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HERE is a need for a study of the rate with which sodium escapes from T the blood into the tissue spaces and urine of man, especially lwcause of the 

present interest in the role of sodium in congestive heart failure and other 
types of edema. Although studies of sodium metabolism have been conducted 
in man by means of rad i~sodium,~-~  these have not included a detailed tracing 
of the variations in sodium concentration in the blood, urine, and sweat. The 
rates cf diffusion of sodium through the vascular wall have been determined 
for 9ther anizalss* but not for man. F'urthermore, tracer studies in conges- 
tive heart failure with the use of radiosodium have not been conducted pre- 
viously. These studies are concerned with such problems. 

METHODS 

The subjects were all patients at  the Charity Hospital. For purposes of dip 
cussion, the subjects were divided into three groups: normal subjects, those with 
congestive heart failure, and miscellaneous subjects. Certain detailed infor- 
mation concerning them is given in Table I. The ten normal subjects were 
patients who had entered the hospital for observation but were clinically well 
when studied. The patients with congestive heart failure suffered with chronic 
congestive heart failure of Functional Class I" and were bedridden. All were 
under treatment and were improving. 

Because of the 14.8-hour half life of the radioactive tracer, NaZ4, and the 
uncertainty of delivery from the cyclotron laboratories it was not possible 
t o  keep patients without treatment in preparation for the experiments. The 
influence of various therapeutic measures and other details concerning con- 
gestive heart failure were evaluated in studies conducted with the use of the 
long-life sodium, NaZ2.'* The results of those studies will appear from time 
to time elsewhere in a series of papers, one report' having been published. 

All subjects were at  least three hours postprandial. They were taken to  
the laboratory where ureteral catheters were placed* into the pelves of each 
kidney of the normal subjects. The first subjects studied received no drugs 
in preparation for the cystoscopy while the later ones received morphine 
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TABLE I. CLINICAL DATA C O S ~ ~ I G  THE N t o m  BL-BJECTS STUDIED’ I 1 1 1 I TBEdTMENT 1 xa;sy=zx~tyE 1 TIFsFk 
SUB- 
Jtcr 8EX AOE WT. DIAQK0616 MEAX 1 MAX. I YIS. 6 0 M I x .  IQOXlS. 

Nofinal Subjects 
Nono 123 128 119 12180 _ _ _ _ _  1 F 37 152 Rheumatoid 

2 F 32 119 Rheumatoid None 176 182 179 (It.) 16598 _ _ _ _ _  
112 (rt.) 858T _ _ _ _ _  

11689 11891 
11786 _ _ _ _ _  5 F 24 118 Anxiety neurons Na mlicylates 144 149 139 

85 (It.) 11534 12503 
7 F 23 146 Normal None 185 192 187 9132 _ _ _ _ _  
8 F 32 100 Normal None 209 216 202 (rt.) 6121 _ _ _ _ _  
9 F 19 92 Chronic bron- None 216 223 208 (rt.) 10301 11196 

10 F 34 130 Anxiety neurosis None 263 2 72 254 8961 _ _ _ _ _  
Mean 163 171 1 5 i  10689 11366 

Maximum 272 254 16598 12508 
Minimum 91 84 6124 119s 

Subjects Wit& Congcstire Heart Failure 
1 F 66 121 Arteriosclerotic Digitalis, mlt- 62 64 51 l l i 4 i  16556 

arthritis 

arthritis 212 219 203 (rt.) 
3 F 24 9p Pneumonitis Vitamms 116 120 

4 F 17 108 Syphilis None 100 103 M 

6 F 48 110 Syphilis None 88 91 

119 123 119 (It.) 

194 201 185 (It.) 

chitis 209 216 201 (It.) 

157 (It.) 163 (It.) 154 (It.) 
188 (rt.) 195 (rt.) 181 (It.) 

heart disease, free diet 
congsStive heart 

auricular fibril- 
lation 

cardiovascular diet, digitalis 
disease, con- 
gestive heart 
failure 

cardiovascular NH4Cl, d ig i tah  
disease, con- 
gestive heart 
failure 

cardiowscular free diet 
disease, con- 
geetive heart 
failure 

cardiovascular free diet, Hg 
disease, con- (occasionally) 
Restive heart 
failure 

7 M 32 337 Hypertensive Salt-free diet, 
cardiovascular NH,Cl, digitalis 
disease, con- 
gestive heart 
failure 

heart disease, NH,Cl, digitalis 
rongertive heart 
failure 

heart disease, 
rongestive heart 
failure - 

i failure, myphilis, 

2 F 65 159 Hypertensive NH4Cl, salt-free 132 

3 F 36 129 Hypertensive Salt-free diet, 162 

5 F 46 125 Hypertensive Digitalis, salt- 52 

6 F 53 122 Hypertensive Digitalis, salt- 119 123 115 17668 17762 

lolfjn Vi” . -. . 

8 F 39 181 Brteriosclerotic Salt-free diet. 1x6 I41 13-0 2sri24 _ - - - -  

9 F 61 148 Arteriosclerotic 40 41 3s I”Wfb.? ItWtiI  

13.i 

16.7 

53 

12.8 12461 13559 

15.6 1719; 21186 

50 10315 1 0 2 ~  

. .  
T 



~ 1 2 3  IN URINE 

cardiovascular salt-free diet 
disease, conges- 
tive heart fail- 
ure, ovarian 
m a l i p n c y  

hemorrhagic 
nephritis 

cardiovascular edema therapy 
disease, pylo- 
nephritis vs. 
chronic active 
hemorrhagic 
nephritis 

bosis of deep therapy 
leg veins 

anxiety neurosis kidney 

pericarditis diet, paracente- 

27 110 Chronic active Low-salt diet 

35 134 Sarcoidosis Symptomatic 52 
42 141 Hypertensive No diuretic or 90 

50 109 Phlebothrom- No special 25 26 

36 l i 3  Cold allergy, None for edema, 132 137 

15 110 Chronic adhesive NH,Cl, salt-free 26.5 2i.4 

ai a 

Nazq SPACE 

(C.C.) 
T I M E  OBSERVED 

14535 15682 

53 50 10899 10701 
93 87 20833 20618 

24 10315 11561 

128 (rt.) 10096 11% 

25.6 

--_ 
hlcnn 44.9 46.3 43.3 15306 15528 
Jlasimun; 90 93 8 i  25155 23474 
Minimun: 25 26 24 10096 10701 

'The concentration of the sodium (Na-) in the urine was determined on the basis of a nOIm8l 
M*md sodlum concentration. The "sodium space" was calculated on the basis of a State of equllibrium at 
T t ~ ~ '  times indicated. The normal subjects were clinically well when studied: the diagnoees indicated 
$.rp  those made at the time of admission to the Charlty Hospital for study. 

sulfate, 15 nig., and atropine sulfate, 0.3 mg. subcutaneously thirty minutes 
hefore the cystoscopy. The results showed evidence of influence by the drugs 
used in preparation of the subjects for cystoscopy. The patients with con- 
gestive heart failure and two normal subjects had a small catheter passed 
only into the bladder. The patients with congestive heart failure were too 
ill to permit a cystoscopy to place catheters into the renal pelves. Bladder 
urine mas about as informative as the pelvic urine. 

After catheterization, a sample of urine was collected from each catheter 
and a sample of blood was collected simultaneously from the antecubital vein 
of one arm through a heparinized needle. The radioactive tracer, Nazi (0.5 
to  2 C.C. of a neutral and hypotonic aqueous solution of KaCl), with ap,activity 

... _. 



1172 BUBCH, REASEFt, CRONVICH 

of 2O,OOO,OOO counts per minute (approximately 0.1 mc. or 0.04 r) was in- 
jected quickly into the antecubital vein of the opposite arm. Two cubic centi- 
meter samples of blood were collected for serum studies as rapidly as possible, 
every five to ten seconds unless the needle became obstructed and necessitated 
a greater interval between collections. This rate of collection was followed 
for the first three minutes after the injection of the Na". The interval be- 
tween collections was increased to thirty seconds for the next five minutes, 
increased again to every sixty or 120 seconds for the next ten minutes, and 
finally, to every three, five, or ten minutes for the remainder of the study, 
which lasted from sixty to  one hundred eighty minutes. The urine samples 
were collected from each catheter in separate vials. For the first three min- 
utes the interval between collections of the urine samples varied with the rate 
of urine flow, that is, long enough for four drops of urine to be collected. 
This usually required five to fifteen seconds. For the next five minutes col- 
lections were made at  thirty-second intervals, etc., as for the blood samples. 
Attempts were made to collect the blood and urine samples a t  the same time 
in order to permit satisfactory comparisons. The volume of the urine samples 
was measured to determine the sodium (Na") clearances from collection to 
collection. The urine samples collected from the pelvis of each kidney were 
studied separately. 

In several experiments samples of edema fluid were collected simultane- 
ously through a puncture wound made through the skin near the ankle with 
an 18-gauge needle. The rates of collection approximated those for the blood 
and urine. Simultaneous collections of successive sampIes of ascitic and pleural 
fluid in subjects with congestive heart failure were made to study the change 
in concentration of NaZ4. 

One normal subject was placed in a hot and humid room (temperature, 
48" C.; relative humidity, 45 per cent) free from drafts. After sweating had 
beoome profuse the procedure described above was followed except that the 
urine was collected a t  less frequent intervals while the blood and sweat samples 
were collected at  the rapid rates stated previously. The sweat was collected 
by allowing the beads of sweat to roll into the opening of a tall narrom- 
mouthed vial which was promptly closed with a bakelite screw cap. Each 
sample of sweat consisted of about 0.1 cubic centimeter. These collections 
were continued for about thirty minutes, that is, until the subject and observers 
began to experience marked discomfort from the hot and humid environment. 

The concentration of Na2' in all samples was expressed as counts per 
cubic centimeter per minute. Geiger-Muller counters* were used to determine 
radioactivities of the injections and the samples. Corrections were made for 
background counts and decay. The entire counting method had an over-all 
error of less than 3 per cent. All dosages of NaZ4 were reduced to the com- 
mon value of 20,000,000 counts per minute per 100 pounds of weight. 

RESULTS 

Normal Subjects.-The results for the normal subjects are summarized in 
Fips. 1 to 6. 

*Technical Aasoclstes. Glendale. Calif. 

0 0 2 4 2 b k .  
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Blood: It can be seen from Fig. 1 that the concentration of the Na2' rose 
mpidly in the blood serum, fluctuating in concentration for the first five to 
fifteen minutes and then becoming relatively constant for the remainder of 
the period of observation. The concentration of NaL4 did not rise to levels 
as high as would be expected if all the Na2' remained in the blood stream. 
There was a tendency for the concentration of XaZ4 in the serum of most of 
the subjects to rise for the first ten to twenty minutes to levels higher than 
those reached during the final periods of the study and to show marked vari- 
ations from subject to subject. There was a gradual decline in the serum 
concentration of Na" in all subjects throughout the entire period of study 
even after a fairly stable state had been reached. The NaL4 did not appear 
in the antecubital vein of the sampling arm until nineteen to twenty-three 
seconds after the radiosodium had been injected into the antecubital vein of 
the other arm, that is, by a time equal to the circulation time. 

i *  NhZ4 Bu)oD C0NcENTRATK)N 
r n . '  

m I - 
MINUTES 

0 5 D b 2 0 2 5 X b 4 0 4 5 ~ ~ ~ ~ ~ ~  r n & Q O % r n  

Fig. 1.-Variations' In serum concentration of Nay In ten normal subjects. There are 
considerable indirldual variations especially during the flrat two to three minutes when the 
niixinfi of the injected radiosodi~h is occurring. 

Because of the marked variations in concentration of NaZ4 in the serum 
of the subjects and because of the small number of subjects studied, it was 
iiiipossible to obtain a composite tracing which properly depicted the rate of 
diffusion of sodium from the vascular bed (Fig. 1). Therefore, the data on 
a subject (Subject 6 )  were selected for analysis in the manner described by 
(fellhorn and co-workers ;5 all diffusion curves were drawn by inspection. 
These authoi showed that the vascular bed of dogs could be considered to be 
composed of two separate areas through which the sodium ion d i 5 e s  at 
different rates. Area A, consists of an area through which the sodium diffuses 
at a very rapid rate, while A2 represents another area through which the rate 
of diffusion is relatively slow. The same types of areas were observed in these 
studies in the normal and diseased man. Fig. 2 can be seen to represent a 
typical double exponential curve for the blood concentration. There was a 
rapid rate of escape of Na2' from the vascular bed and a slow one. The general 
expression obtained by Gellhorn and co-workers5 for dogs, and found to apply 
to man in many of the subjects of this study, is 

(1) 
b t  b t  c, - c., = a,r 1 + a,e I 

lvhere cp is plasma concentration of Na2' at time, t, ccp is plasma concentra- 
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tion at equilibrium, b, and bz are rates of diffusion from the vascular bed, and 
al and ar are coefficients which depend upon the rates of movement and di5 
tribution of Nez3 through areas A, and A, in the vascular bed. Since the 
diffusion of Na" is determined by the diffusion of NazS, the exponents b, and 
bz are expressions of the rates of diffusion of the total plasma sodium (h'azs) 
out of the vascular bed. Therefore, it is possible to consider the sodium of 
the plasma as being divided into three parts: one represented by al, which 
diffuses outward rapidly through area A, ; a second represented by az, which 
diffuses outward at a relatively slow rate through area Az ; and a third repre- 
sented by ceg, which remains in the plasma. 

Fig. 2.-Variations in ierum. urine. and sweat concentrations of NeY and the Na* clear- 
a c e  in normal Subject 6. The curve of blood concentration is a double exponential curve 
representing aodium diffusion. the eguation of which Is shown. 

' 
Z J L .  Left kidney. 

To determine the rate of loss by diffusion of the total plasma sodium, I , 
the equation 

is employed, where co is the extrapolated initial count per minute per cubic 
centimeter of the plasma. 

The expression for radioactive sodium concentration in the plasma for 
Subject 6 (normal) was 

(2) 
-0.582 t -ln6Rr -0.0844 1. cP - 1600 = 2 8 7 3 ~  

Thus 58 per cent of the rapidly diffusing sodium left the plasma p ~ r  
minute, and 6.4 per cent of the slowly diffusing sodium left the plasma per 
minute. Considering the sizes of these sodium compartments in the plnsiiin. 
an average of 32 per cent of the total sodium in the plasma diffused out of 
the vascular bed per minute. 

Furthermore, Merrell and associatess have shown that from the snine dntil 
the rate of diffusion of sodium from the extravascular fluid+ back into t l ~  
plasma at  equilibrium could be determined by the equation 

1 - q )  Re = R, 
9 

*The term extravascular sodium employed here probably Is concerned prcdominantlY v d i 4  
interstitial fluid sodium because of the relatively short duration of the studies For that '!':I' 
son interstitial and extravascular sodium is considered essentially synonymous in these s t U d ~ l ' r ~  

t 
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where Re - rate a t  which the extravascular sodium returns by d i h i o n  into 
the plasma, R, - rate of loss by diffusion of the total plasma sodium in the 
vascular bed, and - total extravascular sodium. The values obtained for 
Subject 6 are shown in Table II. It is noted that about 32 per cent of the 
total sodium in the plasma diffused into the interstitial fluid per minute and 
that 13 per cent of the total sodium in the interstitial fluid returned by dif- 
fusion to the plasma per minute. 

TABLE XI. PROPORT~OX- OF & D ~ U  DIFJTBION Ih’ FoW HUMAN fjWJ~m6 

CONQE8TIVE 

3 1 5 
Proportion of total sodium in inter- 0.70 0.89 0.90 0.65 

stitial fluid 

fusing out of vascular bed per minute 

sodium diffusing into the vascular bed 
per minute 

Proportion of total plasma sodium dif- 0.32 0.63 0.54 0.35 

Proportion of total interstitial 5uid 0.13 0.08 0.06 0.18 

I 

FIg. 5.-VariaZions in urine concentrations of Na= In ten normal subjects. 

Urine: The concentration of radioactive sodium in the urine exceeded 
that in the blood serum in three subjects (Fig. 3). In  most cases the .blood 
and urine concentrations were essentially equal, although the urine concentra- 
tion was definitely lower in Subject 6. The urine concentration varied much 
more than did the blood concentration after the initial few minutes following 
the injection. 

Sodium Clearance: The sodium clearances for five normal subjects are 
shown in Figs. 4, 5, and 6. pylaz4 clearances were employed in these analyses 
since they integrated volume of urine flow and blood and urine concentra- 
tions. The exact significance of these values for a substance‘ like sodium is 
not known. They do make certain comparisons feasible. These values werc! 
calculated in a manner similar to that used for the urea clearance. 

The equation for the calculation is 
Na,24 C,. 

h’az4 clearance = xia,,2, (3) 
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Fis. J.-Variatlons in Nan clearance In five normal subjeck Since the movement of 
N a M  around the body i m  determined by the morement of Na*, these curves represent rates of 
Nan clearance once equilibrium has been reached. 

Fig. 5.-VariaUons in serum and urine concentratlon (left kidney) of NaY. and Na- 
clearance for both kidneys separately in one subject Note the marked variations in serum 
concentratlon during the Arst three minutes. The serum concentration then settled down to a 
diffusion type of curve as shown for normal Subject 6 (Flg. 2). The mixing phenomenon was 
relatively poor for the nrst three minutes in Subject 7. but earl and adeauate for Subject 6. 
Such chance variations are to be expected. Note the concodint and only occasional dis- 
cordant relatiomhip of the Na- clearances in the urine8 of the right and left kidneys. 

Fig. 6.-The average and extreme (wlthin parentheses) values for Na" clearance in the 
I t  is necessary to remember that the patients with congestiw henrt three groups of subjects. 

failure were on a slow sodium diet. 

c 
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where NaUz4 = counts per cubic centimeter of urine, Nabz4 - counts per cubic 
centimeter of blood, and U, - volume of urine flow per minute. 

Except for Subject 7 the rates of Naz4 clearance were fairly constant and 
of essentially the same magnitude. They tended to average 0.22 C.C. of blood 
cleared per minute per kidney but were high for Subject 7, reaching a level 
of about 2.4 C.C. of blood cleared of Nap' per minute for both kidneys. F i e .  
4, 5, and 6 show the quantitative and qualitative variations in the clearances 
for both kidneys observed separately and simultaneously. 

Comment: The levels of Nap' concentration in the blood serum should have 
reached ralues of about 10,OOO counts per minute per cubic centimeter if all of 
the injected materials had remained in the blood. Instead, the concentrations 
actually reached averaged about 2,500 counts per minute per cubic centi- 
meter, with the maximum being 4,600. The average curve for the normal sub- 
ject shows a tendency for the concentration of Naz' in the blood to reach the 
final concentration level rapidly and not to exceed it appreciably. This indi- 
cates the very rapid rate of diffusion of sodium from the blood. In  fact, the 
diffusion is so rapid that the circulation of the blood is too slow to permit 
adequate mixing before a considerable amount of diffusion occurs. The rela- 
tively marked variations in Naz4 concentration in the blood observed during 
the first few minutes of the study are due ia a large part to inadequate mixing. 
Adequate mixing does not appear to be completed in some subjects before ten 
minutes have elapsed (Fig. 1). As stated previously, the marked variations 
in the rates of mixing of the blood made it impossible to determine the average 
diffusion rates for the normal subjects as a group. From the analysis of the 
data of Subject 6 it was found that sodium diffused across the vascular bed a t  
two separate rates. This diffusion outward resulted in n loss per minute of 
about 0.6 of the rapidly diffusing and of about 0.06 of the slowly diffusing 
plasma sodium. The average rate of diffusion of sodium from the vascular 
bed was 32 per cent of the total plasma sodium per minute. This is equal to 
about 4,000 Gm. of sodium per day for a man weighing 70 kilograms. These 
results are remarkably similar to those observed in dogs by Gellhorn and 
asso~iates.~ It is interesting to note that if the C1 ion tends to follow the il'a 
ion during its diffusion, this would entail a diffusion of about 10,000 Gm. of 
SaCl out of the vascular bed of the average man per day. The amount of 
sodium returning is, of course, the same. Thus there is a diffusion of about 
fifty pounds of KaC1 back and forth through the capillary wall per day in a 
inan weighing 70 kilograms. 

It is generally agreed that the rapid diffusion of sodium is into the inter- 
stitial fluid.5 The slower diffusion must take place into bone,** cerebrospinal 
fluid,l0 chambers of the eye,l0 and other structures of the body which allow rela- 
tively slow rates of sodium exchange. It is also important to know the rate of 
diffusion of water across the vascular bed. Merrell and co-workers6 observed 
that 1.46 of the plasma water diffused out into the tissues of the guinea pig 
per minute. Since comparable values were obtained for the rates of diffusion 
of sodium in guinea pigs, dogs, and man, it is likely that the rates of diffusion 
of water should be similar. If the same rates are applied for man as were 
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found in the guinea pig, then about 6,300 liters of water per day diffuses out 
of the vascular bed of a man weighing 70 kilograms. It is obvious from the 
diffusion rates for sodium and water that water diffuses more rapidly. Kot 
only has this been observed for the body as a whole, but for isolated tissues 
as well. Kinsey and associates1o. *l found this to be true for the vitreous body 
and aqueous humor of the eye of the rabbit. It has also been noted for the 
cerebrospinal fluid.'* 

Although the Na*4 concentration in the blood serum reached a level free 
from marked fluctuations within a few minutes, the concentrations progres- 
sively decreased and did not reach a state of equilibrium by the end of two 
hours, even though corrections were made for loss of Na*' in the urine. These 
findings, therefore, indicate that the Na" rapidly reaches equilibrium with the 
interstitial fluid. This represents the greatest portion of the NaZ4 injected. 
Then for several hours there is a gradual passage of the Ka24 into bone, spinal 
fluid, vitreous body, aqueous humor, and similar sodium ~ornpartments .~-~~ 
Therefore, studies which require a complete state of equilibrium with radio- 
sodium for all structures of the body muet be conducted several hours after 
the injection of the tracer. The measurement of the sodium compartment of 
the body cannot be measured properly until the tracer has reached a state of 
equilibrium for all structures of the body. For that reason any estimate of 
the sodium compartment with the use of Na2' in the studies reported here is 
subject to error and therefore has limited significance. 

The urine concentration of IKa" varied considerably from subject to suh- 
ject. These differences must be related, in part, to the sodium intake preced- 
ing the experiments. The cause of the delay in the appearance of the Xa2' 
in the urine is unknown. It must be due partly to the time required for the 
urine to flow from the glomerulus to the outlet of the catheter. However, this 
requires only about thirty seconds. The delay might be due in part to dif- 
fusion from the blood into Bowman's capsule, but the rapid appearance of 
NaZ4 in the sweat and the rapid diffusion into the interstitial fluid tends to 
eliminate such a delay as an important factor. The effect of pooling of urine 
in the pelves of the kidneys could not be evaluated. 

Although the data are not shown for both kidneys separately, for all 
subjects the rates of excretion of NaZ4 were essentially the same for both 
kidneys. Although there were periods when the rates of excretion and Naz4 
concentration showed discordant relationships, the behavior was so similar 
as to make it unnecessary to report the data for both kidneys Separately. 
Subject 7 (Fig. 5 )  exemplified the individual kidney relationships. Since the 
Naz4 clearances are reported for only one kidney. the total clearances are 
essentially twice that shown for one kidney. 

Although the concentration of Naz' in the urine wried quite marlredly 
(Fig. 3), the rate of NaZ' clearance was fairly constant. This indicates that 
when the volume of urine flow was great. the concentration of Na2' in the 
urine was proportionately low and rice versa. 

Subjects W t h  Congesfiw H e w f  Failure.-The results o1)tnined in the sub- 
jects with congestive heart failure are summarized in Figs. 6 to 11. 

. 
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Blood: There mas a tendency for the concentration of NaZ4 in the blood 
serum to reach II higher level in the subjects with congestive heart failure than 
in the normal subjects (Fig. 5 ) .  Marked fluctuations were noted for the firsf 
ten t o  twenty minutes; then a stable level was reached. The injected Na" 

RATES OF SODIEM TURSOVER 

BLDOD ONCENTRA~ N EIGHT 
CONGESTIVE HEART FAIWPE mum 

m=-=4 

Fi 7.-Variations In serum concentration of Nay in eight patients with congeatlve 
heart f ah re .  If the presence of a diffusion type of sodium curve indicates adequate and early 
mixing of the injected radiosodium. then mixing appears to have developed more ~uickly in 
these persons than in the normal ones. 

Fig. &-Variations in serum, urine. and edema fluid concentration and NaY c l e a m m  
Patient 3 with chronic vngestive heart failure. 
double exponential diffuslon curve the equation of which is shown 
crease in concentration of Na" in'the edema fluid to a level equal to that in the 

The serum concentration curve is a tYPicSl 
Note the fairly rapid Lo- 

appeared in the antecubital vein of the sampling arm a few seconds later than 
in the normal subjects. Like the normal subjects, the patients with congestive 
heart failure showed such wide variations in the serum concentrations of Na" 
that it was impossible to  calculate a satisfactory average diffusion pattern for 
the NaZ4. Some individuals, however, presented typical diffusion curves with 

5 
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Fig. g.-Variations in serum and urine concentration of Na” and Na” clearance in Subject 1 
with congestive heart failure. The equation for the sodium diffusion curve is shown. 

URINE CONCENTRATION M EICHT 
CONGESTIVE HEART FAILLRE PATlENTS 

awls CER rn Po9 c.c> 

Fig. 10.-Variations in urine concentration of ?\‘a*‘ in eight patientn with congestive heart failure 
and a low eodium diet. Compare these values with those for the normal (Fig. 3). 

i 
SODIUM CLEARANCE INEIGHT 

CONGESTIVE HEART FAILURE PATIENTS 

Fig. 11.-Variations in h’n” clearance in eight patients with congestive heart failure and 
low sodium diet. Compare these values with those for the normal (Figs. 4 and 6). 

:. 
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both rapid and slow rates of diffusion of sodium from the blood plasma (Fig. 
8). The equation for the diffusion curve of Fig. 8 was found to be : 

e, - 1000 = 6230r-0-015 + 201&-o.os4 t. (4) 

This indicates that 0.915 of the plasma sodium which diffuses at  the rapid rate 
escaped from the wscular bed into the interstitial spaces per minute, and 0.094 
of the plasma sodium which dilfuses a t  the slow rate escaped from the vascular 
bed per minute. Because of the rapid rate of diffusion in Subject 3, another 
patient (Subject 1) with congestive heart failure was similarly studied (Fig. 9). 
The curve for this patient had the following equation: 

c, - 1100 = 845oC -o-700 + 1510c -o'088 t' (5) 

The diffusion rates in this subject were about the same as for the normal sub- 
ject, ahhough still more rapid. 

From Table I1 it can be seen that 54 and 63 per cent of the total plasma 
sodium diffused out of the vascular bed per minute as average rates in Sub- 
jects 1 and 3, respectively. Simultaneously 6 and 8 per cent of the total 
interstitial fluid sodium diffused back into the plasma per minute in the re- 
spective patients. 

Urine: The urine was collected from the bladder and not directly from the 
renal pelves as in the normal subjects. The results are summarized by Figs. 8, 
9, and 10. The Kap4 did not appear in the urine until four to five minutes after 
injection except in one patient (Fig. 10). The concentration of NaZ4 rose more 
slowly and the concentration levels reached were much lower than in the normal 
subjects. Considerable fluctuations were observed during the initial twenty to 
thirty minutes of study, followed by a stable level with minor variations of 
essentially the same degree as those encountered in the normal subjects. 

Sodium Clearance: The sodium clearances of the patients with congestive 
heart failure with therapy are summarized in Figs. 6, 8, 9, and 11. The rates 
by which the blood was cleared of sodium were considerably lower than those 
observed for the normal subjects. These clearance values for both kidneys were 
about 0.03 C.C. per minute, the quantitative and qualitative variations being 
shown in Fig. 11. The clearance values approached zero in some subjects (Sub- 
jects 1,2, and 3). 

Edema Fluid: It was possible to follow the appearance of Nap' in the 
edema fluid of most of the patients with congestive heart failure. The results 
of thc study of the edema fluid of Subject 3 are shown in Fig. 8. 

Coniment: The rapid and slow rates of diffusion of sodium from the vascu- 
lar bed of the patients with congestive heart failure were higher than those 
observed in the normal subject. Obviously, it is not possible to  conclude that 
such a difference is characteristic of congestive heart failure. Too few sub- 
jects were studied and too many factors are concerned with the escape of the 
sodium ion into the tissues for one to conclude that a greater rate of trans- 
capillary diffusion is at  work in all patients with Congestive heart failure. 
The problem of mixing of the blood and the general inefficiency of the eircula- 

* 

0024213; 



1182 BURCH, REA=, AND CRONVICH 

tion are important in congestive heart failure. Furthermore, it is necessary 
to bear in mind that all of the patients with congestive heart failure were 
receiving therapy. One aspect of the therapy (ammonium chloride and mer- 
curial diuretics) was intended to make the kidneys excrete more sodium, while 
another phase of the therapy (dietary restriction of sodium) resulted in a de- 
creased rate of renal excretion of sodium. The influence of these factors on 
the data obtained is unknown, but they were most probably great enough to make 
it impossible to evaluate the role of uncomplicated congestive heart failure on 
transcapillary diffusion of sodium. Gellhorn and associatesS found .he rates of 
transcapillary diffusion in dogs in shock, with and without treatment, were 
50 per cent of those of normal dogs. Of course, the disturbances in hemo- 
dynamics are quite different in shock and in chronic congestive heart failure 
without shock. 

Nevertheless, the more rapid rate of diffusion of sodium across the vascu- 
lar wall in congestive heart failure than in the normal condition can be es- 
plained by the fact that there is a greater quantity of total amount of extra- 
cellular fluid and, therefore, of sodium in the edematous patients. Inspection 
of Table 11 shows that the part of the total extracellular fluid sodium of the 
patient with congestive failure diffusing back into the vascular bed per minute 
is about 50 per cent of that of the normal. The total quantity of sodium con- 
cerned, however, is greater than normal. Since the same quantity of sodiuni 
returns to the circulation as leaves it per unit time and since the increase in 
blood volume is not proportional to the increase in volume of the interstitial 
fluid, it is necessary that the plasma sodium diffuse more rapidly than in the 
normal subject in order to maintain a state of equilibrium. Thus the sodium 
of the interstitial fluid of the normal subject is turned over twice as rapidly 
as in the patients with congestive heart failure, whereas the sodium of the 
plasma of the latter patients is turned over twice as rapidly as that of the 
normal. 

The rise in the concentration of Kaz4 in the edema fluid (Fig. 8) is an 
index of the rate of diffusion of normal sodium, NaZs, into edema fluid from 
the vascular bed. This rate is relatively high when the quantity of the ecleiiin 
fluid is considered. The concentration of the Sal4 in the edema fluid reached 
that in the plasma, remaining near the plasma level thereafter. The duration 
of the rising periods of the KaZ4 concentration in the edema fluid is further 
support of the relatively long period of time required for a state of sodiuni 
equilibrium to be reached when tracer studies are done. This is particularly 
true when certain abnormal states are under observation. 

Niscellaneous Subjects.- 
Blood and Urine Concentrations and Sodium CZeamicc: The results nrr' 

summarized in Figs. 12 to 15. The nature of the variations in Xnz4 eoiicmtr;itioii 
in the blood and urine and NaP4 clearances was essentially the sanie as for tlir 
normal subjects and those with congestive heart failure, differences being dc- 
termined by the underlying disease state. For esample. Subject 1 suffered 
with congestive failure due to essential hypertension and was under treatiiir~t 
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BLOOD CONCENTMmN 
F N E M X z m  

@uwww 

1 

Fig. l2.-Variationa in serum concentration in five patient with miscellaneous diserse atate8 
(Table I). 

PHLEBCrrHROMBOSlS 
MSCE WTIENT M 5  

cy - I'EDO z (815y-+,290tow* 

. 
a patient with chronic phlebothromboaia of both legs and moderate chronic edema 
aion curve for sodium and ita equation are shown. 

We. 13.-Vnriationa in serum concentration. urine concentration, and Nay clearance in 
The diiru- 

for the heart failure. She also had a fairly extensive ovarian malignancy. 
The variations in NaZ4 concentration in the blood and urine and in the sodium 
clearances were similar to those described for the group of patiehts with 
uncomplicated congestive heart failure under treatment. The patients with 
phlebothrombosis and sarcoidosis were not found to show any special charac- 
teristic behavior. -c 

Subject 5 with phlebothrombosis was selected for analysis of the diffnaion 
rates of sodium because the edema was limited to the two lower extremities 
and because the data were suitable for such an analysis. The curve (Fig. 13) 
representing variations in the serum concentration of Na** ia similar to that, 
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of the normal subject and the subjects with congestive heart failure. The 
. curve of the serum concentration may be expressed as 

-1700 = 1 9 1 5 ~ - 0 . ~ 7 5  + 1 ~ ~ - 0 - 0 5 1  ' 9  (6) 

that is, 0.875 of the plasma sodium which diffuses through area A, left the 
blood per minute, while 0.051 of the plasma sodium which diffuses through A, 
left the blood per minute. 

URINE CONCENTRAW 
fOUR MSCEPATIENTS 

cmwIM/w 

Fig. 14.-Variations in urine concentration of Nau in four patients with miscellaneous disease 
mtatea 

I I 

,/ 
2 T SODIUM CLEARANCE 

FOUR MSCE. PNlEFCTS 
(a -el 

Fig. 15.-Variations in Naa clearance in four patients with miscellaneous disease states. Com- 
Pare these values with thorn of the other two groups of subjects (Figs. 4, 6. and 11). 

Comment: Fever and other systemic influences from infection, malignancy, 
or sarcoidosis did not present any detectable influences on the diffusion of sodium 
through the vascular bed. The rate of escretion through the kidneys, however. 
might conceivably be influenced by renal damage as well as by therapy. The 
rates of sodium diffusion mere too high to permit minor variations to nianifest 
themselves sufficiently for detection. 

r 

The transcapillary diffusion of sodium in these subjects indicated at least 
two rates, a rapid and a slow one. In  the subject with phlebotlthro~nl~~osis thr 
rates of diffusion through areas AI and A, were of the order cneountered in thr 
two patients with congestive heart failure. The patient n-ith phlebothronilmis 
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~ v u s  receiving only bed rest ; no therapy \vas directed at  the edema specifically. 
Tuble I1 indicate the proportion of plasma and interstitial sodium diffusing 
tlirough the vascular bed per minute. 

Concrefio ('ordis and Marlied Ascites: Miscellaneous Subject 7 had marked 
chronic cardiac tamponade with marked ascites and was receiving therapy for 
congestive lieart failure. The therapy included the use of digitalis, mercurial 
diuretics, and a low sodium diet. He died a t  operation several days after this 
study and a thick fibrous sheet, which interfered markedly with diastolic fllling 
of the heart, was found to encase the heart. He was studied in the manner 
previously described except that an 18-gauge needle was placed into the peri- 
toneum so that samples of ascitic fluid could be collected at  frequent intervals 
for study. The relative concentrations of Na4* in the blood and ascitic fluid are 
shorn in Fig. 16. There was a very slow but definite rise in the Naz4 concen- 
tration in the ascitic fluid. This rise was much slower than that observed in 
the urine or edema fluid of the other pa.ients. The blood serum concentration 
of NaS4 showed the usual variations. 

. ._... -.- .______._.. - ..__ 

Fig. 16.-Variatlons In serum and ascitic fluid concentrations of Na% In a patlent with 
concretio cordis and marked sacltes. Note the relatively 8 1 0 ~  incream? in the Nan concentratlon 
in the asciUc fluid as compared nIth that of the edema auld of Subject 3 with congestive heart 
failure. 

Comment: The relatively slow diffusion of NaZ4 into the ascitic fluid of this 
patient is probably due to the great mass of fluid through which the NaS4 must 
diffuse, as well as a less rapid diffusion of sodium through the peritoneal mem- 
brane. The importance of the former factor is supported by the slow dif€usion 
into the edema fluid. The tissues are richly supplied with capillaries which 
permit a larger area of contact with the interstitial fluid; that is, the ratio of 
area of capillary wall in contact with each unit volume of fluid is high. The 
capillary area of contact per unit volume of edema fluid is less and, therefore, 
a longer time is required for equilibrium to be established. In  the case of the 
ascitic fluid the ratio of capillary wall per unit volume of fluid into which 
diffusion occurs is considerably less and, therefore, the slower difision and 
even longer time required for equilibrium to be established becomes evident. 
There is no doubt that the stirring of the edema fluid that occurs with breath- 
ing and movement of the body aids in increasing the rate with which the 
state of equilibrium is reached. These obseryations further support the evi- 
dence that sereral hours are required to  reach equilibrium, especially in edema 
states, after radiosodium tracer studies are conducted. 

Excretion of NaZ4 b y  the Sweat Glands: A normal subject (a 45-year-old 
white man) rested in a hot and humid air-conditioned room (temperature, 48O 
C. ; relative humidity, 45 per cent). After the bladder was emptied he w a ~  
studied in the same manner as described for the other subjects. 

I c 

" 
I 
; . * ,  

i 

0 0 2 4 2 1 1 :  



1186 BURCH, BEASER, AKD CROhlrCH 

Results: The results are summarized in Fig. 17. The Na" appeared in the 
sweat in seventy-five seconds after the intravenous injection. The concen- 
tration of NtP4 was greatest in the blood and least in the urine. The concen- 
tration in the sweat tended to follow that in the blood very closely. Unfor- 
tunately the subject could not remain very long in the hot and humid atmos- 
phere; therefore, the experiment was stopped after only thirty minutes of 
observation. Another sample of urine and of blood, collected about forty min- 
utes after the subject was removed from the hot room, showed no special 
change in NaS4 concentration. Concentrations of Nat4 in the urine, blood, and 
sweat of normal Subject 6 are shown in Fig. 2. Six samples of sweat were 
measured during the period of study. 

URINC 
I .---------- . 

.lo 20 30 40 50 60 

Time inMinutes 
Fig. 17.-Varlatfons In serum sweat, and urlne concentrations of Nay In a normal subject who 

was in the process of profthe thermal sweating when the Na" was Injected Intravenously. 

Comment: These data show the rapid rate with which sodium reaches the 
sweat. When a correction is made for circulation time, sodium is found to dif- 
fuse from the plasma into the interstitial spaces, enter the cells of glomerulus 
of the sweat glands, be made into sweat, and delivered to the surface of the 
body in less t,han sixty seconds. Fig. 17 suggests many interesting concepts 
of integrations of urinary, sweat, and plasma sodium concentrations. Anj' 
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roiiiments based on one experiment would have little significance. More exten- 
sive studies will be described at a later date. 

OESERAL DISCUSSION 

The diffusion of sodium through the vascular bed in man behaves in a 
manner siniilar to that described by Qellhorn and associates for guinea pigs 
and For comparison the vascular bed can be divided into at  least two 
areas, A, and A2, through which diffusion occurs at  two very different rates. 
The more rapid rate of sodium exchange, through AI, takes place between the 
plasma and the intercellular fluid. The slower rate-of exchmge, through A,, 
occurs between the plasma and such fluids as  that of the vitreous body, 
aqueous humor, cerebrospinal fluid, and probably the intracellular fluid. In- 
spection of the regression curves shown indicates a third main, and even 
slower, rate of diffusion which may occur between plasma and bone, dentin, 
a i d  enamel This area of the vascular bed through which this occurs might 
be referred to as A,. There is no doubt that there. are many other dBerences 
in rates of diffwion of sodium between the plasma and other structures of 
the body, the number being limited by the sensitivity of the method of analy- 
sis. Under different states of salt intake, nutrition, glandular secretion, 
vasomotor function, and disease these rates are altered. For example, there is 
a different rate of diffusion into edema fluid (Fig. 8) from that into ascitic 
fluid (Fig. 16). A generalized edema state results, therefore., in two areas in 
the vascular bed with -different rates of diffusion. At the present time it is 
much better to consider the vascular bed as having two main areas with dif- 
fusion at a rapid rate nnd at a slow rate, these being Summations of many 
different rates of diffusion. I t  is necessary to remember that this may be an 
oversimplification of the problem and that with further study other rates will 
be defined. 

The rate of the circulation in man is relatively slow when compared with 
that which would be desirable to insure adequate mixing for proper study of 
a substance which diffuses as rapidly as sodium. The mixing time in the aver- 
age person is so long and the diffusion of sodium out of the blood vessels so 
rapid that in most cases data were obtained which did not lend themselves to 
detailed mathematical analysis. In  some experiments, however, the mixing 
was rapid and adequate so that a mathematical analysis was possible. Several 
of these were selected for such a study. The period during the first minute 
after the injection was not suitable for proper study of diffusion because slow 
mixing and rapid diffusion complicated the diffusion pattern. The dashed 
lines in Figs. 2, 8, 9, and 13 show the rapid increase in the concentration of 
Xa2' in the blood within the first minute or two after the injection of the 
radiosodium, during which time the regression curves are modified to an un- 
known extent. The remaining portion of the curves is a more accurate repre- 
sentation of the facts. There is no doubt that if there are any errors, such as 
those due to slow mixing, they are concerned with factors which tend to make 
the observed b,, the rapid rate of diffusion of sodium, smaller than it actually 
is. The values for bz, the slow rates of diffusion, are most probably near the 
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true rate since mixing interferes little with the latter portions of the regres- 
i o n  curves. Furthermore, since a state of equilibrium had not been fully 
reached by the end of ninety minutes, the equilibrium values, c, of equations 
(2) and (5), are not the true equilibrium values. Studies* with the longlife 
sodium, N P ,  in other subjects have shown the true c,, the equilibrium con- 
stant, to be near those employed in the regression curve formulas, however. 

The ,coe5cienta, aI and 82, of the various regression curves are dependent 
upon such factors as rates of diffusion, size of the areas AI and A,, and the 
distribution of the sodium. Therefore, a1 and a2 can represent only roughly 
the degree of distribution of Nal3 in the two compartments of the body, that is, 
the one which is concerned with a rapid rate of diffusion of sodium and the 
other with a slower rate. An index of the volume of the blood plasma should 
be c, the value of cp at  t - 0, but because of the difficulties introduced by 
slow mixing it is difficult to interpret. 

The rates of d i h i o n  appear to be quite variable among the individuals 
of all groups studied (Figs. 1 and 7). The rates of diffusion through areas 
A, and A2 were definitely greater in the patients with congestive heart failure 
than in the normal subjects. Because of the marked variations and the rela- 
tively small number of subjects studied, it is not possible to be certain of the 
significance of these differences. However, 8s indicated previously, this is 
expected because of the greater absolute' quantities of interstitial fluid and, 
therefore, of sodium in the patients with congestive heart failure. The turn- 
over of the interstitial sodium in the patients with congestive heart failure 
is essentially half as rapid as in normal subjects, while the plasma sodiuni 
turnover is twice as rapid in the patients with congestive heart failure as that 
in the normal subjects. 

The patients with congestive heart failure were too ill t o  permit the hi- 
sertion of ureteral catheters into the pelves of the kidneys. A small urethral 
catheter was placed in the bladder instead. This resulted in a satisfactory 
study of Na5' excretion in the urine but did not present the advantage of 
studying each kidney separately. All sodium clearances for the patients with 
congestive heart failure represented total clearance, while those in the normill 
subjects represent unilateral clearance, or essentially one-half of the totill 
clearance (Fig. 6).  This should be remembered when examining the illustrw- 
tions and when comparing the rates of clearance in the normal and ~ I N I O I W I ; I ~  
subjects. 

The radiosodium was excreted in essentially the same concentration a1111 
at the same rate by both kidneys. There was a tendency at times, 1101ve~ ' .  
for one kidney to excrete more rapidly than another, but this m s  m r i d  
throughout the period of study. Although the concentrntion of Saz4 ant1 Ih' 
rate of sodium clearance tended to vary concordantly, there were sufficlicilll 
variations to indicate differences in function between two contrnlaternl 1 1 w  

mal kidneys. Although both are under the smile Fenera1 horiiionnl or cheiiiic.;lI 
and nervous influences there were individual differences. Xost of these dii- 
ferences must result from differences in intrinsic rend funcstion. In sotll'' 

isolated instances these differences were considerable, although the escrt'titlll 
of Xa2' usually differed very little in the two kidneys. 

. 
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The rate of sodi11m clearance was iiiuch slower in the patients with con- 
ccstive heart failure thail in the normal subjects. This is particularly sig- 
llificant whell the rapid transcapillary diffusion rates are considered. It was 
ils1,ousible to evaluate the differences between the two groups of subjects 
Ilecnme the patients with congestive heart failure were receiving treatment 
j,lr the failure. This treatment included dietary restriction of sodium, a pro- 
~ r l u r e  normally associated with a decrease in renal excretion of sodium. 
Spvertheless. these differences are largely due to the congestive heart failure, 
RS eridenced by previous studies’ with Xazz and to the fact that three of the 
patients with a low sodium clearance had not been on sodium restriction for 
more than twenty-four hours before the study was begun. The long life of 
Saz2 made it possible to control sodium intake, therapy, diet, and other factors 
ie order to evaluate better the disturbances in sodium excretion in congestive 
heart failure. Enfortunately, this was not possible in these studies with Na*4. 

Table I shows estimations of sodium space. A sodium space calculated 
within one or two hours after injection cannot be accurate. This is obvious 
from the preceding discussion of the rapid rate of diffusion of sodium and the 
relatively long time required for a state of equilibrium or “complete mixing” 
of the Naz4 with all of the Piaz3 distributed through the body to occur. The 
inaccuracy of such a calculation is further indicated by Table I. The sodium 
space calculated from data at the sixtieth minute after injection of the Naz4 
\\-as lower than that calculated at  the ninetieth minute. Furthermore, radio- 
sodium cannot be employed to measure extracellular water volume with any 
degree of accuracy because a fairly large portion of the body sodium is not 
in the extracellular water. The method becomes even more inaccurate in 
disease states, especially in those associated with edema. The values of sodium 
space presented in Table I are intended only to illustrate the possible error of 
such a calculation and not to present absolute values of sodium space. The 
lower equilibrium level, cq, for the patients with congestive heart failure and 
the larger values obtained for the estimated sodium space in these patients 
are quantitative evidence of the large edema fluid volume accompanying con- 
gestive heart failure. 

The rapid rate and high concentrations with which Naz4 appeared in 
sweat is further evidence in support of the rapid rate of diffusion of sodium 
across the vascular wall. The relationships of sodium in the sweat, urine, 
blood, and edema fluid are under study. The single study presented is not 
sufficient to warrant any definite physiologic conclusions, although many ideas 
are suggested. 

Finally, it is important to note that the rapid rates of sodium and water 
diffusion and the treniendous quantities concerned make the problem of the 
inechanism of edema assnine a different pattern. Sufficient evidence has not 
been gathered pet to make possible a proper appreciation of the role of the 
rapid and large turnover of sodium and water in edema formation. It is obvi- 
ous that slight disturbances in sodium diffusion or excretion might result in 
a rapid and marked accumulation of edema fluid. These factors are now 
under observation. 

I 

. .  

... .. 
. rh .. Q 
:$ ..* 
I .  

0 0 2 4 2 8 1  



1190 BURCH, REASER, AND CRO3WICH 

SUMMARY 

Normal subjects, patients with congestive heart failure under treatment, 
and patients with other disease states were studied following a single intrave- 
nous injection of Na*' to learn the rate of diffusion of sodium through the 
vascular wall and its rate of excretion into the urine and sweat. 

Sodium diffuses through the vascular wall with a t  least two rates, rapid 
and slow. These rates of dif€usion of sodium in man are similar in quantity 
and quality to those described by Gellhorn and associates for guinea pigs and 
dogs. In  a normal subject the average rate of diffusion indicated that about 
32 per cent of the total plasma sodium diffused out of the blood every minute. 
This approaches a diffusion across the vascular wall equal to about 18 pounds 
of sodium or 50 pounds of sodium chloride per day. 

The sodium that diffuses at  a rapid rate is mainly concerned with an ex- 
change between the plasma and interstitial fluid, while that which diffuses at 
the slow rate is probably concerned with exchanges between the plasma and 
such fluids as the vitreous body, aqueous humor, and cerebrospinal fluid. The 
regression curves observed suggest a possible third or slower rate of sodium 
diffusion such as might be expected for bone, dentin, and enamel already sat- 
urated with sodium. , 

The individual subjects in all groups showed a considerable spread in the 
blood and urine concentrations and rates of sodium cleared by the kidneys. 
The patients with congestive heart failure with treatment, including dietary 
restriction of sodium, showed a more rapid rate of sodium diffusion from the 
vascular bed than did the normal subjects. This was also true for  a patient 
with phlebothrombosis receiving only bed rest therapeutically. The rate of 
turnover of the interstitial fluid sodium was 50 per cent as rapid in the pa- 
tients with congestive heart failure as in the normal subject, while the plasma 
sodium of the patients with congestire heart failure turned over twice as 
rapidly as that of the normal subject. 

The rapid rates of diffusion and the large quantities of sodium involved 
make it necessary to reconsider the role of sodium in edema formation. Reln- 
tively slight changes in the rates of sodium diffusion from the blood with n 
disturbance in its excretion in the urine might result in rapid and marked 
edema formation. 

The rate of sodium clearance in the patients with congestive heart failure 
was considerably less than that in the normal subjects. These differences werr 
not due entirely to a dietary restriction of sodium intake. 

Simultaneous study of each kidney showed a tendency for the renal escretioll 
of sodium to be similar bilaterally. There was sufficient qualitative and qnnn- 
titative difference, however, to indicate intrinsic renal diff erenees in the excretio~i 
of sodium. In some instances these differences were considerable. 

_ _  - 
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