown
in the following example: A urine of 1.0300 grav-
ity using Long’s coefficient of 0.260 should contain
78.00 grams of solid per liter. It has been shown
experimentally in the early part of this paper that,
if such a urine is diluted with water, the specific
gravity increment is an inverse linear function of
the degree of dilution. Since Long determined

o
D 2% » the specific gravity increment in this case

is 1.0300 — 0.9971 = 0.0329. If this urine were

diluted four-fold with water at 25°, the specific
o

gravity 24% would be 0.9971 + 9'%.:1.0053,
not 1.0000-"'9% — 1.0075, as is implied when
concentration is expressed as a function of the
decimal figures of the specific gravity. Since the
total solid in the diluted urine is 19.5' grams per
liter, Long’s coefficient calculated for this example
would be %‘? =0.368. Using the average coef-
ficient of 0.260 for this urine, the estimated solids
would be 0.260 X 53 =13.8 grams per liter, al-
most 30 per cent low.

Long’s coefficient was derived from normal
urines, the great majority of which were of high
specific gravity (only four of the fifty-two urines
studied had specific gravities below 1.015, ten were
between 1.015 and 1.020, the rest above 1.020).
With these urines of high gravity, the absolute
error is not so significant. With the urines of low
gravity frequently obtained in disease, however,
Long’s coefficient will give values for total solid
as much as several hundred per cent in error.
This criticism does not apply to the coefficients

(-]
determined from Di—° (7) since, in these cases, the
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TABLE XII

Calculation of coefficients for estimation of total solid
content of urine from observed specific gravity (4), and
comparison of these with similar coefficients of individual
conststuents of urine (B)

4)
' I Coefficient
Subject Total solid Specific gravity S
increment 1 X 10,000
grams per liter
110 Gram protein diet
B 554 0.0227 0.244
B 47.6 0.0200 0.238
K 62.3 0.0253 0.246
K 47.7 0.0200 0.239
M 38.5 0.0167 0.231
L 41.5 0.0176 0.236
Average 0.239
50 Gram protein diet
B 36.1 0.0163 0.221
B 329 0.0150 0.219
K 49.5 0.0216 0.229
K 4.7 0.0194 0.231
M 33.5 0.0157 0.213
L 321 0.0155 0.207
L 30.5 0.0144 0.212
Average 0.219
Combined average 0.227
(B)
Coefficient Coefficient
Substance S Substance S
1 X 10,000 I X 10,000
0.142 NH(CI...... 0.322
0.157 (NH,):SO,. .. 0.170
0.111 (NH,)H.PO,. 0.153
0.125 (NH,);HPO,. 0.189
0.134
0.141
0.105
0.122
0.138 Urea........ 0.371
0.150 Creatinine. . . 0.397

specific gravity increment is identical with the deci-
mal figures of the observed specific gravity.
Aside from this theoretical objection to Long’s
coefficient, there was no great constancy even
among urines of high specific gravity, the value
ranging from 0.234 to 0.288, a variation of ap-
proximately 20 per cent. Blohm (7) reviewed the

o
subject, introducing a coefficient of 0.218 ( pi¥ )

J. WAIDE PRICE, MAX MILLER, AND J. M. HAYMAN, JR.

which he claimed yielded better results than any of
those previously suggested, but even this gave er-
rors as high as 13 per cent. Addis and Foster
(1) went to the other extreme, claiming that there
could be no close correlation between the two
variables because the specific gravity factors for
the substances found in urine differ so widely.

In Table XII are calculated coefficients for thir-
teen urines. In this same table, for comparison,
are given similarly calculated coefficients for the
main urinary substances. It is evident that the

. 20°

average coefficient, 0.228 DF
o

%) and of Blohm

) is similar to

that of Long <0.260; D

15°
< 0.218; D 1s°
those found by the latter. The coefficients de-
rived from urines of subjects on low protein diets
are lower than those from the same subjects on
high protein diets. This follows naturally and is
due to the much larger amount of urea in the latter
cases.

The coefficients in Table XII-B are the recipro-
cals of the factors in Table XI-B. Converted to
these coefficients, the force of Addis’ contention is
obvious: there is a wide disparity, the inorganic
salts as a class having low coefficients, those for
urea and creatinine about two to three times as
high, with the salts of ammonia giving intermedi-
ate values. Nevertheless, the relative constancy of
the pattern of the urine constituents on fixed diets
indicates that in these cases the concentration of
solids can be predicted fairly accurately with coef-
ficients derived from a sample of the group. Al-
though a greater variation in the coefficient might
be expected from urines of subjects on uncon-
trolled diets, the values found with ten random 24-
hour specimens have fallen within the extremes
of the more carefully controlled series.

) with variations corresponding to

DISCUSSION

Since Folin’s study (16) of thirty normal urines
in 1905, there have appeared in the literature a
number of similar but less complete analyses. As
a result, the normal range of excretion of the chief
urine constituents is fairly well established for
American subjects on usual diets. Despite the
wide variations in individuals, there is a definite
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tendency for this group as a whole to deviate from
other groups of different dietary habits such as
Europeans (32) with higher urea excretion, Fili-
pinos (11) with low urea and salt outputs, and
Japanese (24) with high salt excretion.

The analytical data presented in this paper fall
within the normal range as given by other authors
and the low and high protein intakes, 40 to 50
grams and 100 to 110 grams, respectively, repre-
sent about the minimum and maximum encoun-
tered in the great majority of random 24-hour
diets.

There seem to be no recent data where total
urine solid excretion has been determined simul-
taneously with analyses of the major constituents
of the urine. The excretion of undetermined or-
ganic solids has been either neglected or given as
2 to 3 grams per 24 hours (31). From the avail-
able data on the average excretion of the urinary
constituents not analyzed in this study, hippuric,
citric and oxalic acids, carbohydrate, amino-acids,
purine bases, pigments, volatile fatty acids, cystine,
etc., could account for only 3 to 4 grams of solid.
Hence, the undetermined organic solid of 10 to 15
grams observed in this series of urines is much
higher than that previously assumed to be present.
The 24-hour output of undetermined solid has
also been determined on 10 additional normal adult
subjects of both sexes who were allowed a free
choice of diet. The values obtained were the same
as for the subjects on the controlled diets, 9 to 15
grams. Organic acids, as has been noted, make
up a large part of this solid and the significance
of these compounds was not apparent to the earlier
investigators.

The assumption that the specific gravity of
urine can be accounted for on the basis of the con-
centration of dissolved substances alone, without
recourse to physico-chemical phenomena, has been
implied in the work of all of those who have calcu-
lated the specific gravity contributions of indi-
vidual substances. Since this has been shown to
be a valid assumption, the available data may be
compared with those of Table VII. Our results
for the sum of urea and Cl as NaCl on the high
protein diet are in accord with those of Pepper
(35) and Ishizu (24), although the data of these
investigators show somewhat greater variation in
both urea and chloride, since they are based on
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urine from subjects on unrestricted diets. In all
cases, however, urea and NaCl account for 15 to
34 of the specific gravity. On the assumption that
specific gravity was determined by urinometer at

-]

Dt_° , and that the average urine pH was 6.0, Fo-

lin’s data (16) may be used to calculate individual
specific gravity contributions. The results are al-
most identical with our high protein data. Urea
accounted for an average of 26 per cent, chloride
23 per cent, sulfate 15 per cent, and phosphate 16
per cent of the total. In individual urines 72 to
90 per cent of specific gravity was accounted for
by these substances. The data of Concepcion (11)
for Filipinos, on the other hand, are comparable
with our low protein data. For these groups,
urea + NaCl account for slightly less than 1% of
the specific gravity.

Our data would seem to invalidate the conclu-
sion of Alving and Van Slyke that the concentra-
tion test measures chiefly the ability of the kidney
to concentrate mineral salts because of their as-
sumption that these comprise %, of the specific
gravity of the urine. Actual measurements show
that mineral salts contribute only 50 to 60 per cent
of the specific gravity, while urea and other or-
ganic constituents make up the remainder. Con-
sequently, the concentration test measures equally
the capacity of the kidney to excrete both inorganic
and organic substances. A dilute urine in a nor-
mal individual is the result of excretion of larger
volumes of water with equal reduction of the grav-
ity contributions of salts and organic substances,
the specific gravity patterns remaining the same.

Specific gravity is not the only physical property
of urine which may be used as an index of the
concentration of dissolved solids. Cryoscopy was
introduced in 1897 by von Koranyi (26) and care-
fully studied by Kovesi and Roth-Schultz (27).
Since the depression of the freezing point of water
is dependent on the number of dissolved particles,
rather than their chemical nature, this method
might have some advantage over specific gravity as
a measure of total solid, but ionization of electro-
Iytes is a disturbing factor. Von Hahn (20) has
correlated surface tension with specific gravity so
that this property might also be used as a measure
of concentration. Blohm (7) introduced a refrac-
tometric method, which is probably the most accu-
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rate of any of the physical measures of total solid
concentration, and gives values within 5 per cent
of those determined by analysis. Its accuracy
rests on the fact that, whereas the specific gravity
factors of the various urinary constituents range
from 0.9 to 3.6 times the factor of urea (concen-
tration expressed in grams per liter) the  refrac-
tometric indices ” of the same constituents range
from 0.8 to 2.0 times that of urea, most of them
being 1.1 to 1.4 times greater. Variations in con-
centrations of individual constituents therefore
produce smaller changes in the refractometric in-
dex than they do in the specific gravity. Like the
cryoscopic method, however, this procedure re-
quires apparatus not commonly available.

All of these attempts to determine total solid
output by a simple measurement of some physical
property have been devised in order to test the
function of the kidney in the excretion of solids.
The colligative properties of a solution, vapor pres-
sure, osmotic pressure, and freezing point depres-
sion are not directly proportional to solid concen-
tration because of the ionization of electrolytes.
The specific gravity test is the simplest and most
widely used at present. Despite its widespread
use the exact relationship between it and the com-
position of the urine has never been systematically
studied. The results obtained here indicate that
specific gravity measures concentration roughly in
the same manner as the colligative properties, i.e.,
with electrolytes having relatively greater effect
per unit concentration than the organic substances.

Whether the low specific gravity encountered in
kidney disease is simply the result of dilution, with
preservation of the normal pattern of specific
gravity contributions, or whether there is greater
impairment in ability to concentrate some sub-
stances than others, must await similar analyses
of pathological urines which are in progress.

SUMMARY

1. Evidence is presented that the specific gravity
of a complex dilute solution of inorganic and or-
ganic substances can be calculated with consider-
able accuracy. Electrolytes have a greater effect
on specific gravity than organic solutes for equiva-
lent concentrations. The effect of electrolytes is
approximately a summation of the specific gravity
effects of the individual ions.
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2. The specific gravity of an artificial solution
made up of the major substances commonly found
in normal urine is the sum of the specific gravity
effects of the individual substances.

3. The specific gravity of urine is a simple addi-
tive function of the concentration of its individual
solutes.

4. Forty-eight 24-hour urines from 6 subjects
with normal renal function have been analyzed for
chloride, sulfate, phosphate, bicarbonate, urea, cre-
atinine, pH, and total solids, and the specific grav-
ity contributions of the inorganic salts, urea, and
creatinine have been calculated. In urine from
subjects on a low (40 to 50 grams) protein diet,
urea acounts for 15 to 20 per cent, chlorides for
25 to 30 per cent, sulfate and phosphate together
15 to 25 per cent, bicarbonate 1 to 5 per cent, and
creatinine 1 to 2 per cent of the observed specific
gravity. On a high (100 to 110 grams) protein
diet, urea, sulfate, and phosphate contribute a
slightly higher proportion to the specific gravity.
On the lower protein diets, 70 to 80 per cent, on
the higher protein diets, 80 to 90 per cent of the
specific gravity is accounted for by all the sub-
stances measured.

5. The undetermined fraction of specific gravity
comprises 10 to 30 per cent of the observed value
and in the same urines the excretion of undeter-
mined solids amounts to 10 to 15 grams daily or
from 10 to 30 per cent of the total solids. The
undetermined solid is composed of organic sub-
stances. This fraction is relatively low in nitro-
gen, of small molecular size (dialyzable) and is
largely endogenous in origin. Approximately one-
half of this fraction is made up of organic acids.

6. The various coefficients proposed for estima-
tion of total solids in urine from specific gravity
are valid only for urines of the same relative com-
position, since the coefficients of organic and in-
organic solutes differ by 200 to 300 per cent.
Consequently, in normal subjects on fixed diets,
the solid content can be estimated quite accurately
from specific gravity by means of coefficients. In
random urines, on the other hand, the variation in
composition is sufficient to make the use of coef-
ficients too inaccurate for exact analytical use.
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