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A diurnal rhythm in water and electrolyte ex-
cretion in man has been described by several in-
vestigators. Kleitman (1) reported decreased
urine flow and chloride excretion during sleep as
compared to "waking" hours, and suggested de-
creased blood pressure during sleep as the cause.
Simpson (2, 3) confirmed these observations in
young healthy adults who ingested the same
amount of water at hourly intervals throughout
24 hours and suggested the acidosis of sleep, with
the resultant intracellular shift of chloride and
water, as a possible mechanism for the positive
balance of these substances during sleep. Man-
chester (4) studied the 24 hour variations of wa-
ter and mineral balance in two epileptic children
on graded activity. He found that the maximum
excretion of water, sodium, potassium and chlo-
ride occurred from 6:00 A.M. to 12:00 midnight,
the minimum excretion from 12 midnight to 6:00
A.M. He concluded that the diurnal variation of
water and mineral excretion is related to sleep
rather than to changes in physical activity. Simp-
son (5) was unable to affect the cycle by means of
dehydration, fasting, changes in posture or short
periods of sleep during the day. Norn (6) re-
ported a reversal of the cycle with respect to time
in a night watchman who obtained his normal com-
plement of sleep, during the day. Brod (7)
showed that normal subjects have depressed en-
dogenous "creatinine" clearances at night associ-
ated with diminished urine flow.

It has been adequately demonstrated that the
diurnal rhythm in water and electrolyte excretion
may be absent or reversed in pathologic states.
Fishberg (8) states that the nocturia of nephritis
is due to a lack of concentrating ability and that
this symptom in hypertension may be due to this
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renal factor or to an increase in cardiac output in
the prone position. In heart failure (9) the noc-
turia is explained on the basis of increased cardiac
output and decreased renal venous pressure in the
prone position. Brod (7), using the endogenous
"creatinine" clearance as a measure of glomerular
filtration and the "creatinine" U/P ratio as an in-
dication of tubular reabsorption of water, demon-
strated that the nocturia of congestive failure is
associated with both a rise in glomerular filtration
and decreased tubular reabsorption of water during
sleep. In glomerulonephritis, however, the noc-
turia was due primarily to decreased water reab-
sorption, the filtration rate remaining fairly con-
stant throughout 24 hours. Breed and Schreiner
(10) have shown that some patients with essential
hypertension have nocturia associated with a re-
versal of the normal diurnal pattern for chloride
excretion and endogenous "creatinine" clearance.

Because of the obscurity of the mechanism
controlling this diurnal cycle of salt and water
excretion and its importance in the treatment of
congestive heart failure we have undertaken a
study of the 24 hour variations of renal hemody-
namics in normal subjects and in subjects with
congestive heart failure. The present paper deals
with normal subjects alone.

METHODS

Simultaneous endogenous "creatinine," inulin and p-
aminohippurate, free and total (free plus conjugated),
clearances were determined in 18 normal male subjects
during four to six hour periods throughout 24 to 48 hours.
The subjects were all convalescent patients without clini-
cal evidence of cardiovascular-renal disease. They were
maintained at bed rest for at least 24 hours prior to as
well as during the period of observation. They were on
routine ward diets and were allowed fluids ad lib.
The test substances were delivered by means of a con-

stant delivery pump at rates varying from 0.20 to 0.50
cc./min. in 14 of the subjects. For the first three a pusher
type pump was used in which the plunger of a 100 cc.
syringe, filled with the sustaining infusion, was slowly
driven forward by a synchronized motor through a
geared-down worm-screw drive. When empty the syringe
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was refilled by gravity through a three-way stopcock.
Seven experiments were performed with a mercury grav-

ity pump, delivery being accomplished by means of a fine
flow of mercury through a capillary tube (thermometer
tubing) into an air-free, air-tight pressure flask displacing
the sustaining infusion contained therein through the side
arm. The mercury was sterilized by placing it in boiling
water for 20 minutes followed by passage through a col-
umn of 70 per cent alcohol. Analyses of infusion fluids
so maintained in contact with metallic mercury for 48
hours contained no detectable traces of dissolved mercury

(up to one part per million). The rate of delivery was

obtained either indirectly by weighing the flask at stated
intervals, thus

cc./min. = gm- (sp. gr. Hg - sp. gr. infusion),
min.

or directly by means of a calibrated rotameter (11). A
milking type of pump, with synchronized finger-like prongs

which sequentially compress a piece of rubber tubing
coupling the infusion mixture and the patient, was used
in the last four pump experiments.4 In four subjects the
infusion was delivered by a simple gravity drip, employ-
ing a tunnel clamp for flow regulation. With the excep-

tion of two runs, in which leaks in the system were pres-

ent, the blood levels of inulin and PAH obtained with
these methods of infusion were more constant over a

24 hour period than is usually found in short-term obser-
vations using a gravity drip. The clearances were calcu-
lated by both the pump technique of Earle and Ber-

IV (rate of infusion of substance
(12, P plasma concentration

UV
is equated to Up at constant blood levels, and by the

standard urine collection techniques. For this comparison
the clearance of total (free plus conjugated) PAH was

used.
The sustaining infusions were made up in either normal

saline or 5 per cent glucose,5 containing 0.1 mgm. heparin
/cc. They were delivered through a thin plastic intra-
venous catheter supplied by L. H. Peterson (13), which

4This pump was designed and built by Dr. Robert
Bowman, of the Department of Medicine, New York
University College of Medicine, and was found most suit-
able for our purposes. The infusion rate may be varied
from approximately 0.25 to 7.5 cc./min. in 12 steps, the
exact flow depending upon the nature of the rubber tubing
used. Delivery is pulsatile and has an error of approxi-
mately + 2.0 per cent at 0.5 cc./min. for 30 minute
periods. This error decreases proportionately with in-
crease in length of period. Process and Instruments Co.,
60 Greenpoint Avenue, Brooklyn 22, New York, are pre-
paring to make this pump available on a commercial basis.

5 Five per cent glucose in distilled water was used as a

diluent for the sustaining infusion in seven instances. The
PAH clearance values obtained with this diluent were

found to be invalid for reasons which will be reported
subsequently. All data on PAH clearances performed
with the glucose solution as a diluent are therefore deleted
from the present report.

was passed through a wide-bored needle (No. 15 or 16)
to the level of the subclavian vein in accordance with the
technique described by Ladd and Schreiner (14). After
insertion of the catheter the needle was removed and the
distal end of the catheter was snugly adapted to one of
slightly wider bore which in turn was connnected to the
rubber tubing leading from the infusion flask.
The clearance periods were four hours long during the

day and of four or six hours duration at night. The
sleeping hours were approximately from 8:00 P.M. to
6:00 A.M. Urine was collected by spontaneous voiding
and bloods were drawn approximately at the midpoint of
each urine collection period. Patients over 50 were tested
for bladder urine residual after voluntary voiding before
the onset of the clearance determinations. Significant
residual urine was found in patients C. H. and R. W.,
aged 74 and 68 respectively. In these subjects retention
catheters and bladder washouts were used. Little diffi-
culty with bladder emptying was experienced in the re-
mainder of the subjects when awakened at night. Renal
vein catheterization was performed on two subjects using
the technique of Warren, Brannon and Merrill (15) and
Bradley and Bradley (16) in order to determine the
renal extraction ratios of PAH after a constant 24 hour
infusion of this substance.8 Plasma concentrations were
plotted semilogarithmically against time and the represen-
tative concentrations extrapolated from the midpoint of
each urine collection period.

Inulin was determined by a modification of Harrison's
method as described by Goldring and Chasis (17). The
urines as well as the plasma specimens were yeasted, mini-
mizing errors which might be introduced by changing
"inulin blanks." Creatinine was determined by the
Bonsnes and Taussky method (18) and p-aminohippurate,
free and conjugated, by the method of Smith et al. (19).

All subjects were patients from the wards of the Third
(New York University) Medical or Surgical Services of
Bellevue Hospital.

RESULTS

Diurnal variations of function
The day and night functions, including urine

flow, inulin U/P ratio (tubular reabsorption of
water), CIN, CCR and CPAHF,7 are compared for
individual subjects in Table I. The night value
in each case represents the mean value obtained
for the periods corresponding roughly to the
sleeping hours for that individual; the day values
are the means of all other observations. The

8 Renal catheterization and analyses were performed by
Drs. Ernest Breed and Morton Maxwell.

7 The following abbreviations will be used: CIN = inulin
clearance, Ccm = endogenous "creatinine" clearance, EPAHF
= extraction ratio of p-aminohippurate, inulin U/P ratio
= ratio of inulin concentrations in urine and plasma, N/D
= night/day ratio, V = urine flow, CPA1F= clearance of
free PAH.
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TABLE I

Comparison of values obtained for V, U/P ratio for inulin, CIN, CeR and CPAH7 during the waking and sleeping hours
in 18 normal male subjects. All clearance data are corrected for a body surface area of 1.73 sq. m.

Average clearance
Average Average inu- N/D ratios CN HFurine flow lin uiPratioCc ISPEF

Pa- Age Inulin Creatinine PAHF CCIR EPAH7tient CIN
Urine Inul'in CIN CCRI CPAHF Day Night

Day Night Day Night Day Night Day Night Day Night flow U/P | |D____

cc./ cc./ cc./ cc./ c cc / cc. /c:c/
yrs. misn. M. misn. min. mins. mn. mmn. mmn.

G. W. 24 3.17 2.91 50.3 78.4 125 121 135 130 732 686 0.92 1.55 0.96 0.96 0.94 1.08 0.17 0.18
H. J. 47 5.11 3.10 32.5 41.9 122 109 0.61 1.29 0.89
W. B. 37 5.02 2.07 45.2* 64.1* 141 139 687 610 0.41 1.42 0.92 0.89 0.21 0.23
H. S. 49 1.74 1.58 60.5* 65.4* 91.3 98.3 500 528 0.91 1.08 1.08 1.06 0.18 0.19
J. C. 20 2.29 1.25 52.5 103 158 153 136 135 884 934 0.55 1.96 0.97 0.99 1.06 0.87 0.18 0.17
P. R. 28 1.72 1.4) 104 130 146 146 149 142 664 636 0.87 1.25 1.00 0.96 0.96 1.00 0.22 0.22
D.W. 22 1.98 1.76 63.4 76.1 121 109 122 107 761 691 0.89 i.20 0.90 0.87 0.91 1.00 0.16 0.15
G. F. 33 3.21 1.57 42.3 88.3 117 110 110 104 488 462 0.49 2.08 0.94 0.95 0.95 0.94 0.25 0.25
P. M. 43 1.39 1.32 98.5 104 120 117 588 608 0.95 1.03 0.98 1.02 0.20 0.19
N.W. 47 2.68 1.53 40.8 77.3 117 108 81.8 86.5 0.57 1.88 0.92 1.06 0.75
R.V. 25 1.99 1.31 64.1 97.1 106 104 102 95.0 0.66 1.52 0.98 0.93 0.91
F. E. 50 0.56 0.82 169 147 115 115 99 100 1.48 0.87 1.00 1.01 0.86
M. R. 18 2.88 0.94 57.6 97.1 126 99.0 102 91.0 0.33 1.68 0.79 0.89 0.87
C. H. 74 0.71 0.60 108 139 69.0 70.2 75.5 76.4 0.85 1.28 1.02 1.01 1.09
R.W. 68 0.63 1.23 120 61.6 72.5 82.0 79.2 79.3 1.95 0.51 1.13 1.00 1.03
J. B. 52 1.31 1.27 69.2 74.8 103 100 87.2 88.0 0.97 1.08 0.97 1.01 0.88
J. F. 49 3.24 2.36 29.9 66.2 99.0 96.0 106 97.5 524 561 0.73 2.21 0.97 0.92 1.07 1.04 0.19 0.17 .903
J. M. 42 2.57 2.14 39.1 54.1 109 103 555 540 0.83 1.38 0.94 0.97 0.19 0.19 1 .930

M - 0.83 1.40 0.96 0.97 0.98 0.95S.D.-=h0.38 h0.41 | h0.07 |4-0.06 40.06 | t0. I0

* Inulin clearances were not performed on these subjects. The values given are endogenous "creatinine" U/P ratios.
All urine flow figures, U/P ratios and clearance values represent average values obtained from several clearance

periods. This explains the apparent discrepancy between the given values for clearance (UV/P) and those which would
be obtained by the product of the average values for V and U/P.

TABLE II

Mean values for CGN, CCR, CPAHF, V, U/P ratio for inulin and filtration fraction at four hour intervals as obtained
from the pooled data of all the normal subjects. All clearance data are corrected

for a body surface area of 1.73 sq. m.

CiNCCR CPAHF V U/PIN

Number Number Number Number Number F.F.
of ob- Mean St. of ob- Mean St. of ob- Mean St. of ob- Mean St. of ob- Mean St.
serva- values dev. serva- values dev. serva- values dev. serva- values dev. serva- values dev.
tions* tions tons tons tions

12noon ~~~min. J= min. i: min. 4fi min. i- X12 noon
to 26 113 20 15 105 26 13 562 124 19 2.36 1.07 18 59.5 38 .202

4:00 P.M.
4:00 P.M.

to 29 119 23 21 111 23 16 597 124 25 2.46 1.23 26 60.0 29 .199
8:00 P.M.
8:00 P.M.

to 20 110 22 1 7 108 24 10 571 150 13 2.21 1.55 20 74.0 39 .193
12 midnight
12 midnight

to 18 105 17 17 101 19 10 570 79 19 1.39 0.76 18 103 36 .184
4:00 A.M.
4:00 A.M.

to 14 113 16 17 107 23 11 566 81 18 1.38 0.90 17 103 50 .200
8:00 A.M.
8:00 A.M.

to 17 118 22 17 1I1 20 8 588 119 20 2.05 1.57 20 89.2 58 .201
12 noon

* The greater number of observations during the day is due to the continuation of some of the studies for more
than 24 hours but less than 48.
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night/day (N/D) ratios for these functions there-
fore represent the ratios of the "sleeping" to
"waking" values.

In all but two individuals, F. E. and R. W.,
there was a drop in urine flow during sleep, with
a mean V N/D ratio of 0.83 + 0.38 and a rise in
tubular reabsorption of water, with a mean inu-
lin U/P N/D ratio of 1.40 + 0.41. Subject F. E.
was somewhat oliguric during the period of ob-
servation for unknown reasons, and R. W. was a
68 year old man with depressed glomerular fil-
tration. The CIN N/D ratios, with the exception
of two subjects, were all at or slightly below 1.00,
with a mean value of 0.96 ± 0.07. The CcR N/D
ratios revealed a similar general pattern, with a
mean of 0.97 + 0.06. It is of interest that the two
subjects with CIN N/D ratios greater than 1.00,
C. H. and R. W., were both older men, 74 and
68 respectively, with depressed filtration rates.
The CPAHF N/D ratio revealed no consistent pat-
tern, with a small scatter about 1.00, the mean be-
ing 0.98 -+0.06. There was no systematic change
in N/D ratio of either CIN, CCR or CPAHRF with the
absolute value of these functions.
For the purpose of statistical analysis of the 24

hour fluctuations of function other than that which
occurs during sleeping and waking hours, the data
were pooled into six four hour periods, regardless
of individual fluctuations, and all clearance values
corrected to an ideal surface area of 1.73 sq. m.
The mean values obtained by such a grouping are
presented in Table II and Figure 1. It appears
that the greatest change in function (fall in filtra-
tion and urine flow and increase in water reabsorp-
tion) appears from 12 midnight to 4:00 A.M., the
period corresponding to deepest sleep. This
change is statistically significant for urine flow
and water reabsorption and is just within the lim-
its of statistical significance for filtration rate.8
A significant fall in CpAH is not present. The
filtration fraction therefore falls correspondingly.
With the exception of N. W., the mean endoge-

nous "creatinine" clearances checked well with the
mean inulin clearances, the mean CCR/CIN ratio
being 0.95 + 0.10.

8The significance ratio of CIN Of 105 cc./min. during
the 12 to 4:00 A.M. period as compared to 119 cc./min. in
the 4:00 to 8:00 P.M. period is 2.23, making the proba-
bility about 40 to one against this being a chance differ-
ence.

FIG. 1. GRAPHIC REPRESENTATION OF THE 24 HOUR
VARIATIONS OF V, U/P FOR INULIN, CIN, CCit, AND CPAE
AT FOUR HOUR INTERVALS IN 18 NORMAL MALE SUBJECTS
AT BED REST
The values used are the means of the pooled data. V is

depressed and U/P for inulin elevated to statistically
significant values during the sleeping hours. The depres-
sions of CIN and CCB during the 12 midnight to 4:00 A.M.
period are just within the limits of statistical significance.
Significant variations of CPARa do not occur.

EPAHF determined in two subjects, J. F. and
J. M., after 24 hours of sustaining infusion re-
vealed values of 0.903 and 0.930, indicating con-
tinued normal extraction of PAH in spite of pro-
longed infusion of this substance, validating CpAH,
as a measure of effective renal plasma flow in
these prolonged techniques.

Comparison of pump and bladder clearance tech-
niques

Measurement of glomerular filtration rate and
renal plasma flow, utilizing inulin and PAH, were
determined by simultaneous pump and urine col-
lection techniques in 10 patients during the course
of the 24 hour studies. With the exception of one
patient, there was a poor correlation between the
two methods, the clearances calculated by the pump
method being usually 10 per cent or more above
those values obtained by means of urine collection.
The reason for this discrepancy is not apparent.
It may be related to the use of the concentrated
sustaining solution necessary at rates of infusion
as low as 0.2 to 0.5 cc./min. (approximately 8 and
5 per cent, respectively, for inulin and PAH).
Small volume losses and small changes in infusion
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rates would therefore introduce considerable er-
rors.

DISCUSSION

Our observations reveal that in adult males
without cardiovascular-renal disease, at bed rest,
glomerular activity remains relatively constant
throughout 24 hours with the exception of slight
depression during deep sleep. In confirmation of
the results of previous investigators we have found
a significant depression of urine flow at night,
which is maximal between 12 midnight and 4:00
A.M. That this depression is due primarily to
increased tubular reabsorption of water rather
than hemodynamic factors is shown by the marked
increase in the inulin U/P ratios during this pe-
riod of maximal urine suppression. Simpson (2)
has shown that this phenomenon occurs even if the
fluid intake at night equals that of the day.

Renal plasma flow under our conditions of ex-
amination remains constant throughout the 24
hour period, resulting in a slightly decreased fil-
tration fraction during deep sleep.

It is very likely that significant changes in renal
plasma flow occur throughout the day in response to
various physiological functions, such as eating,
straining at stool, etc. However, such variations
are apparently of brief duration and are not re-
flected in four hour clearance periods while at bed
rest. The normal mean values for glomerular fil-
tration rate and effective renal plasma flow at their
peak levels were 119 + 23 and 597 + 124 cc./min.
per 1.73 sq.m., respectively. They are consider-
ably lower than the values of 131 +I- 22 and 697 -+-

136 cc./min. per 1.73 sq. m. cited by Goldring and
Chasis (17). The reason for these differences is
not obvious, but may be attributable to the fact that
the observations upon which the latter figures are
based were short period observations made in
the post-absorptive state and at high urine flows.
Brod and Sirota (20) have shown that CCR may

be used as a good measure of glomerular activity
for short period observations in subjects without
renal disease. In view of the excellent agreement
between CIN and CcR throughout 24 hours CcR
may be used for measuring glomerular activity in
such subjects for prolonged periods as well.9

9 Preliminary observations in patients with congestive
heart failure suggest that a discrepancy between CCR and
CIN may exist in this condition, with CCR/CIN ratios sig-
nificantly less than 1.00.

However several plasma determinations are nec-
essary for 24 hour studies because of significant
fluctuations in plasma "creatinine" concentration.
In five subjects the plasma "creatinine" concen-
tration varied as much as 10 per cent in four
hours. In one subject the variation was as high as
17 per cent. In two the plasma concentrations
were perfectly level throughout 24 hours, and in
eight the variations were approximately 5 per
cent or less. These changes in concentration have
no direct correlation with variations in CcR and
hence the plasma concentration curve of "creati-
nine" may not be used as an indication of changing
glomerular activity. The reason for the variations
in plasma concentration is not apparent. It is prob-
ably related to fluctuations in muscle metabolism,
diet, blood volume, etc., as well as to changes in
glomerular activity.

CONCLUSIONS

1. Diurnal variations of renal function were
studied in 18 male adult patients without evidence
of cardiovascular-renal disease by means of a
constant intravenous infusion technique employ-
ing p-aminohippurate and inulin as test substances.

2. The mean night to day (N/D) ratios in
these subjects for urine flow was 0.83 + 0.38, for
inulin U/P ratio, 1.40 + 0.41, for inulin clearance,
0.96 ± 0.07, for endogenous "creatinine" clear-
ance, 0.97 + 0.06 and for PAH clearance, 0.98
+ 0.06, indicating a significant decrease in urine
flow, a considerable increase in tubular reab-
sorption of water, and a relatively constant glo-
merular filtration rate and renal plasma flow dur-
ing the night as a whole. However, during the
four hour period from 12 midnight to 4:00 A.M.,
corresponding to the period of deepest sleep there
is a slight but significant fall in glomerular filtra-
tion; not in renal plasma flow. The decrease in
urine flow at night is almost wholly attributable to
increased tubular reabsorption of water.

3. Good agreement between the endogenous
"creatinine" and inulin clearances was obtained
throughout 24 hours. The average CCR/CIN ratio
was 0.95 ± 0.10. Significant variations in the
plasma endogenous "creatinine" concentrations
may occur throughout the day and night which ex-
ceed the changes to be expected from changes in
filtration rate, assuming constant creatinine pro-
duction. Plasma levels of "creatinine" should be
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obtained at four to six hour intervals if the
endogenous "creatinine" clearance is to be used
to measure glomerular activity throughout a 24
hour period or longer.

4. The renal extraction of PAH in two sub-
jects after a 24 hour infusion of this substance was
0.903 and 0.930, indicating the validity of CpAH as
a measure of effective renal plasma flow after pro-
longed infusion.

6. The mean peak values for glomerular fil-
tration rate and effective renal plasma flow in pa-
tients allowed water ad lib, but not hydrated prior
to observation, were 119 + 23 and 597 + 124.
cc./min. per 1.73 sq. m., respectively. These val-
ues are considerably lower than the usually ac-
cepted ones of 131 +I 22 and 697 + 136 cc./min.
per 1.73 sq. m. obtained during short period ob-
servations in the post-absorptive state and after
hydration.
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