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Southworth (1 ), in February 1937, reported
two cases of "clinical acidosis " as a result of
administration of prontylin in large doses and
fifteen consecutive cases treated with the drug
who showed a consistent, though variable, drop
in the carbon dioxide combining power of the
blood. Recently, Brown and Bannick (2) stated
that they had noted a decline in the carbon dioxide
combining power of the blood of patients treated
with sulfanilamide and that actual acidosis at
times occurred. They point out that the use of
ten grains of sodium bicarbonate with each dose
of the drug, as suggested by Long and Bliss,
might be of value both in preventing acidosis, and
also, as suggested by Helmholz and Osterberg
(3), in increasing the bactericidal activity of the
drug in the treatment of infections of the urinary
tract.

In an earlier paper (4) from this laboratory,
it was reported that the administration of moder-
ately large doses of sulfanilamide commonly
caused hyperventilation which simulated the dysp-
nea of acidosis. Suspicion concerning the sig-
nificance of such overbreathing was aroused when
it was noted that such hyperventilation seemed out
of proportion to the rather moderate average
reduction of 15 to 20 volumes per cent carbon
dioxide content of the blood which occurred quite
regularly in subjects in whom there could be
found none of the more common causes for the
development of acidosis. Wethen demonstrated
that, coincident with the fall of the carbon dioxide
content of serum, the pH of the urine was quite
regularly above 7, which observation led us to
conclude that the change in the acid base equi-
librium was actually a carbon dioxide deficit type
of alkalosis, secondary to primary hyperventi-
lation, and not acidosis. At this time we wish to
report more detailed data regarding the changes
in the acid base equilibrium which seem to sub-
stantiate our conclusions but which differ from

those which have recently been obtained by Mar-
shall (5) in dogs.

Following sulfanilamide administration, we fol-
lowed closely changes in pH and bicarbonate
content of the urine, and at somewhat longer
intervals determined the pH and carbon dioxide
content of the blood serum, as well as the blood
sulfanilamide and methemoglobin concentrations.
in two normal adult subjects and in two children."
Preliminary observations of pH and carbon diox-
ide content of the urine prior to sulfanilamide
administration were made on the two normal sub-
jects and one of the hospital patients. In most
of the experiments, 0.2 gram of sulfanilamide per
kilogram of body weight was given in a period
of two hours. In the case of the hospital pa-
tients, the drug administration was continued
with the doses as indicated in the tables. Tables
I and II give the chemical findings on the normal
adult subjects and Tables III and IV on the
hospital patients.

DISCUSSION

From a study of the tables, it will be seen that
the specimens of urine just preceding sulfanilam-
ide administration were invariably acid with low
carbon dioxide content, but always became alka-
line with a marked rise in carbon dioxide content
within two hours after the drug administration
was started. Accompanying this increased excre-

1 The urine was collected under oil and its pH deter-
mined by use of the glass electrode without protection
against loss of carbon dioxide during the determinations.
Blood was collected under oil and serum pH was deter-
mined by the method of Hastings and Sendroy (6); car-
bon dioxide content of the urine and serum by use of the
manometric Van Slyke apparatus (7). Blood sulfanilam-
ide was determined by the method of Marshall (8), and
methemoglobin by the method of Wendel (unpublished).
Determinations of blood lactic acid were made in several
instances, for which the method of Friedmann, Cotonio,
and Shaffer, as modified by Wendel (9), was used.
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TABLE I

Subject 1. Normal male, age 23 years, weight 73 kilograms

Urine Blood

Date Time Medication Sul- Met-
C02 erumSerum fanil- hemo-

Volume contnt p C02 pHni amide globin
lVolume|content | content pH concen- concen-

tration tration

1937 cc. volumes volumes mgm. per cent:Per cend Per cent per cent
October 30 9:00 a.m. 126 4.1 5.29

9:55 90 6.8 5.63
11:00 272 18.5 6.14

1:30 p.m. 270 30.5 6.74
4:15 181 18.1 6.27
6:30 221 17.9 6.22

November 1 8:55 a.m. 73.0 7.40
9:00 14.7 grams sulfanilamide from 44 3.3 4.97

9:00 to 11:00 a.m.
9:50 43 18.2 6.20

10:50 150 150.0 7.37
11:45 170 170.0 7.55

1:26 p.m. 446 179.0 7.53
1:35 66.5 7.43 23.8 13
3:30 398 161.0 7.51
4:30 66.6 7.40 13
4:35 199 148.0 7.55
6:30 326 123.0 7.43
9:35 275 109.0 7.35

November 2 9:05 a.m. 329 45.0 6.76
11:00 9.2 10

*Methemoglobin concentration expressed as per cent of total hemoglobin pigment.

tion of bicarbonate, there was a fall in the serum
carbon dioxide content which ranged from 5.5 to
24.7 volumes per cent. During this period, we
observed in every case a slight rise in the serum
pH.

The production of alkaline urine with simul-
taneous reduction of the carbon dioxide content
of the blood serum and rise in serum pH has
been described by a number of investigators (10,
11, 12) as the result of voluntary hyperventilation.
The accepted explanation for these changes is as
follows. The hyperventilation lowers the carbon
dioxide tension of the alveolar air and conse-
quently that of the plasma. The immediate result
of the decreased plasma carbon dioxide tension is

BHCO8
an increase in the ratio of with an in-

H2CO5
crease in the plasma pH. One manifest com-
pensatory response to this alteration is the in-
creased excretion of bicarbonate by the kidney
in an effort to reestablish the normal ratio between
bicarbonate and carbonic acid, upon which the
pH of the plasma depends. The reduction of

base bicarbonate in the serum probably should
not be attributed wholly to the excretion of bicar-
bonate by the kidney. At an elevated pH of the
blood serum, other blood buffers, particularly
phosphates and proteinates, claim more base,
which is yielded by bicarbonate. In addition,
chloride shift from the red blood cell to the plasma
would tend further to reduce bicarbonate, as
would also the slight and transient ketosis which
seems frequently to be associated with the alka-
losis of hyperventilation (13), and which we have
also noted following sulfanilamide administration.
Aside from such mild ketosis, however, there
seems to be no other acid accumulation; certainly
there is no significant rise in lactic acid, which
conceivably might occur as a result of anoxemia
secondary to methemoglobin formation. Accu-
mulation of phosphate has been shown not to
occur and elevation of serum sulphate seems very
unlikely. Even if abnormal acid accumulation
were to occur and explain the reduction in serum
bicarbonate, we would still have to explain the
rising pH of the serum.

Our findings in regard to the direction of the
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TABLE II

Subject 2. Normal femakl, age 33 years; weight 47 kilograms

Urine Blood

Date Time Medication Sul- Met-
C02 ~~Serum Serum fanil- hemo- Serum

Volume cotn pH C2pH amide globin lacticl|olue|content | |content pH concen- concen- acid
tration tration

1937
CC.

volumes volumes mgm. mgm.
per cent per cent per cent Per cent per cent

November 2 9:53 a.m. 160 44.7 6.82
10:55 120 27.2 6.82
11:53 220 12.7 6.43

1:26 p.m. 229 5.3 5.85
3:00 121 22.5 6.65
4:45 179 15.1 6.43

November 3 9:15 a.m. 67.2 7.37
9:26 81 6.5 5.84

10:27 9.4 grams sulfanila- 186 96.5 7.35
amide from 9:27 to
11:27 a.m.

11:05 200 89.7 7.59
11:57 54.2 7.42 5
12:02 291 86.3 7.44

1:11 p.m. 198 121.0 7.51
2:30 53 98.7 7.57
3:00 251 91.3 7.48
3:45 86 127.0 7.73
4:30 50.5 7.43 8 23.2
5:15 246 163.0 7.76
6:50 84
8:45 108 Alkal ne to

10:30 182 bromcresol
November 4 2:00 am. 153 purple

6:00 250
7:57 142 5.3 5.60
9:15 42.5 7.40 4.7
1:45 p.m. 50.8 7.38

pH change of the blood serum are in apparent dis-
agreement with those reported by Marshall et al.
(5) in dogs. It can be seen from our data that
the pH values for the blood serum increased in
every experiment. Although the changes were
not very marked in some of the experiments, they
become more significant when we consider that
if the decrease in the carbon dioxide content of
the blood serum were to be explained on the basis
of acidosis, one would expect a definite fall in
the pH value of the serum of about 0.10 (14).
In the six experiments on three dogs reported by
Marshall, the first actually showed a rise in serum
pH of 0.06 during the period in which the carbon
dioxide content of the serum fell 17.5 volumes
per cent. In the second, and the only one in
which an abnormally low pH was obtained, the
carbon dioxide content of the serum actually rose
during the period in which the pH of the serum
was shown to fall. In the third, the variation in

the pH of the serum during the control period
was as great as the interpreted fall during the test
period, and the pH of the serum at the end of
the experiment was the same as at the beginning.
In the other three experiments, a fall in the pH
of the serum was obtained simultaneously with
the reduction in the carbon dioxide content of
the serum, but in only two of these was the fall
commensurate with that expected from the degree
of reduction of the carbon dioxide content of the
serum (14). Whether, as Marshall suggests,
some of his apparently discrepant results are ow-
ing to respiratory disturbances because of diffi-
culty in controlling the experimental animals, and
whether the difference between his findings and
ours depends upon the larger doses of sulfanilam-
ide which he used, cannot be stated, but it seems
justifiable to conclude from our data obtained on
human subjects that the change in the acid base
balance is that of a carbon dioxide deficit type of
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TABLE III
Patient 1. Femal, age 14 years, weight 55 kilograms. (Subacute bacterial endocarditis)

Urine Blood

Date Time Medication Sul- Met-
,02 Serum Serum fanil- hemo- Serum

Volume co| pH |0 pH ramide globin lacticcontent ~content pH concen- concen- acdd
tration tration

1987
CC. volumes volumes mgm. t mgm.

per cent per cent per cent per cent

October 23 11:00 a.m. 3.9 5.22
7:30 p.m. 6.2 5.78

October 24 2:00 pm. 5.7 5.66
October 25 9:20 a.m. 11.0 grams sulfanila- 3.4 4.85

mide from 8:45 a.m.
to 12:-00 m.

9:30 67.3 7.37
12:00 m. 242 161.0 7.69

1:25 p.m. 122 104.0 7.60
2:15 61.0 7.42 21.7 12
4:00 11.0 grams of sul- 268 197.0 7.79

fanilamide per 24
hours in 6 doses

7:15 132 207.0 7.87
8:00 56.0 7.45 17.6 10

10:00 122 168.0 7.69
October 26 3:50 a.m. 116 13.8 6.13

9:00 50.0 7.40 17.9 11
9:05 139 18.8 6.42

12:35 p.m. 134 49.8 6.99
3:40 126 73.0 7.12
5:10 46 36.3 6.89
8:15 100 39.6 6.74

October 27 7:50 am. 296 5.2 5.08
8:00 51.0 7.37 6 23.9

alkalosis rather than that of an alkali deficit type
of acidosis.

Disregarding the discrepancies in serum pH
data, our conclusions still seem logical. The only
other explanation for a fall of serum carbon di-
oxide content with a simultaneous increase in uri-
nary pH to values above 7 is, as Marshall sug-
gests, a failure of the tubules to reabsorb bicar-
bonate, and there is considerable evidence against
this supposition. In several of our experiments
the urines were tested for dextrose, and none of
them produced any reduction of Benedict's quali-
tative reagent, so that dextrose, at least, was re-
absorbed normally. Aside from alkalosis, the
only commonly known cause for failure of re-
absorption of bicarbonate by tubular epithelium
is the very rapid passage of urine through the
tubules leading to polyuria, which was true neither
in Marshall's experiments nor to an extensive
degree in our own. Marshall, on the contrary,
has shown that the rate of glomerular filtration
is decreased and that there is no pathological or
laboratory evidence of kidney damage with the

doses of sulfanilamide employed. Besides these
indirect evidences against the possibility of failure
of the tubules to reabsorb bicarbonate, an experi-
ment to be described later in this paper offers di-
rect evidence that such is not the case. The data
for this experiment are given in Table V. Am-
monium chloride was given preliminary to the ad-
ministration of sulfanilamide, and the urine be-
came practically free of bicarbonate. It can be
seen from Table V that the pH of the urine re-
mained as low for five hours after the sulfanilam-
ide was given as it was during the two hours prior
to its administration. If there were to have been
failure of the tubules to reabsorb bicarbonate due
to the sulfanilamide, there is no reason to sup-
pose that ammonium chloride would have pre-
vented this effect. We believe, therefore, that
the fall of serum carbon dioxide content following
sulfanilamide administration may in most in-
stances be explained primarily on the basis of
carbon dioxide deficit resulting from hyper-
ventilation.

In some cases, hyperventilation may not be
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TABLE IV

Patient 2. Femak, age 9 years, weight 20 kilograms. (Pyelitis)

Urine Blood

Date Time Medication lur- Met-
Voue CO2 Serum serum fanil- hemo-

Volume content pH ot pH amide globincontent pH concen- concen-
tration tration

1937 volumes volumes mgm.
per cent

per cent per cent per cent
November 4 5:45 p.m. 216 24.5 6.20
November 5 6:10 a.m. 91 4.7 5.41

8:45 Methylene blue 2 cc. 1 per cent 58.7 7.42
solution intravenously

9:20 4.0 grams, sulfanilamide from 51 4.9 5.65
9:00 to 11:00 a.m.

10:35 159 62.7 7.33
11:10 90 39.8 7.27
11:30 Methylene blue 1 cc. 1 per cent 61.5 7.43 11.2 Less

solution, intravenously than 3
11:40 ,161 63.6 7.53

1:55 p.m. 126 127.0 7.70
3S35 53.2 7.45 Less

than 3
3:40 141 141.0 7.75
4:00 4.0 grams of sulfanilamide per

24 hours in 6 doses
7:00 98 149.0 7.75
8:10 53.0
8:15 60 112.0 7.65
9:50 90 7.20

11:00 Sulfanilamide stopped
November 6 8:00 a.m. Sulfanilamide started 2.0 grams

per 24 hours
11:00 121 71.2 7.51
12:10 pm. 19 73.4 7.77

1:45 60 60.5 7.51
2:00 48.2 7.45 5.0
3:05 36.9 7.15
3:55 7.26
4:30 7.27

November 7 10:00 a.m. 6.87
10:25 7.17
12:45 p.m. 48.0 4.1

particularly noticeable, but in certain of our sub-
jects it was quite marked. Two patients, one
child and one adult, on whom we do not have
preliminary data, showed very marked increase
both in depth and rate of breathing after having
received both large and continued doses of sul-
fanilamide. At the time when the hyperventila-
tion was extreme, the serum pH values were
found to have reached 7.55 and 7.57, respectively.
In the child, signs of tetany were present. The
effectiveness of the hyperventilation in producing
carbon dioxide deficit depends more upon increase
in depth of respiration than increased rate, and
therefore overbreathing may be easily overlooked
until it becomes quite marked.

In endeavoring to explain the hyperventilation,

we wished particularly to determine whether the
sudden reduction in the oxygen carrying capacity
of the blood resulting from the rapid accumula-
tion of methemoglobin might be largely responsi-
ble. We therefore prevented the accumulation
of any appreciable amount of methemoglobin in
Patient 2 by the injection of methylene blue (7).
Despite the fact that the methemoglobinemia was
extremely slight, the patient obviously hyperven-
tilated, and the usual chemical changes ensued.
Furthermore, there appeared to be no correlation
in other cases between the degree of methemo-
globin accumulation and the extent of hyper-
ventilation.

Symptoms which developed following these
large doses of sulfanilamide varied considerably
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in different individuals, but those most consistently
noted were as follows. Within thirty minutes
after the first dose had been taken, vertigo was

experienced, and within two hours, hyperventila-
tion, nausea, anorexia, increased thirst, and cy-
anosis were also noted. These symptoms contin-
ued and were accompanied by drowsiness, irrita-
bility, and very evident mental confusion involv-
ing principally false perception of intervals of
time, extreme difficulty in concentration, and slow
response to simple questions. Usually there was
no gross disorientation. Recovery from the sub-
jective symptoms, in the normal subjects, was

not complete for forty-eight hours, with vertigo,
anorexia, and drowsiness persisting throughout
the day following drug administration. It is in-
teresting to note the similarity of many of these
symptoms to those described by Collip and
Backus (10) and Lepper and Martland (12) in
subjects who voluntarily overbreathed and became
alkalotic. Dizziness, drowsiness, and increased
thirst were characteristic, as well as irritability,
unreasonableness, and a lowering of the critical
faculty.

To test to what extent the subjective symptoms

which we observed following the administration

TABLE V

Subject 2. Normal female, age 33 years, weight 47 kilograms

Urine Blood

Scott

Date Time Medication Serum Sul- Wilson
Ferric Serum sem inor- Serum fanil- expired

Volume pH chlo- CO, rH ganic lactic amide air*
ride* content P phos- acid concen-

phorus tration

1937C. volumes mgm. mgm. mgm.
per cent per cent per cent per cent

December 26 11:15 p.m. 61.2 7.42 3.8
December 27 12:05 a.m. Ammoniumchloride 2 grams

3:00 Ammoniumchloride 2 grams
6:00 Ammoniumchloride 2 grams
7:05-8:00 77 4.66
8:30-9:37 167 4.68 0

10:14 50.5 7.35 15.8
10:15 Ammoniumchloride 3 grams

9.7 grams sulfanilamide
from 10:15 a.m. to 12:15 p.m.

10:23 92 4.48 0
11:13 248 4.57 +
11:15 Ammoniumchloride 3 grams
11:45 +
12:15 p.m. 238 4.44 +

1:03 275 4.45
1:15 37.3 7.32 3.4 14.5 11.2
1:30 217 4.57 +
3:00 350 4.47 +
4:15 35.0 7.30
4:50 163 4.82 +
7:18 37.6 18.5 9.4
7:20 216 4.85 + +

December 28 Acid to
methyl red

8:50 a.m. 56 5.02 +

* It will be noted from the data in Table V that within an hour after the first dose of sulfanilamide, the urine gave a
slightly positive test with ferric chloride and the reaction became strongly positive within four hours, and remained so for
two days. The color which developed with ferric chloride was not the typical Bordeaux red customarily seen with clinical
ketosis, but was more purple and very intense. The Rothera test also was positive. Coincident with the positive ferric
chloride tests in the urines, positive Scott-Wilson tests were obtained when the subject blew through this reagent. When
the serum filtrates were distilled into Scott-Wilson reagent preliminary to lactic acid determinations, positive tests also
resulted. Quantitative estimations of acetone bodies were not made at the time of the experiment, but some days later
one of the specimens of urine which still showed strongly positive ferric chloride and Rothera tests, when refluxed with
Van Slyke's mercuric sulfate reagent (15), gave insignificant amounts of precipitate. Further investigations of these
findings are to be made in an effort to determine the significance and the extent of the ketosis which is suggested by the
positive qualitative tests, and to determine the r8le that ammonium chloride may have had in producing these reactions,
which persisted for an unusually long period.
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of the drug are related to alkalosis and to what
degree tolerance may be acquired by repeated ad-
ministration, the following experiments were

made. Over a period of twelve hours, one of the
normal adults, Subject 2, was given the amount
of ammonium chloride calculated to lower the
carbon dioxide content of the body fluid 15 vol-
umes per cent, and, at the end of this period, was

again given 0.2 gram of sulfanilamide per kilo-
gram in two hours. All of the former determina-
tions were repeated, the results of which are given
in Table V. From this data it can be seen that
the development of alkalosis was prevented; the
pH of the urine remained consistently below 5
for twenty-three hours, and the pH of the blood
serum fell from 7.42 to 7.30. Particular atten-
tion was given to comparing the subjective symp-

toms experienced during this experiment with
those which developed during the former one on

this subject. In general, all the previously de-
scribed symptoms were less marked except the
hyperventilation which subjectively seemed more

severe. However, when the sulfanilamide ex-

periment on Subject 1 was repeated, the results
of which are given in Table VI, and in which the
alkalosis was again allowed to develop, comparable
diminution in the symptoms likewise was noted.

We feel, although the drug was not taken a third
time by Subject 2, that the decreased intensity of
the symptoms may be explained possibly on the
basis of an acquired tolerance to the drug rather
than to prevention of alkalosis.

Even if it is later definitely found that alkalosis
may not play an important role in the production
of disagreeable symptoms, routine alkali adminis-
tration in conjunction with sulfanilamide as rec-
ommended by Long and Bliss and adopted by
others seems to us not only not indicated but defi-
nitely undesirable under certain circumstances.
It is true that amounts of alkali as recommended
(10 grains of sodium bicarbonate with each dose
of sulfanilamide) and even much more in the
form of sodium lactate may at times be rapidly
excreted into the urine without interfering with
compensation for carbon dioxide deficit (4).
When, however, a deficiency of total fixed base
in the body fluids is present (such as occurs for
instance when marked vomiting with loss of acid
gastric juice is associated with acute infections
of the urinary tract), the physiological renal re-

sponse is restriction of base excretion into the
urine and the consequent formation of acid urine
(low in bicarbonate). In such cases another type
of alkalosis is often present-due to excess of

TABLE VI

Subject 1. Normal male, age 23 years, weight 73 kilograms

Urine Blood

DateTime Medication ~~~~~~~~~~Sul- Met- SerumDate l Time MSedication Serum fanil- hemo- inor-
Volume pH Co2 SH amide globin ganic

content P concen- concen- phos-
tration tration phorus

1987 CC. volumes mgm.
Pe etmgm.per cent per cent per cent

December 29 9:05 a.m. 5.44
10:05 75.0 7.35 3.8
10:23 123 6.35
10:30 15.0 grams sulfanilamide from

11:23
10:30 a.m. to 12:30 p.m.

162 7.24
12:20 p.m. 544 7.47

1:15 367 7.45
1:45 67.9 7.40 18.0 13 4.0
1:55 340 7.35
3:00 322 7.55
4:30 Methylene blue 7.5 cc. 1 per 63.8 7.40 18.9 16

cent solution intravenously
5:20 392 7.67
7:45 203 7.59
8:00 65.0 15.4
9:20 Alkaline to bromcresol

10:50 purple
December 30 10:50 a.m.
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bicarbonate in the blood, compensation for which
is depressed respiration and not excretion of alkali
into the urine. Further alkali administration
could only increase the degree of alkalosis, and
add to its danger.

It should be noted from the tables, however,
that the reaction of the urine may swing back to
the acid zone, even though sulfanilamide adminis-
tration is continued. The implications of the ex-
planation of this are of interest. When the re-
duction of the base bicarbonate in the serum has
reached the level at which, despite the decrease
in carbonic acid brought about by hyperventila-
tion, the ratio of bicarbonate: carbonic acid has
again reached the normal value of 20: 1, then
there is no further need to excrete bicarbonate
into the urine, and the latter may again become
normally acid. At this time, the pH of the blood
should be lower than it was when bicarbonate was
being excreted in excessive amounts, and the data
confirm this expectation. The carbon dioxide
content of the serum at this same time would still
be reduced because both bicarbonate and carbonic
acid are below normal levels. It is easily con-
ceivable that, with this existing bicarbonate deficit,
a true acidosis might readily develop should ke-
tosis, lactic, or other acid accumulation occur, or,
on the other hand, should the hyperventilation
suddenly cease, allowing carbonic acid to accu-
mulate. This also has a bearing on the treat-
ment of urinary tract infections. If it is desired
to keep the urine alkaline in such subjects, this
could be accomplished more safely by administra-
tion of sodium lactate from which alkali becomes
available gradually. It should be remembered,
however, that chloride, if deficient, may also have
to be administered in order for alkali to be ex-
creted into the urine, and for alkalosis of the base
bicarbonate excess type to be avoided (16).
Simultaneous administration of both substances
may be accomplished very satisfactorily by using
mixtures of molar sodium r-lactate and Ringer's
solution. Whenmixed in equal parts, one to two
cc. per kilogram given every four hours should
maintain alkalinity of the urine with safety, pro-
vided extreme degrees of renal insufficiency are
not present. The substitution of sodium lactate
for sodium bicarbonate also has the advantage of
preventing undesirable reduction of gastric acidity.
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