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INTRODUCTION

The role of glucose in the treatment of diabetic
acidosis has, until recently (1, 2), been evaluated
largely in terms of the question whether glucose,
administered early when insulin action is minimal,
could promote the utilization of carbohydrate and
retard ketosis (3-9). Proponents of the early use
of glucose base their advocacy on the demonstra-
tion, in normal (10, 11) and depancreatized (12,
13) dogs, and in normal (7) and diabetic (3, 9,
14) human subjects, that hyperglycemia, all other
things being equal, accelerates the peripheral oxi-
dation of carbohydrate and the deposition of liver
glycogen, thereby tending to suppress ketosis (6,
7). The relevance of these observations for clini-
cal diabetes has been established by Mirsky and
his associates (9), who were able to stop severe
diabetic ketosis by the administration of massive
amounts of glucose alone,

But hyperglycemia, arising from endogenous
sources or maintained or induced by injections of
glucose, profoundly influences the volume and
composition of the extracellular fluid, exchanges of
phosphorus and potassium, and the excretion of
water and electrolytes, as well as the metabolism
of carbohydrate. These metabolic and osmotic
properties of glucose, especially in the context of
diabetic acidosis, must be carefully evaluated if its
role in the development and treatment of this dis-
order is to be adequately described.

The present study is an attempt to contribute
toward this end by analyzing the exchanges and
excretion of carbohydrate, electrolytes, and water
during consecutive short periods before and dur-

1 A preliminary report of this investigation was included
in the Proceedings of the Forty-First Annual Meeting
of the American Society for Clinical Investigation (J.
Clin. Invest., 1949, 28, 810).

2Work done during the tenure of a Life Insurance
Medical Research Fund Fellowship.

Present address: Department of Biochemistry, Boston
University School of Medicine, Boston, Massachusetts.

ing treatment, and by comparing the effects of the
administration of massive and small quantities of
glucose early in the course of diabetic acidosis.

EXPERIMENTAL PROCEDURE

Seventeen studies of 15 patients were completed (M.Br.
and A.F. were studied on two separate occasions). All
patients were adults; W.R. was the only male. On ad-
mission the usual chemical and clinical evidences of dia-
betic acidosis were present. In eight studies a short, ac-
curately timed urine (pre-treatment urine) was obtained
before blood was drawn and therapy instituted.

The studies are divided into two groups. In one
group of ten cases (Tables I-III) small or moderate
amounts of glucose were injected as a 5 or 10 per cent
solution. A second group of seven cases (Table IV)
were given large amounts of glucose in a concentration
of 20 per cent or more. Tables I and IV summarize the
amounts of insulin and various repair substances adminis-
tered during each period. Immediately after the initial
blood was drawn for analysis, 50 units of regular insulin
were injected subcutaneously. In the succeeding four to
five hours, a total of about 3 to 4 liters of normal saline
was administered and injections of insulin were contin-
ued at a rate averaging 37 units/hour. The subsequent
administration of insulin and saline varied widely from
patient to patient, depending upon the clinical response.
Potassium salts were given to five patients (Table I,
M.C, BK,, AF.1, MB. and B.H.) when the concentra-
tion of serum potassium had fallen to 3.5 meq./liter or
less. If nausea had been overcome, potassium was given
orally as KCl, about 7.5 gms. being added to a lifer of
milk or orange juice which was drunk at a rate approxi-
mating 250 cc./hour. If nausea was present, potas-
sium was injected intravenously (either as KCl or as a
mixture of K,HPO, and KH,PO, of pH 7.4) dissolved
in normal saline or 5 per cent glucose at a rate not ex-
ceeding 20 meq./hour. When evidences of peripheral
vascular collapse were present, blood and occasionally
salt-poor human albumin were promptly injected. The
nitrogen and electrolyte content of these substances are
included under the Intake column in Table I.

The four deaths in this series were all in patients who
were critically ill at the time the study was instituted.
Three of these patients—H.T., M.B.,, B.H.—had been in
profound peripheral vascular collapse for one or more
days, and were moribund on admission. A.P. was ad-
mitted with uncontrolled hyperthyroidism and an acute
vascular disease resembling periarteritis nodosa; these
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complications in a patient with severe diabetic acidosis less reported here because they exemplify in the extreme
could explain the fatal outcome, although the extremely disturbances present to a lesser degree in the other cases.
low serum potassium (even in the absence of cardiac or

neurological findings of hypokaliemia) may have been a METHODS AND CALCULATIONS
contribufory factor. M.B. rece'ived a large amount of Glucose was determined, in whole blood, by the method
glucose in the latter part of period C (Table I) .because of Benedict, using zinc filtrates (15, 16), and in urine by
of an erroneous report of a low blood sugar. Since she the method of Somogyi (17). Inorganic phosphorus was
was in profound vascular collapse and moribund long determined by the method of Fiske and Subbarow (18)
before the injection, it is difficult to evaluate the relation .5 modified for the photo-electric colorimeter. Other
of this admittedly adverse procedure to her death. methods used were identical with those previously re-
Though none of the fatal cases are suitable for the evalu- ported from this laboratory (19, 20).

ation of treatment, since they probably would have died Balance data were calculated by the methods previ-
irrespective of the therapeutic regime, they are neverthe- ously reported from this department (21, 22) and by

TABLE I
Intake and external balance during treatment of diabetic acidosis
Patient Intaket$ External balance||
(axeaex)‘ Periodt | Duration
(outcome) Insulin| HO | C1 | Na | K | P | N [CHO[ € | Na [ K | P [ N |Gl
hours units cc. meq. meg. meq. mg. gms. gms. meq. meq. megq. mg. gms. &ms.
M. C. A 0-7.50 | 230 |5250| 368 | 368 4| 100 02 200 |+ 337] 4+ 312 — 27| — 490| —3.0| +124
(45 9) B 7.50-13.50 | 100 | 2375 | 123 | 123| o© of o 97 - 17| — 149 =31
C 13.50-17.50 | S50 |2130| 222 | 196 | S0 | 267 | 1.7 | 176 |+ 172| 4 174| + 36| + 155| —0.8 | 4140
D 17.50-41.50 | 45 2635 | 170 | 44| 185 101 | 33 | — 191 — 102 | +119) +0.3| +162
B. K. Prt. 0-0.87 0 0 0 0 0 o| o 0 o — - 7| - 59| 05| - 3
45 Q) A 0.87-2.35 120 [1275| 154 | 154 0 o o 28 | 4+ 149| 4+ 141| — 8 — 75| —0.8] 4 23
B 2.35-5.62 80 |2225| 250 | 250 0 ol o 4235|4239 — 9| — 77| -1.8] + 48
C 5.62-10.35 | 55 | 1975 | 135 | 135 0 o| o | 150 121| 4+ 132 — 6| — 30| -1.3 1148
D 10.35-22.35 | 20 |1000| 136 | . 22 | 149 53| 98 20| — +117 1.8 96
A.F! Prt. 0-0.62 0 0 0 of o o| o - S|—= 12/ - 5| - 55| —-04|— 9
(279) A 0.62-2.74 120 |1975| 246 | 246 © ol o 38 [+ 149 4 120| — 15| — 184| —12| + 8
B 2.74-4.89 60 [1155]| 116 | 116]| © ol o 41 |+ 155] + 140 — 14| — 14| 1.7 + 11
c 4.89-9.34 120 |2320| 178 ] 100| 78 ol o | 167 [+ 88|+ 42| 4 52| — 30| —2.4| +119
D 9.34-33.34 | 40 | 4200 | 242 | 131 111 ol o | 315 |~ 58|~ 28| 4 of — 109| —4.5| 43
E 33.34-58.34 | 65 [3000| 163 | 44 | 232 11.3 | 262 | — 276 | — 244| +106 5.3 | +247
W. R. Prt. 0-1.48 0 0 0 0 0 of o 0|— 13[—- 22| - 9] - 142| —14| — 14
40" A 1.48-3.28 100 | 1250 | 162 | 162 0 of o 20 |+ 146( + 139| — 7| — 116| —1.6| + 6
B 3.28-5.60 40 |1240| 131 | 131 0 of o 39 |+ 109+ 118| — 6| — 59| —1.6| + 23
[ 5.60-9.03 50 |1560 | 92| 92 0 of o 96 |+ 52|+ 73] — 8 — 50| —2.1| + 69
D 9.03-21.03 70 |2700 | 308 [ 308 0 o| o | 130 |+ 189| + 242| — 11| — 110| —4.1| +110
E. M.t Prt. 0-1.05 0 0 0 0 0 of o 0|— 1f—- 1]- 1]—- 43| —20(~ 4
(239) A 1.05-3.55 190 |2040 | 276 | 281 1 s| 15| 20 |+ 255|+ 250 — S| — 221 4+03| — 7
B 3.55-6.28 50 |1215| 103 | 108 0 s| 13| 50|+ 52|+ 56— 6/ — 89| —0.2] + 21
C 6.28-11.25 | S5 |2075| 125 | 135 1 10| 28100 |+ 58]+ 90| — 5| = 37| 40.7| + 49
M. N.t A 0-2.08 130 | 1340 | 162 | 172 1 10 28| 20 |+ 134| 4 137] — 9| — 47| +18| + 6
(76 Q) B 2.08-5.08 60 | 1660 | 196 | 206 1 10| 28] 30 |4 159+ 166| — 11| — 40| +1.2| + 16
C 5.08-1393 | 30 |2200] 119 | 119 0 ol o | 143 '+ 70|+ 87| — 15| — 53| —3.0] +135
A'(gi gi) A 0-12.00 | 140 [8900 | 848 | 848 0 ol o | 305 |+ 623|+ 679| — 18 —5.4| +256
H. T.di} A 0-1.83 | 100 |1725 | 257 | 264 1 7] 2.0 0 | + 252| + 258 0 S| +19f - 2
(54 Q) B 1.83-5.47 180 | 3100 | 417 | 431 1 13| 36| 8 |+ 3964 412| — 1 0| +33| + 74
M. B. dif A 0-3.75 125 (3300 | 277 | 277 0 0| o | 150 |+ 274| + 274 0 o| o | +150
(52'9) B 3.75-7.92 | 250 | 2900 | 389 | 409 2 20| 56| 10 |+ 387| 4 406| + 2| + 20| +5.6 10
c 7.92-14.00 | 700 | 2450 | 181 | 205| o1 | 1535 | 6.9 | 115 |+ 179] + 203 | + 91| +1535| +6.9| +115
B. H. di} A 0-10.75 | 350 | 7350 | 1117 | 1144 2 20 160 | +1107 | +1129 o—- 6 +156
(58 Q) B 10.75-21.25 | 440 [ 3075 | 190 | 283 | 98 | 767 198 | 4 170| 4 260| + 95| + 768 +294
C 21.25-26.75 | 200 | 2200 0 o 45| 768 50 0 + 45| + 768 + 50

§l:ipersc51§1t (1), adjacent patient’s initials, indicates one of different admissions.
i = died.

t Prt. = interval of urine collection before blood was drawn and treatment instituted.

I Includes the electrolyte and nitrogen content of administered blood or albumin.

§ KCl was administered orally in fruit juice and milk to M. C. (periods C and D), B. K. (geriod D) and A. F.!
(period E). In periods C and D, A. F.! received KCl intravenously. M. B. (period C) and B. H. (periods B and C)
received intravenously a mixture of KsHPO, and KH,PO, of pH 7.4 in saline and glucose. The composition of the oral
intake of milk and fruit juice was estimated from tables (54).

|| Balance data are expressed per individual period rather than cumulatively. The duration of a balance period is
the interval between withdrawal of blood specimens, and may include several periods of urine collection which are listed
sepal,ra_tely in Table II. Balances of chloride and sodium are corrected for small quantities lost in blood drawn for
analysis.
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TABLE II
Analytical data (blood, serum, and urine) of patients listed in Table I
Blood Serum Urine
Pt. | Pe-
Wt. |riog#| Duration Poten-
NPN Glucose HCOy| _ tial Cl Na | K P |H:O |Flow| Cl | Na | K P N |Gluc.
HCOst
(kgm.) mg./ | mg./ imM./|meg./ | meq./ | meq./ | meq./ | meq./| mg./ \ems./| cc./ |meg./\meq./|meg./| mg./| gms./| gms.
hours 100c¢c.|100c¢c.| liter | liter | liter | liter | liter | liter | 100cc. | liter ; hogtr/ hogw/ hogcr/ A ‘hour/ Swur/
M.C. 47 | s28 | 293 95.1(1309| 4.8 | 4.51 | 878t
51.5 A 0-3.50 176 | 06| 69| 4.6 | 100 | 0.40 | 6.7
3.50-7.50 43 600 | 33.3 9.2 16.3 97.31127.8| 4.3 1.85|910t| 270 | 63| 6.8]| 3.8 60 | 0.45 | 13.1
B 7.50-13.50| 33 270 15.0 110.1 | 134.5] 2.8 920 | 175 82| 421 3.1 25052 8.5
C 13.50-17.50| 27 368 | 204 | 14.0 7.0 |102.2]128.2| 3.4 0.40 {920 | 275 | 11.8 | 48] 3.5 28063 | 9.0
D 17.50-41.50| 23 97.5|127.8| 4.3 930 163 | 149 | 6.0 | 2.7 041 3.0
B. K. | Prt. 0-0.87 42 333 18.5 | 10.6 18.3 |103.6|137.5( 4.0 2.80 | 892 125 | 05| 7.7} 8.2 68 | 0.57 | 3.2
61.5 A 0.87-2.35 35 249 13.8 | 11.9 18.8 |103.2|138.9| 3.5 1.11 | 91 113 | 0.7] 5.6 | 4.7 511054 | 3.3
B 2.35-5.62 27 182 10.1 | 15.9 8.1 |1060]1350] 3.2 | = 0|92 8 | 34| 18] 2.6 24 10S55| 3.5
C 5.62-10.35| 21 232 12,9 | 16.2 8.3 |108.21137.7| 28 | & 0 | 930 77 251 011 1.2 6027 )] 04
D 10.35-22.35| 26 105 5.8 | 20.0 5.3 |113.2143.5| 4.1 930 55 95| 21| 2.6 0.29 | 0.2
A.F.a| Prt. 0-0.62 33 516 | 28.7 | 10.7 19.8 |101.4|136.9| 4.9 4.11 | 9041 | 292 78 194 | 8.2 90 | 0.71 | 14.0
45.6 A 0.62-2.17 432 92 (27.0] 9.4 | 118 | 0.77 | 19.2
2.17-2.74 32 472 | 26.2 | 11.9 11.2 1106.7 | 134.8 | 4.2 2.73 | 917t | 186 7.6 | 142 3.4 29 {036| 8.0
B 2.74-3.72 390 | 19.5 | 29.9 | 8.2 73 10.75 | 16.8
3.72-4.89 24 333 | 185 112.3 11383 | 3.4 930 166 | 13.5 | 13.5 | 8.9 21|053) 7.5
C 4.89-9.34 23 396°| 22.0 | 19.7 1.7 ]1110.0|136.4| 3.9 930 | 209 | 19.8 | 12.4 | 5.8 710.53 | 10.7
D 9.34-33.34| 22 279 15.5 | 22.4 6.3 |102.6|136.3| 4.0 930 142 | 124 | 6.5]| 4.2 51019} 03
E 33.34-58.34| 28 404 | 22.5| 23.5 11.1 94,7 1343 | 4.8 930 133 | 17.5 | 114 | 5.0 024 0.6
W.R. | Prt. 0-1.48 37 333 18.5 9.7 1 23.1 |101.4]139.2| 4.6 2.93 | 898 192 6.5]|123] 5.8 951095 9.3
50.2 A 1.48-3.28 33 250 13.9 111.5]139.7 | 4.1 1.31 | 906 164 | 6.6 | 10.0 | 4.2 651089 8.0
B 3.28~-5.60 31 255 14.2 | 16.4 104 [109.6|141.4| 3.3 1.01 | 92 110 | 88| 39| 2.8 281074 | 7.5
C 5.60-9.03 34 337 18.7 | 18.6 1.9 |109.7}135.2] 2.9 0.67 | 927 112 | 106 | 4.4 | 2.3 16 {062 | 7.9
D 9.03-21.03| 23 40 2.2 | 183 5.9 |113.3|142.5] 2.7 952 571 96| S.1| 0.9 91034] 02
E.M. | Prt. 0-1.05 51 788 | 43.8 1.3 | 271 94,3 1127.7| 4.8 7.95 | 87 771 06| 10| 1.0 41 1 0.15| 3.5
40.8 A 1.05-3.55 46 659 | 36.6 53 | 23.6 [103.9]|137.8| 3.6 4.79 | 8871 | 300 721109 24 91 | 0.47 | 10.8
B 3.55-6.28 44 722 | 400 7.8 17.1 11109 | 140.8 | 3.2 1.41 | 8 367 | 17.4 {174 | 2.2 34 | 0.53 | 10.6
C 6.28-11.25| 40 642 | 35.7 | 14.8 12,0 |115.7 [ 147.5] 2.5 0.37 [ 9071 | 260 | 13.0 | 83| 1.2 91042100
M.N. 53 690 | 38.3 88 | 21.6 99.5]11349 | 5.5 3.40 | 896
41.2 A 0-2.08 53 586 | 32.6 9.3 | 23.2 |103.7|141.2| 4.7 2.13 | 8 218 | 11.7 | 144 | 5.2 271046 | 6.9
B 2.08-5.08 44 280 15.5 | 140 13.5 |111.3]143.8| 3.4 0.16 | 91 160 | 11.3 | 12.0 | 4.1 17 1 0.53 | 4.7
C 5.08-13.93| 33 68 3.8 110.5 )| 144.4| 3.8 0.82 | 92 48 51| 31| 16 6034} 09
A.P. 38 720 | 40.0 8.5 23.2 96.2 | 1329 | 3.5 900
45.4 A 0-12,00] 27 904 | 50.2 | 20.7 5.8 |107.0]138.5| 1.8 925 | 278 | 18.4 | 13.7| 1.5 0.45 | 4.0
H.T. 45 968 | S3.8 .7 97.9|134.8| 5.5 6.20 | 900
53.2 A 0-1.83 49 994 | 55.3 102.6 | 135.3 | 4.8 5.43 | 910 41 1.1 16| 0.5 6 | 0.05 1.0
B 1.83-5.47 43 800 | 44.4 1103 }139.7 | 2.9 1.32 | 920 67 50| 41} 06 41008| 1.6
M.B.| A 0-3.75 68 1676 | 93.2 4.8 18.7 76.51105.0| 4.3 4.25 | 900 0
41.0 B 3.75-7.92 1480 | 82.2 | 11.5 8.8 91.6 {1169 | 3.5 2.00 | 910 (1]
C 7.92-14.00| S5 1800 | 100.0 711 87.5| 5.8 6.04 | 920 1]
B. H. 1300 72.2 4.4 30.0 71.0|110.4 | 5.6 | 10.10 | 890
50.0 A 0-10.75 1211 67.3 8.4 15.3 |100.9|129.6( 2.8 2.56 | 905 13 03| 04 0.2 2 0.3
B 10.75-21.25]|. 70 1160 | 64.5 | 13.3 12.7 99.51130.5| 2.9 2.47 | 915 25 1.1 1.1 0.2 1 0.7
C 21.25-26.75 1130 | 62.8 100.3 1 135.0 | 3.4 4.15 | 920 (1]

* Blood was drawn at the end of corresponding urine-collection periods.

t = directly determined by the difference between wet and d

rotein or

] + 5).

either calculated from the concentration of total
t Potential HCO; = [Na] — ([Cl1] + [HC

8

Darrow (23). Changes in extracellular volume were
calculated from alterations in the chloride space forward
or backward from an assumed extracellular volume. Cel-
lular transfers of potassium and phosphorus were not
corrected for the balance of cellular nitrogen because the
brevity of the balance periods introduced too great an er-
ror. In four instances where the concentration of serum
chloride was not determined (Table IV, M.Be, M.Br?,
M.Br2, A.F.2), alterations in extracellular volume were
estimated from the external balance of chloride. The
values obtained were used only for the estimations of
cellular transfers of glucose, a calculation which is not
significantly influenced by the error thus introduced.

?r weights. The other values for serum water were
assumed.

Two assumptions were made in calculating the ex-
changes of glucose: 1) free glucose is essentially extra-
cellular in location; 2) the average concentration of glu-
cose in the extracellular fluid is equal to its concentra-
tion in blood. Pareira and Somogyi (24) have assumed
that the concentration of glucose in the extracellular fluid
is 20 per cent lower than the blood sugar because the re-
moval of glucose by cells creates steep gradients; but
since the presence and magnitude of such gradients are
unknown in diabetic acidosis, and since the correction of
the concentration of glucose in whole blood for red cell
solids would at least partially cancel them, the concen-
tration of glucose in whole blood was taken to be the
average concentration within its volume of distribution.
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RESULTS ' B.H.) manifested clinical evidences of profound
Analytical and derived data are presented in salt depletion and dehydration, peripheral vascular
Tables I-IV and Figures 1 and 2. collapse and deep coma. These clinical features

Clinical and chemical findings on admission. rather than any chemical findings constituted the
Five patients (EM., M.N, H.T.,, M.B, and best index of the severity of the disorder (25).

TABLE III
Extracellular and intracellular balances of patients listed in Table I
Extra® Extracellular balance Intracellular balance
Patient | Period 1lul
volume | K P | Glucose | Na Kt Pt Glucose
liters meq. meq. mg. gms. meg. meq. mh;sr/ meg. m'r/ gms. W
M. C. 8.1
A 112 |4+ 342 +9 | —154 | 4+ 24| — 30| — 36 | —48 | —336 | — 45 | +100 | +13
B 106 |— 20| -—18 — 38| 4116 + 1| 40.2 + 84 | +17
C 129 |4 236| +14 | —155| 4+ 18 | — 62| + 22 | +5.5 | +161 |+ 163 | +122 | 431
D (119) | — 158| + 7 + 56| +112 | +4.7
B. K. Prt. 8.5
A 101 |4+ 220] +1 | —126| — 3| —-79| — 9} —6.1 |+ 51 [+ 34 | + 26| 418
B 120 |+ 194| + 3 | —112| — 3|+ 45| — 12| =37 |+ 35 |+ 11 | + 51| 416
C 127 |+ 125 - 2 ol+ 7|+ 7| - 4| —08|—30 |— 6 | +141| 430
D (123) |+ 21| +14 - 16| — 27| +103 | +8.6 +114 | +10
A F Prt. | ( 7.3)
A 83 |+ 108 — 1 | — 74|+ 1|+ 12| —-—14] =90 |—-110 |— 71 | + 7| + 5§
B 9.2 |4 142 — 4 - 8| — 2] —-10] =37 + 19| 4+ 7
C 10.1 |+ 108| + 8 + 9| —66]| + 44| 499 +110 | 425
D 103 [+ 27| + 2 - 11| -5+ 7| 403 +320 | +13
E 86 | + 255 0 4+ 6| — 11] +106 | +4.2 +241 | 410
W. R. Prt. | (7.5)
A 81 |+ 71| —2 | —-114| - S|+ 62| — S| —28|— 2 |— 1| +11] +6
B 92 {4+ 158 —3 | — 6|+ 4| —40| — 3| —14|—53 |—24 | +20] + 9
C 97 |+ S| -2 | -35|+ 9|+68| - 6| —-17|—15|—- 4|+ 60| +18
D 111 |+ 236 + 2 - 28|14+ 6] — 13| —1.1 +138 | +12
E.M Prt. 54
A 70 |+ 287 -1 | —-93| 4+ 3|—-37|— 4| —16 |—128 |- 51 | — 10| — 4
B 714 |+ 23| — 2| —-236| + 5|+ 33| — 4| —1.5|+147 |+ 54 | + 16| + 6
C (73)|+ 13| — 5| —-73| - 4|+ 17 0 0 +36 |+ 7]+ 53| +11
M. N ( 5.8)
A 67 |+ 1711| -1 — 54| +13| -3¢ —- 8] -38|+ 7|+ 3 + 71 +3
B 75 |4+ 125| — 6 | —131 | + 5|+ 41| — 5| —1.7 1491 [+ 30 | + 34| +11
C 82 |+ 98| +6 | + 55| — 4| —11| —21| =24 |—= 2 |— 0.2 +150 | +17
A.P. (5.5)
A 102 |4 680 — 1 + 52| - 1| —-17]| —14 +202 | +17
H.T. ( 64)
A 83 |+ 262 +5 | +34|+21|— 4] - S| =27|—-39 |—21 | —123| —13
B 110 |4+ 416] — 8 | =309 + S| — 4|+ 7| +19|4+309 |+ 85 | + 69| +19
M.B A (74)
B 99 |+ 38 4+ 3 | +117 | + 23|+ 17| — 1| —02 |4+ 97 | — 23 - 13 -3
C 15.1 |+ 155 +53 | +716 | +125 | + 48| + 38 | +6.2 | +819 | 4135 - 10 -2
B. H. (17.5)
A 148 | +1120| - 1 =319 | +8 |+ 9|+ 1| 4+0.1 |4+373 |+ 35 + 75 +7
B 166 |+ 246 + 7 | + 31| + 14|+ 14| + 88| +84 |+737 |+ 70 | 4280 | +27
C 165 |+ 47| + 8 | +275| — 6| — 47| + 37| +6.3 | +493 |+ 8 | + 56| 410

* Calculated by changes in chloride balance, forward or backward, from an assumed extracellular volume (designated
by parentheses).

t Intracellular exchanges of K and P are not corrected for nitrogen.

1 Includes periods B and C.
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Blood transfusions at the onset of treatment
seemed largely responsible for the dramatic re-
sponse of E.M. and M.N.; while the failure of
repeated transfusions and other measures to alter
the fatal course of the other three patients indi-
cate the presence of irreversible shock. The chem-
ical findings in the blood and urine of these pa-
tients in vascular collapse are included in Table II.
It is noteworthy that, although three of these pa-
tients were either markedly oliguric (H.T. and
B.H.) or anuric (M.B.), the urine flow of E.M.
before treatment and despite the presence of vas-
cular collapse was moderately accelerated (77 cc./
hour). Neither the N.P.N. nor the concentra-
tions of serum sodium and chloride reflected the
severity of the disease or the magnitude of the
salt depletion, save in a general way. Although
the N.P.N. tended to be higher in patients in
shock, ranging from 45 to 70 mg. per cent, these
values are not exceptionally elevated for diabetic
acidosis, and the highest N.P.N. in the study was

DONALD W. SELDIN AND ROBERT TARAIL

in a patient without evidence of collapse (Table
IV, M.Be). The concentration of serum sodium
(Table IT) was extremely low (105 to 110 meq./
liter) in two cases in shock (M.B. and B.H.), but
was normal in H.T. and M.N,, and only moder-
ately depressed in E.M., despite apparently com-
parable salt depletion.

The initial concentrations of serum electrolytes
for ten patients (including those in collapse on
admission) are listed in Table II. The bicar-
bonate, which suffered on the whole the greatest
absolute reduction, varied from 1.3 to 10.6 meq./
liter, the average being 7.2. This depression of
the bicarbonate, however, does not represent so-
dium bicarbonate lost from the body, but is rather
principally a consequence of the accession of fixed
acids to the blood which displace bicarbonate from
combination with sodium, a process which can be
completely reversed without the addition of ex-
ogenous sodium salts by restoration of the ability
to burn carbohydrate. Hence the difference,

TABLE 1V

The effect of massive injections of glucose on water and electrolyte excretion and carbohydrate
nces during treatment of diabetic acidosis

Intake Urine Blood*t Glucose balance
(Patient) Pe- | Durati
age-sex) | o4 | Duration Extra-
Wt. (kgm.) Insu-| 10| C1 | Na |Gluc, Flow Na | K | N |Gluc.| NPN | Gluc. | X | cellu-|Intracellular
lar
cc./ | meg./| meq./| meq./| gms./| /| mg./ | me./ | gms. 5 L s,
hours unils | cc. | meg. | meq. | gms. | hour | howr | hour | hour | hour m 100 cc.|100 cc. fms. | ams %/
76 532 .

M. Be A 0-2.50 | 100 | 2950 | 347 | 347 | 150 | 268 | 3.8 4.0 | 0.80 | 14.9 53 922 | +113| +57 | 456 | +22
(60 Q) B | 2.50-3.75 750| 116 | 116 0] 466 | 8.4 4111331258 51 842 | — 32| — 4| —28) —22
60.5 C |3.75-6.83 70 | 2600 | 231 | 231 | 125 ]| 169 | 6.1 7.4 52 1036 | +102| 438 | +64 | +21 ~

780

M. Br! A 0-2.33 | 140 [ 1825| 154 | 154 | 145 | 750 | 21.4 8.710.59 | 51.2 860 | 4 27| +13 | 4+14| + 6
(229Q) B |2.33-4.58 70 11800} 185 | 185 | 100 | 489 | 7.7 2.6 | 0.52 | 42.9 800 |+ 4 +3 141|411
54.6 C |4.58-7.41 20 |2375] 231 | 231 | 145 | 335 8.1 3.6]0.41 | 308 468 | + S8 —24 | 482 | +29

32 582

M. Br? A 0-3.00 | 140 | 3400| 416 | 416 | 150 | 312 | 6.4 46031 ]17.0 29 552 | 4+ 99| +12 | +87 | 429
(229) B | 3.00-6.25 70 | 1350 | 116 | 116 | 100 | 211 3.6 331033 | 14.2 27 372 | + S4) —17 | 471 | +22

A . F2 Prt. 0-1.00 0 0 0 0 0 9| 0 5.0]026| 4.3 28 453
(24 Q) A 00-4.92 | 150 | 2200 | 231 | 231 | 150 | 421 | 10.1 0.59 | 24.3 29 + S5/ + 6| +49] +13
45.6 B | 4.92-8.42 40 | 1800 185 | 185 | 100 | 184 | 3.8 3.60.38 | 149 26 286 | + 48| —11 | +59 | 417

0o. W, Prt. 0-0.50 0 0 0 0 0] 232 )| 68 10.7 | 0.38 | 11.1 34 388
(20 Q) A |0.50-3.50 | 180 |{2200| 231 | 231 | 150 | 700 | 31.4 9.510.68 | 33.8 33 649 | + 48| +29 | +19| + 6
58.9 B |3.50-6.50 | 100 | 3600| 370 | 370 | 100 | S03 | 21.3 8.7 10.58 | 30.0 31 400 | + 10} —16 | +26| + 9

M. A. Prt. 0-0.75 0 217 19| 72| 69]|046] 9.5 48 688
(58 9) A |0.75-4.00 | 140 {2950 | 347 | 347 | 150 | 286 | 5.0 | 10.5| 4.9 | 0.57 | 21.5 43 + 80| +32 +15
52.6 B |4.00-7.00 | 100 {1350 116 | 116 | 100 | 376 | 7.1 | 10.6 | 3.5] 0.62 | 24.1 35 628 | + 28| —27 | +55| +18

R.R. Prt. 0-0.83 0 (] 0 0| 251 29|13.4|1241]10.73 | 12,1 35 484
(24 @) A |[0.83-2.83 | 100 {1375| 293 | 293 | 204 | 720 | 19.5 | 28.7 | 10.8 | 0.86 | 43.4 33 988 1117 +53 Iﬁ( +32
55.5 B 2.83-4.41 70 | 1900 | 200 | 200 83 | 372 | 123 | 141 5.0 1040 | 25.3 28 824 43| — 4 7.1 430

C 4.41-5.74 1475| 123 | 123 289 8.9 77| 4.1]035]22.6 26 728 | + 33] — 8| +41| +31
D |5.74-7.74 20| 7258 77 77 38 | 473 | 16.6 | 10.1 | 3.7 | 0.57 | 37.8 23 576 | — 38} —13 | —25| —13
E |7.74-9.91 50 | SS0O 0 0 92 | 256 | 10.7| 3.7| 2.4 |049 | 240 476 I 40| —12 | 452 | 424
F |9.91-12.49| 40 |1725| 200 | 200 71 | 104 | 53| 098 1.0]0.24| 9.8 19 338 46| — 8 | +54| +21

§u rscripts (1) or (2), adjacent patients’ initials, indicate different admissions.

lood was drawn at the end of corresponding urine collection

riods.

t Determinations of the concentrations of CO; and Cl were obtained initially in all cases; values for CO; ranged from

4.9 to 12.2 meq./liter.
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[Na] — ([Cl]] + [HCO,] + 5), represents “po-
tential bicarbonate” (5 meq. being-subtracted for
the average normal difference, [Na] — ([Cl] +
[HCO,]) [26]). The values for the initial poten-
tial bicarbonate ranged from 18.3 to 30.0 meq./
liter, averaging 23.1. The average values of the
bicarbonate plus potential bicarbonate are 23.1 +
7.2 =30.3 meq./liter. It is thus apparent that
the concentration of sodium available for combi-
nation with bicarbonate once carbohydrate me-
tabolism is restored—[Na] — ([Cl] + 5)—is usu-
ally greater, rather than less, than normal.

The concentrations of sodium and chloride were
normal in five patients; in the remaining five,
moderate to extreme reductions in sodium were
accompanied by proportionate (M.C., EM., A.P.)
or relatively greater (M.B., B.H.) reductions of
chloride. Excessive deficits in the concentration
of chloride probably result from the fact that con-
traction of the extracellular volume due to a loss
of water in excess of salt elevates the concentra-
tion of sodium more than chloride, and account
for the abnormally high concentrations of HCO,
plus potential bicarbonate, noted above in these
patients.

In three patients (M.N., H.T., B.H.), all of
whom were in shock, the serum potassium was
slightly elevated (5.5 to 5.6 meq./liter); it was
well within the normal range in M.B. (4.3 meq./
liter) despite the presence of complete anuria.
The concentrations of serum phosphorus ranged
from 2.80 to 10.1 mg. per cent. Abnormally high
values were found only in patients in vascular col-
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lapse ; but one patient in vascular collapse (M.B.)
had a normal serum phosphorus (4.25 mg. per
cent). In two patients (B.K., W.R.) the initial
serum phosphorus was slightly low.

Urine was collected before the institution of
treatment from eight patients (Tables IT and IV).
Urine flows ranged from 77 to 292 cc./hour and
were almost exactly proportional to the excretion
glucose gms./hour
urine flow cc./hour
0.047 gms./cc. (or 261 mM./liter), except for
BXK. whose urine was even less concentrated.
The reciprocal of 0.047, the number of cc. of water
commanded by each gram of glucose, is 21, an
indicaton of the profoundly dehydrating influence
of glycosuria. More sodium than chloride was al-
ways excreted, the excess sodium presumably
bound with ketones and undetermined acids (27,
28). High excretion rates of potassium, averag-
ing 7.7 meq./hour, were present initially in all
cases save EXM. The excretion of phosphorus,
like that of potassium, was also accelerated ini-
tially, in keeping with previous reports (27, 29—
31).

The metabolism of glucose. The extracellular
and intracellular balances of carbohydrate for pa-

of glucose, the ratio averaging

30

Excretion rate

201  beeee--
sodlum — T ......

chloride--- 10
meq. per hour

o
20

potassivm

0

meq.
per hour

-]

Urine flow
cc. per m.M.glucose
per period 3.0 29 26 23 2.2 19 .9
Glucose
excretion
mM.
per hour
[+]
Period Control | A
Ourgtion(min) 50 120 95 80 120 130 158

Fi16. 2. THE RELATION OF THE EXCRETION RATE OF
GLUCOSE T0 THE EXCRETION OF WATER AND ELECTRO-
LYTES IN R.R.
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tients given small or massive injections of glucose
are listed in Tables III and IV, respectively.
Within the first four hours of treatment, positive
intracellular balances of glucose—i.e., the fractions
of administered glucose which could be recovered
neither in the extracellular fluid nor urine, and
hence were presumably oxidized or stored—were
observed in patients given small (Table III) or
massive (Table IV) amounts of glucose. Since
these balances were not corrected for endogenous
glucose production (which, judging only from the
rate of glucose excretion before treatment, varied
from 3 to 14 gms./hour), it must be concluded
that even in severe diabetic acidosis considerable
amounts of carbohydrate can be utilized. The
greatest utilization of carbohydrate within the first
four hours of treatment, varying from 22 to 32
gms./hour, occurred in three cases of the group
given massive injections of glucose (M.Be, M.Br2,
R.R,, Table IV). Utilization of carbohydrate in
the remaining four cases of this group was much
slower, varying from 6 to 15 gms./hour. Those
patients receiving small injections of glucose in
the initial four hours of treatment utilized carbo-
hydrate at a rate ranging from 3 to 18 gms./hour
(Table III). In this group, also, utilization of
exogenous glucose varied widely. For example,
B.K.,, and A.F.! received glucose at the rate of
19 and 25 gms./hour respectively in period A
(Table I), but the former utilized almost all the
administered glucose (18 gms./hour) while the
latter utilized only 5 gms./hour (Table III). Ap-
parently, the accelerating effect of carbohydrate

intake on utilization is modified by as yet unde- -

fined factors, such as shock and dehydration. Of
the fatal cases, where short early balance periods
were available (H.T., M.B.), no glucose utiliza-
tion could be demonstrated (Table IIT).

The excretion of water. Despite the presence
of severe dehydration, urine flow was strikingly
augmented in proportion to the magnitude of the
glycosuria (Figure 1). Since patients given mas-
sive injections may excrete 50 per cent or more of
the administered glucose, the resulting diuresis
may be enormous (Table IV). Urine flow re-
mained stationary or was accelerated only moder-
ately in patients receiving small injections (Table
II). In the case of R.R. (Table IV), repeated
injections of glucose resulted in a progressive de-
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cline in the urine flow per gram of glucose from
21 cc./gm. at the beginning of the study to 11 cc./
gm. at the close. It is not clear whether this
progressive conservation of water by the kidney
is due to hypertonicity of the body fluids, a de-
creased excretion of total urinary solutes, or an
increased efficiency in the reabsorption of water.

Excretion and transfer of sodium and chloride.
Changes in the excretion of sodium and chloride
correlated well, in the early periods of each indi-
vidual case, with changes in the excretion of glu-
cose (Tables IT and IV). When the rate of glu-
cose excretion rose from 12.1 to 43.4 gms./hour
in R.R. (Table IV, periods Prt. and A), the ex-
cretion of sodium and chloride increased 15.3 and
16.6 meq./hour respectively from previous excre-
tion rates of 13.4 meq./hour for sodium and 2.9
meq./hour for chloride. Glucose swept sodium
into the urine as sodium chloride, as it does in
normal human subjects (32) controlled diabetes
(33) and animals (34). In the later periods of
study in R.R. chloride was excreted in consider-
able excess of sodium, so that the excretion of
chloride exceeded the sum of sodium plus potas-
sium by almost 5 meq./hour. This dissociation
probably represents a sparing of sodium in the
restoration of acid-base equilibrium, with the ex-
cretion of increasing amounts of chloride proba-
bly as ammonium chloride, when serum bicar-
bonate is reconstituted during the recovery from
acidosis. The fact that it occurs in R.R. where
massive glycosuria prevailed throughout, as well
as in the later periods of study in M.C,, B.K,, and
W.R. (Table II), where glycosuria was relatively
mild, indicates that the process is not inhibited by
the renal osmotic effects of a glucose diuresis.
The entire sequence of events is illustrated for
R.R. in Figure 2.

The concentration of serum bicarbonate was be-
low normal in all instances at the close of the
study (Table IT), and for an additional 24 hours in
the case of E.M. and M.N. Since extracellular vol-
ume was no longer rapidly expanding and the con-
centration of serum sodium was in most instances
normal or slightly elevated, the low bicarbonate can-
not be ascribed to dilution or depression of fixed
base (35). Hyperchloremia cannot account for
the deficit, inasmuch as the difference between
sodium and the sum of bicarbonate plus chloride
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was greater than 5 meq./liter, and therefore indi-
cates the presence of excessive amounts of fixed
acids in the serum. Although ketonuria (as
judged by the qualitative nitroprusside test) was
absent in BXK., A.F.* and W.R. at the close of the
study, and in E.M. and M.N. for 24 hours there-
after, it is possible that the fixed acids may rep-
resent a mild ketonemia of insufficient intensity to
produce a ketonuria which could be detected by
the nitroprusside test for acetone. It is also pos-
sible that the prolonged accumulation of undeter-
mined acids, at least in certain instances where
shock was present, may be partly due to a renal
injury of the nature of a mild lower nephron
nephrosis, as a consequence of which fixed acids
(ketone bodies or other undetermined acids)
might be retained. This interpretation is consist-
ent with the impaired urea clearances and azotemia
which have been noted by others (28) after re-
covery from diabetic acidosis.

The calculated transfers of sodium into and out
of the extracellular fluid (which are usually inter-
preted as transfers to and from cells) were of
small magnitude, slightly exceeding 100 meq. in
only one instance, and fell into no discernible pat-
tern (Table III). Since sodium is present prin-
cipally in the extracellular fluid in high concentra-
tions, small errors in the estimation of the chloride
space and in the concentration of serum sodium
could result in large calculated transfers of so-
dium. These data, therefore, cannot be inter-
preted to mean that the calculated movements
represent actual transfers, although, of course,
such a possibility is not excluded: Transfers of
far greater magnitude have been reported by
others (36, 37).

Expansion of extracellular volume, which gives
a rough index of the extent of depletion before
treatment, varied from 1.3 to 3.8 liters in six pa-
tients (Table IIT). (Fatal cases are not here
considered because of the likelihood of over-expan-
sion.) Since four of these six patients had normal
concentrations of sodium and chloride initially,
the latter cannot be considered a reliable guide to
the volume of the extracellular fluids.

Excretion and transfer of potassium and phos-
phorus. The concentrations of serum potassium
and phosphorus fell progressively during treat-
ment, regardless of the initial concentrations, un-
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til exogenous supplies were available (Table II).
This is in accord with previous reports (30, 31,
37, 38).

The excretion of potassium was greatest either
before treatment was started or immediately there-
after, usually falling steadily, despite striking in-
creases in glycosuria and urine flow (Tables II
and IV). The changes in phosphorus excretion
followed a similar course as others have noted (27,
30, 31).

Table III lists the cellular balances of potassium
and phosphorus. The discharge of potassium
from cells was highest initially and fell during
treatment. Although there was, perhaps, greater
variability in this respect in the case of phosphorus,
the same tendency was evident (Table III). The
net cellular exchanges of potassium were positive
in three patients (M.C., H.T., B.H.) and of phos-
phorus in six patients, prior to administration of
either of these ions (Table III).

No specific clinical evidences of a low serum
potassium were noted. However, deleterious con-
sequences arising from a concentration of 1.8
meq./liter (Table II, A.P.) cannot be excluded,
and emphasize the necessity of administering po-
tassium earlier in treatment, before the serum con-
centration has fallen to such a low value. When
potassium and phosphorus were given intrave-
nously or orally, their serum concentrations rose
and large increments were retained by cells
(Table IIT). In one instance, however, excessive
amounts of potassium may have been forced into
cells. A deficit of potassium was apparently re-
plenished by period D in A.F., when most of the
administered potassium was rejected (Table I).
Nevertheless, in period E, almost half of the large
intake was retained. This retention of exogenous
potassium after an initial rejection may have been
in excess of cellular requirements. Although the
serum potassium remained within normal limits
(rising from 4.0 to 4.8 meq./liter), abnormal ele-
vations in the serum concentration have resulted
from the administration of large amounts of potas-
sium in other studies (37).

DISCUSSION

Contraction of the extracellular volume in dia-
betic acidosis has long been recognized by such
criteria as hemoconcentration (27, 39, 40), in-
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creased concentration of serum proteins (27, 39,
40), retention of administered salt (41), and ex-
pansion of the chloride space after treatment (37).
Although the magnitude of the shrinkage of extra-
cellular volume will obviously vary with the
severity of the disease and the size of the patient,
deficits of about 3 liters noted in this study em-
phasize the enormous depletion of extracellular
salt and water in the average patient.

In the production of this salt depletion, vomit-
ing and ketonuria play an important, though sub-
sidiary, role. The severity of the salt depletion is
not related to the severity of the vomiting. Some
patients, such as E.M. and M.N. in the present
study, gave no story of vomiting yet were greatly
depleted, a finding noted by other observers (35).
If ketonuria were chiefly responsible for the so-
dium lost with a 3-liter contraction of extracellu-
lar volume, the concentration of serum sodium and
bicarbonate plus potential bicarbonate should suf-
fer a greater relative reduction than chloride. But

this is not the case. It is apparent from Table IT

that bicarbonate plus potential bicarbonate are
well preserved regardless of whether the concen-
tration of chloride is depressed or normal. The
chloride is depressed when sodium is depressed,
indicating a loss of sodium mainly as sodium
chloride. Moreover, since there is four times
more chloride than bicarbonate in the extracellu-
lar fluids, it is apparent that from the standpoint
of contraction of extracellular volume as well as
concentration, most of the sodium must have been
lost as sodium chloride, not as sodium ketone.
These findings are in accord with the observations
of Peters and his associates (35) and Kydd (41).

The increased urinary losses of sodium chloride
after massive injections of glucose (Table IV,
Figure 2) and the correlation between the excre-
tion of glucose and sodium in patients with only
moderate glucosuria (Table I) suggest that the
major part of the salt deficit arises because salt as
well as water is swept into the urine with glucose.
Although Gabrilove (42) has offered some evi-
dence to the contrary, the correlation between the
excretion of glucose and sodium chloride is also
evident in the data of Atchley, Loeb, and their as-
sociates (29), and has been reproduced in animals
(34), controlled diabetes (33) and normal human
subjects- (32) by injections of glucose. This ca-
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pacity of glucose to sweep salt into the urine is not
inhibited by severe salt depletion and dehydration,
although some tendency to spare sodium (proba-
bly in the restoration of acid-base equilibrium) is
evident in the rising chloride and falling sodium
excretion rates during the later periods of glucose
administration.

Yet this augmentation of water and salt excre-
tion by no means exhausts the impact of glucose
on the volume of the extracellular fluids and the
concentration of sodium salts. For example,
when M.B. (Table II, period C) was rapidly
given 50 cc. of 50 per cent glucose and an infusion
of 750 cc. of 10 per cent glucose, the serum con-
centration of sodium and chloride fell from 116.9
to 87.5 and 91.6 to 71.1 meq./liter respectively.
The greater fall of sodium than chloride (29.4
and 20.5, respectively) is not the result of a trans-
fer of some sodium into cells, but an effect of dilu-
tion, sodium suffering a greater depression than
chloride because of its higher concentration in the
serum. The amount of fluid injected was far too
small, however, to cause this dilution. Urinary
losses of salt played no part, since the patient was
anuric. It is apparent, therefore, that the fall in
the concentration of sodium and chloride must
have been due to a movement of water out of cells
in response to the osmotic pressure of glucose.
Similarly in the case of M.C. (Table II, period B),
when the blood sugar fell rapidly from 600 to 270
mg. per cent, the chloride space shrank from 11.2
to 10.6 liters, despite an intake of over 2 liters
of fluid containing 123 meq. of sodium, of which
96 were retained. The contraction of extracel-
lular volume, under these circumstances, is at-
tributable to a shift of water into cells when the
osmotic pressure of the extracellular fluid de-
clined as a result of the fall in the blood sugar.
Since the administered fluid was hypotonic with
respect to salt, this shrinkage of extracellular
volume explains the rise of 7 meq: in the concen-
tration of serum sodium.

Siich shifts of water into and out of cells in re-
sponse to decreases and increases of blood sugar
would not occur if glucose diffused freely through
cellular membranes and came to a diffusion equi-
librium. Free glucose must therefore be con-
fined largely to the extracellular fluid, penetrating
cells perhaps as glucose-6-phosphate (43). Simi-
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lar conclusions have been reached by others (1,
44). This interpretation is in accord with other
lines of evidence: 1) the demonstration by direct
analysis of skeletal and heart muscles in animals
(45, 46) and skeletal muscle in man (47) that
free glucose is largely confined to that fraction of
the water of muscle which is extracellular; 2) the
inability of glucose in a perfusing medium to pene-
trate tissue slices of muscle or brain, as judged by
changes in the weight or size of tissues (48, 49) ;
3) the movement of water into and out of cells
(as judged by changes in the chloride space and
the concentration of serum sodium) in response
to decreases or increases of the blood sugar in dia-
betics (50) and normal human subjects (32).
Transfers of water are not the only means by
which osmotic uniformity of the body fluids may
be preserved when the osmotic pressure of the
extracellular fluid varies. Evidence in normal
human subjects suggests that the metabolism of
glucose, if sufficiently accelerated, will increase the
quantity of osmotically active constituents of cells,
thereby preserving a uniform osmotic pressure,
despite high blood sugars, without great shifts in
water (32). In B.H, for example, the concen-
tration of serum sodium rose from 110 to 135
meq./liter despite the persistence of extreme hy-
perglycemia, probably because most of the ex-
ogenous glucose was metabolized, judging from
the marked fall in the concentration of serum
phosphorus (Table IT) and the high cellular bal-
ances of glucose (Table IIT). In contrast, the
administered glucose in the case of M.B., where
the serum sodium fell precipitously, remained ex-
tracellular. Such factors as these, in addition to
marked external losses of water far in excess of
salt, often mask the osmotic effects of glucose, and
account for the normal electrolyte concentrations
in some patients with severe diabetic acidosis.
The tonicity of the body fluids may be defined
as the concentration of those substances which
exert an effective osmotic pressure because they
are restrained from penetrating cell membranes
and therefore can alter the distribution of water
between the intracellular and extracellular phases.
Substances such as urea, although contributing
to the osmotic pressure or osmolarity of the
extracellular fluids, have no effect on tonicity
(as here defined), because they diffuse freely
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into body cells and hence do not influence the
distribution of water. Under ordinary circum-
stances tonicity is almost completely determined
by the concentration of sodium salts. When
hyperglycemia supervenes, however, a large in-
crement of the effective osmotic pressure is de-
termined by the concentration of glucose in the
extracellular fluid. It is apparent from Table II
that, regardless of the concentration of serum so-
dium, the extracellular fluids were hypertonic ini-
tially in all cases. The lowest initial serum con-
centration of sodium was 105 meq./liter (M.B.);
this is not a sign of hypotonicity, however, since
the presence of about 93 mM. of glucose per liter
of blood increased the effective osmotic pressure
above the normal range. Similarly, where hyper-
glycemia is significant, normal concentrations of
sodium and chloride in the serum must be con-
sidered evidences of hypertonicity. The magni-
tude of cellular dehydration in diabetic acidosis
must therefore be extreme. Since hypertonicity
of the extracellular fluids prevails before treat-
ment, it follows that as hyperglycemia recedes
water will move into cells, resulting in a tendency
toward shrinkage of extracellular volume and
probably an excessive rise in the concentration of
sodium salts. To prevent this impediment to cel-
lular hydration water must be administered in ex-
cess of normal saline.

The effective osmotic pressure of glucose ac-
counts, in part at least, for the preponderance of
low concentrations of serum sodium which are

. found in most patients with diabetic acidosis. It

should be noted that the fluid lost during the devel-
opment of diabetic acidosis (except for vomitus) is
greatly hypotonic with respect to sodium chloride.
The urine formed contains sodium at a concentra-
tion considerably below that of serum because
glycosuria accelerates to a greater extent the ex-
cretion of water than of salt. Insensible perspira-
tion and sweat are both hypotonic; hyperventila-
tion results in the loss of water alone. Because of
these losses of water in excess of salt, an elevated
concentration of serum sodium and chloride might
be anticipated, but this is rare. Probably cellular
water, drawn into the extracellular compartment
by extracellular hypertonicity resulting from high
blood sugars, acts as a diluent, reducing the con-
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centration of sodium and chloride to normal or
more often low values.

The clinical effects of cellular dehydration per
se have not been precisely defined. Hypertonicity,
despite the cellular desiccation it produces, would
seem to favor an increased urine flow by expand-
ing the extracellular volume and correcting an al-
ready contracted blood volume. Such an effect
was not observed in M.Be (Table IV), however.
The administration of 150 gms. of glucose when
the blood sugar was 532 mg. per cent, accelerated
urine flow by 200 cc./hour, while the N.P.N. fell
23 mg. per cent. When the blood sugar was
842 mg. per cent, a second injection of 125 gms.
of glucose was accompanied by a fall in urine flow
from 466 to 169 cc./hour, while the blood sugar
rose to 1036 mg. per cent and the N.P.N. did not
change. This reduction in urine flow despite the
enormous glucose load could not be ascribed to
dehydration because the patient was in positive
water and salt balance. Although Winkler and
his associates were unable to produce vascular
collapse by hypertonicity alone (51), it is possible
that profound dehydration of cells may aggravate

.the vascular insufficiency of an already impaired
circulation.

These osmotic properties of glucose, increas-
ing urinary losses of salt and water and dehydrat-
ing body cells, sharply delimit the extent to which
the accelerating action of hyperglycemia on carbo-
hydrate metabolism can be employed. It is ap-
parent, however, from these studies that small or
moderate amounts of exogenous glucose can be
utilized early in severe diabetic acidosis without
augmenting the hyperglycemia or producing un-
due glycosuria (Table II). Massive injections
induce an intense hyperglycemia and glycosuria,
but do not regularly augment the utilization of
carbohydrate beyond that accomplished by small
doses.

Although the profound alterations in the con-
centration of serum potassium are probably con-
nected in part at least with changes in carbohy-
drate metabolism, the present study does not sup-
port the view (52) that glycosuria as a result of
the administration of exogenous glucose plays an
important role in this process by sweeping potas-
sium into the urine. The excretion of potassium
was highest initially and usually fell progressively
notwithstanding marked increases in glycosuria.
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The elevated serum concentration before treatment
results from the failure of this initially accelerated
loss by renal excretion and vomiting to keep pace
with the effects of rapid cellular release of the
ion (probably a consequence of dehydration and
increased breakdown of glycogen and protein) and
a contracting extracellular volume. After the
institution of treatment, serum potassium fell
steadily as extracellular volume expanded and
renal losses continued (though at a slower rate).
It has been demonstrated in normal human sub-
jects (32) and animals (53) that expansion of
extracellular volume per se does not propor-
tionately depress the concentration of potassium
because the rate of discharge from cells, which
seems geared to maintain a constant serum con-
centration, becomes accelerated ; but when glucose
is given the serum potassium may fall, irrespective
of changes in extracellular volume, because of a
movement of potassium into cells associated with
accelerated utilization and storage of carbohy-
drate. It is this progressive retardation of the
release of cellular potassium, as dehydration and
carbohydrate and protein breakdown are amelio-
rated, that prevents cellular stores from liberating
sufficient potassium to compensate for the effects
of dilution and renal loss. That exogenous glu-
cose may promote a transfer of potassium into
cells, and thereby hasten the fall of the serum con-
centration, must be admitted, but this hardly con-
stitutes a valid objection to the use of glucose,
since the acceleration of efficient utilization of car-
bohydrate is one of the central aims of therapy,
and any measure which accomplishes this, includ-
ing insulin, may have such an effect.

The metabolic and osmotic properties of glucose,
here discussed, have important implications for
treatment. It is clear that the marked losses of
salt with glycosuria are accompanied by far greater
losses of water. As a consequence, contraction
as well as hypertonicity of the extracellular fluids
ensue. The magnitude of the total water deficit
may be underestimated because the effective os-
motic pressure of glucose causes a dilution of the
extracellular fluid with cell water, resulting in a
normal or low, instead of elevated, concentration
of serum sodium. Normal saline is required to
expand extracellular volume. Glucose solution,
since it affords a medium for the parenteral ad-
ministration of water without salt, is necessary to
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ameliorate hypertonicity. Reliance on large quan-
tities of normal saline as the major parenteral
repair solution has resulted (37) in the develop-
ment of excessively high concentrations of serum
sodium and chloride as hyperglycemia receded
with treatment. Most of the objections to glucose
are really directed against the use of excessive
amounts. The striking diuresis and marked exag-
geration of cellular dehydration, noted in this study
and elsewhere (1, 2), and the augmentation of
urinary losses of salt, constitute valid reasons
against the use of large injections. But small to
moderate amounts of glucose may be employed
without these consequences. The exogenous glu-
cose which is utilized spares endogenous carbohy-
drate and retards ketosis, at the same time liberat-
ing water which can diffuse into cells and amelio-
rate dehydration. Where diabetic acidosis is
particularly severe and hyperglycemia marked
(i.e., over 700 mg. per cent) it is questionable
whether an increased rate of utilization of carbo-
hydrate can be promoted by raising the blood
sugar still further (10), but such a procedure
would almost certainly exaggerate the deleterious
osmotic effects of glucose. Moreover, if the ex-
ogenous carbohydrate is not burned, the injected
water cannot diffuse into cells and mitigate cellu-
lar dehydration. Under these circumstances, 5
per cent glucose in distilled water given intrave-
nously at a rate in accord with the clinical and
chemical status of the patient would seem a better
vehicle than more concentrated glucose solutions.
After the early hours of treatment, when the
utilization of glucose becomes accelerated and hy-
perglycemia recedes, the danger of hypoglycemia
appears, making the need for glucose more urgent.
At this time, 10 per cent glucose, given at a rate
of 250 cc./hour or more, seems advisable. These
comments on glucose should not, of course, dis-
tract attention from the prior importance of
insulin, normal saline, and blood, the necessity for
which all investigators admit.

SUMMARY AND CONCLUSIONS

1. Seventeen cases of diabetic acidosis, studied
during the early stages of the treatment of the dis-
order, received moderate or massive injections of
glucose.  Utilization of carbohydrate occurred
within the first two to four hours of treatment,
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since the injected glucose could not be completely
recovered in the urine or extracellular fluid.

2. Glycosuria swept out sodium chloride as well
as water in large amounts, and is probably the
major cause of salt depletion and dehydration in
diabetic acidosis.

3. Evidence is presented suggesting that glucose
is confined to the extracellular fluid. Hypergly-
cemia, therefore, draws water out of cells, produc-
ing cellular dehydration and diluting the serum so-
dium and chloride. This is probably a major cause
of the low concentrations of sodium in the serum,
and masks the magnitude of the total water deficit.

4. Because of the deleterious consequences of
hypertonicity and cellular dehydration, the impor-
tance of glucose solution as a vehicle for the ad-
ministration of water without salt is stressed.

5. Glycosuria resulting from injections of ex-
ogenous glucose does not sweep potassium into
the urine. The mechanism responsible for the ini-
tial elevation and ‘subsequent depression of the
serum potassium is discussed.

The authors wish to express their appreciation to Miss
Pauline M. Hald for advice and guidance in analytical
techniques.
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