
EFFECT OF METHEMOGLOBINEMIAONTHE VISUAL THRESH-
OLD AT SEA LEVEL, AT HIGH ALTITUDES, AND

AFTEREXERCISE

By OSCARBODANSKYI ANDCHARLESD. HENDLEY

(From Biochemistry Section, Medical Division, Chemical Warfare Service, Edgewood, Maryland,
and Laboratory of Biophysics, Columbia University, New York City)

(Received for publication April 6, 1946)

Experiments by one of us (1) have shown that
methemoglobinemia exerts a protective effect in
dogs against poisoning due to inhalation of HCN
and CNCl. The possibility of applying these
findings in man raised the question as to the ex-
tent to which methemoglobinemia would impair
various physiological functions. Several groups
of investigators (2 to 4) have found that a rise in
the threshold of the dark adapted eye occurs during
anoxia induced by low oxygen tensions, and have
considered this visual test a very sensitive criter-
ion of this type of anoxia. Accordingly, it was de-
cided to determine whether the anoxia *due to
methemoglobinemia would affect the visual thresh-
old (a) at sea level, (b) at loWered oxygen ten-
sions, and (c) after exercise.

EXPERIMENTAL

Methemoglobinemia was induced by the ingestion of p-
aminopropiophenone. This substance was shown by Van-
denbelt, Pfeiffer, Kaiser and' Sibert (5) to be a potent
methemoglobin-former in animals. Doses ranging from
1 to 2 mgm. per kgm. were dissolved in a minimal volume
of propylene glycol, usually not more than 7 ml., and ad-
ministered by mouth. Propylene glycol, without dissolved
p-aminopropiophenone, was also given to a few individuals.

The concentration of methemoglobin was determined
by a slight modification of the method of Evelyn' and
Malloy (6) and expressed as per cent of the total blood
pigment. After ingestion of the p-aminopropiophenone
in propylene glycol, the concentration of methomoglobin
usually rose to a maximal value in about an hour. The
concentration then remained fairly constant for about
another hour when it began to decrease slowly. Measure-
ments of the threshold were usually made during the pe-
riod of constancy of the methemoglobin concentration,
i.e. 1 to 2 hours after the ingestion of the drug. In the
earlier experiments, a sufficient number of blood samples
was taken so as to obtain a curve of the change in methe-
moglobin concentration, and to assure accurate estimation
of the methemoglobin concentration at the time of meas-
uring the dark adaptation.

iLt. Colonel, M.C., A.U.S. Present address: Cornell
University Medical College, New York City.

The thresholds were measured with a Hecht-Shlaer
adaptometer, Model 3. This instrument has a 30 blue test
field which appears 7° below a red fixation point. The
test field is exposed in flashes of 0.2 second, accurately
controlled by a pendulum shutter. The subject is seated
comfortably at the instrument and views the test field
binocularly with the natural pupil. The device for con-
trolling the shutter and exposing the field is easily ac-
cesible to the subject. The experimenter is seated directly
across from the subject, at the other side of the instru-
ment, where he can regulate and note the brightness of
the test field. At a signal from the experimenter, the sub-
ject operates the shutter and informs the experimenter
whether or not he has been able to discern the exposed
field. The general principles and technique of dark adapta-
tion measurements have been discussed by Hecht and
Shlaer in describing their Model 1 adaptometer (7).

The measurements of the thresholds were expressed as
log micromicrolamberts. The absolute values of these
measurements are not relevant to the present problem and
are not recorded here. The changes in the thresholds are
expressed in the present paper in logarithmic units.
Changes of 0.1, 0.2, 0.3 log units correspond, respectively,
to changes of 26, 59 and 100 per cent in the threshold.

To avoid exposure to sunlight en route to the labora-
tory, the subjects wore dark red goggles. The subjects
were then kept in a dark room for at least 30 minutes be-
fore the visual threshold was determined. p-Aminopro-
piophenone was then administered as described above. A
blood sample was taken at the end of about an hour; dur-
ing this procedure, the subject's eyes were covered, or a dim
red light was used, while the blood was being taken. The
visual threshold was again determined until it was con-
stant, and another blood sample taken.

In those experiments in which the effect of lowered oxy-
gen tension was determined, the subject was dark adapted
and the threshold determined until a constant value was
obtained. A nose oxygen mask was then adjusted and the
threshold determined in a flow of 20 per cent oxygen. A
13 per cent oxygen mixture was then switched in for 15
minutes and the threshold determined at the end of this
time. In most instances, the subject was then allowed to
breathe room air for about 3 minutes; this was followed by
15 minutes of 10 per cent oxygen unless the subject became
distressed. Occasionally, the subject was transferred di-
rectly from a 13 per cent to a 10 per cent oxygen mix-
ture. The visual threshold was determined at this time,
and again after the subject had been returned to room air.
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This entire procedure was repeated after the induction of
methemoglobinemia.

The effect of excerise on dark adaptation was deter-
mined in 4 trained and 8 untrained subjects, as follows:
The subjects were dark adapted and the visual thresholds
determined. They then mounted the cycle ergometer and
performed usually 3, and in some instances 5, minutes
of exercise at various loads. Records of these loads were
kept, but no correlation was found between the magnitudes
of these loads or the degree of training and the visual
effects. The work done ranged from about 20,000 foot
pounds for the untrained individuals, to about 30,000 to
35,000 foot pounds for the trained individuals. The
thresholds were determined within 2 minutes after the
end of the exercise bout, and in most instances, several
times again within the next 10 to 20 minutes. Some of
the individuals received this exercise test several times,
each time on a different day. When the effect of methe-
moglobinemia was to be determined, p-aminopropiophenone
was administered immediately after the first post-exer-
cise threshold determination. To save time, and since it
was known on the basis of previous experience that the
concentration of methemoglobin was negligible during the
first 5 to 10 minutes after administration of the drug,
several threshold determinations were made during the
period to ascertain the effect of the bout of exercise dur-
ing the non-methemoglobinemic period. The subjects
then donned red goggles and were allowed to leave the
dark room for about 30 to 45 minutes. They returned
to the dark room and remained there for about 15 min-
utes before threshold measurements were begun. A blood
sample for determination of methemoglobin concentration
was taken just before exercise, when, in accordance with
previous experience, the concentration was maximal and
constant. The threshold was determined within 2 min-
utes after exercise and again 1 or more times during the
course of the next 15 to 20 minutes.

RESULTS

Effect of methemoglobinemia on visual thresh-
old at sea level. Sixty-four determinations of
the effect of methemoglobinemia on the visual
threshold at sea level were made in 32 subjects at
various times and in connection with the several
experiments. These included 3 determinations in
which propylene glycol without dissolved p-amino-
propiophenone was administered, and 2 determina-
tions in which, although p-aminopropiophenone
was apparently taken, no methemoglobinemia re-
sulted. The changes in the threshold are shown
in Figure 1.

Inspection of Figure 1 shows a preponderance of
increases in threshold, but no apparent correlation
of increase in threshold with degree of methemo-
globinemia. Detailed analysis shows that the
average or mean increase, excluding the 5 values
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FIG. 1. EFFECT OF METHEMOGLOBINEMIAON THE VISUAL
THRESHOLDOF THE DARKADAPTEDEYE

in subjects in whom no methemoglobin was
formed, was 0.063 log units (t = 4.5; P = < 0.01).
Apparently, this increase was significant. How-
ever, comparison of this change with those ob-
served in 5 men receiving propylene glycol with-
out p-aminopropiophenone and subjected to the
same procedure of veni-puncture, etc., indicated
that this increase was of the same order of magni-
tude and could not be ascribed to the methemo-
globinemia per se. Moreover, correlation of the
increase in the visual threshold with the degree of
methemoglobinemia for all the 64 determinations
gave a correlation coefficient, r, equal to 0.108.
The probability that this value might arise by
chance is greater than 0.1. It may be concluded,
therefore, that there was no significant increase in
the visual threshold at sea level in individuals
having concentrations up to 30 per cent methemo-
globin.

Effect of methemoglobinemia on suisual thresh-
olds at simulated high altitudes. The visual
threshold was determined in a series of men
breathing 13 per cent oxygen (12,000 feet) and 10
per cent oxygen (18,000 feet) before and after the
induction of various degrees of methemoglobinemia
(Table I). It may be seen that before the in-
duction of methemoglobinemia, the average rise
in the threshold was 0.13 log units at 13 per cent
oxygen, and 0.51 log units at 10 per cent oxygen.
Statistical evaluation gave respectively, t values
of 2.7 (P = 0.03) and 5.3 (P = <0.01). These
increases are significant and in good agreement
with those previously reported by other workers
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TABLE I

Effect of methemoglobinemi4 on visual thresholds
at simulated high altitudes

Increase in threshold

Without
methemo-

globinemia

With
methemo-

globinemia

Increase in
threshold in
methemo-

globinemia

Concen.
of methe-
moglobin

log units log units log units per cent

a. At 13 per cent oxygen (12,000 ft.)

E.A. 0.12 0.22 0.10 0
J.B. 0.20 0.35 0.15 1
H.S. 0.55 0.60 0.05 2
W.W. 0.12 0.25 0.13 2
J.S. 0.13 0.15 0.02 5
J.T. 0.10 0.10 0.00 8
W. Mc. -0.04 0.05 0.09 9
R.K. 0.19 0.11 -0.08 15
D.S. 0.04 0.28 0.24 19
D.S. 0.04 0.50 0.46 20
G.G. 0.00 -0.02 -0.02 23
E.S. -0.02 0.05 0.07 24

Average 0.13 0.10
t value 2.7 2.45
P value 0.03 0.04

b. At 10 percent oxygen (18,000 ft.)

J.B. 0.85 0.85 0.00 1
W.W. 0.92 0.75 -0.17 2
H.S. 0.35 0.30 -0.05 3
W. Mc. 0.56 0.85 0.29 8
J.T. 0.47 0.68 0.21 10
R.K. 0.49 0.31 -0.18 15
E.S. 1.45 0.70 -0.75 15
W. Mc. 0.20 0.30 0.10 18
W.T. 0.50 0.70 0.20 18
D.S. 0.24 0.60 0.36 20
D.S. 0.24 0.48 0.24 20
J.McF. 0.30 0.51 0.21 21
R.K. 0.23 0.83 0.60 29
D.S. 0.22 0.60 0.38 30

Average 0.51 0.10
t value 5.3 1.18
P value <0.01 >0.2

for the effect of
(2 to 4).

altitude on dark adaptation

Table I also shows the changes in the rod thresh-
old resulting from the induction of various degrees
of methemoglobinemia at 13 per cent and 10 per cent
oxygen mixtures. At a 13 per cent oxygen mixture,
the rises in the visual threshold after the induction of
methemoglobinemia averaged 0.10 log unit higher
than prior to such induction. This difference was

just significant (t = 2.45; P = 0.04). At a 10
per cent oxygen mixture, the difference between
the rises in the visual threshold before and after in-
duction of methemoglobinemia was 0.10 log unit

(t = 1.18; P => 0.2). Exclusion of the 2 ex-
treme values, -0.75 for E. S. and 0.60 for R. K.,
gave a rise of 0.13 (t = 2.37; P = 0.04).

These increases in the visual thresholds as the
result of induced methemoglobinemia appear to
border on significance. However, it should be
noted that here, as in the experiments at sea level,
the induction of methemoglobinemia of whatever
degree, was accomplished by the drinking of a
solution, and accompanied by 1 or more veni-
punctures, procedures to which the non-methemo-
globinemic individuals were not subjected. Cor-
relation of the increase in the visual thresholds
with the degree of methemoglobinemia gave co-
efficients of 0.163 with a P value of > 0.1 for the
experiments at 13 per cent oxygen, and of 0.483
with a P value of 0.07 for those with 10 per cent
oxygen. In view of these considerations and the
small number of cases, there is no evidence for
concluding that methemoglobinemias ranging up
to 30 per cent significantly alter the visual thresh-
olds at simulated altitudes of 12,000 and 18,000
feet.

Effect of exercise on the visual threshold in non-
methemoglobinemic and methemoglobinemic indi-
viduals. Sixteen determinations were carried out
on 8 non-methemoglobinemic individuals before
and within 1 to 2 minutes after exercise, as pre-
viously described. Table II shows that there was

TABLE II

Changes in visual threshold in non-methemoglobinemic
individuals immediately after short bout of exercise

Increase in
Name rod threshold

log units
D.B. 0.10

0.20
0.10

-0.30
H. 0.00

-0.05
0. 0.10

-0.10
B.S. 0.20

-0.20
0.00
0.10

C.H. 0.00
G. 0.00
T. 0.10
B. -0.15
Average 0.006

Duration of exercise 3 minutes in all but 4 experiments
which were 5 minutes. Total amount of work ranged from
17,200 foot pounds to 37,200 foot pounds; lower amounts
were done by untrained men, higher amounts by trained
men.
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TABLE III

Comparison of changes in thresholds immediately
after exercise* in individuals before and after

the induction of methemoglobinemia

Threshold change
Concen-

Name tration ofPrior to During methemo-
methemo- methemo- Difference globin

globinemia globinemia

log units log units log units per cent
Du B -0.10 -0.20 -0.10 15
H. 0.00 -0.30 -0.30 8
H. -0.15 -0.30 -0.15 10
0. 0.20 0.00 -0.20 19
0. -0.10 -0.20 -0.10 14
B.S. -0.15 -0.10 0.05 11
C.H. 0.00 -0.20 -0.20 19
S. 0.10 -0.05 -0.15 11
K. -0.10 -0.10 0.00 26
W. 0.10 -0.20 -0.30 15
McF -0.20 -0.20 0.00 10

Average -0.036 -0.17 -0.13
t value 1.0 5.9 4.1
P value 0.3 <0.01 <0.01

* Duration of exercise: 3 minutes.

no appreciable alteration in the threshold as the
result of exercise. The average change was 0.006
log unit, and not significant.

In 11 experiments on 9 individuals, the exercise
test was done before the administration of p-

aminopropiophenone, and again after administra-
tion when a maximal concentration of methemo-
globin had developed. Table III shows that the
changes in thresholds obtained within 2 minutes
after the end of exercise, before induction of
methemoglobinemia, were negligible; the average

change was - 0.036 log unit (t = 1.0; P = 0.3).
After methemoglobinemia had developed, 10 of the
11 tests showed a decrease in threshold as a re-

sult of exercise. The average decrease was 0.17
log unit, and was definitely -significant (t = 5.9;
P = < 0.01). When the differences between the
threshold changes before and after methemoglobi-
nemia were calculated, it was found that these dif-
ferences were also significant. The average change
was - 0.13 log unit (t = 4.1; P = < 0.01).

It was also noted that about 5 to 10 minutes after
the end of exercise, the threshold rose above the
value immediately after exercise in both methemo-
globinemic and non-methemoglobinemic individ-
uals. Table IV shows these increases in 27 deter-
minations on 12 individuals without methemo-
globinemia, and in 11 determinations on 9 individ-

uals with methemoglobinemia. It may be seen that
the average increase was 0.14 log unit (t = 4.2;
P = < 0.01) in the former, and 0.32 log unit
(t = 5.0; P = < 0.01) in the methemoglobinemic
individuals. The latter represents a change from
- 0.17 log unit below the normal threshold to an
increase of 0.15 log unit above the normal thresh-
old. In other words, 5 to 10 minutes after exer-
cise, both the non-methemoglobinemic and methe-
moglobinemic individuals showed the same rise
above the normal visual threshold.

DISCUSSION

McFarland, Roughton, Halperin and Niven (8)
have recently reported that carboxyhemoglobine-
mia raises the brightness discrimination threshold
in cone vision as measured by the Crozier and
Holway visual discriminometer, and that this ef-
fect and the increase in threshold at low oxygen

TABLE IV

Comparison of thresholds 5 to 10 minutes after
exercise with those immediately after exercise

Non-methe-
moglobine- Methemoglobinemics

mice
Name Name

Change in Change in Methemo-
threshold threshold globin

log units log units per cent
Du B 0.10 Du B 0.50 1S

0.00 H. 0.40 8
0.20 0.30 10
0.30 0. 0.50 19
0.30 0.70 14

H. 0.00 B.S. 0.20 11
0.05 C.H. 0.30 19
0.00 S. 0.00 11
0.00 K. 0.10 26

0. 0.20 W. 0.10 15
0.00 McF 0.40 10
0.00
0.20

B.S. -0.20
0.30
0.30
0.30
0.10

C.H. 0.10
0.30

S. 0.00
K. 0.10
W. 0.10
Mc F 0.30
G. 0.70
T. 0.00
B. 0.15

Average 0.14 0.32
t value 4.2 5.0
P value <0.01 <0.01
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tensions (simulated high altitudes) are additive.
In the present study, it has been found that methe-
moglobinemia does not alter the threshold in rod
adaptation, either at sea level or at high altitudes.

The possibility exists that the anoxia of carbox-
yhemoglobinemia or methemoglobinemia raises the
threshold of the cones but not that of the rods.
There are, however, no existent data to lend sup-

port to this possibility. In anoxia due to low oxy-

gen tensions, the shape of the dark adaptation
curve is the same; the whole curve is shifted to a

higher level, and both the cone and rod thresholds
are raised to the same extent (9).

An attempt to explain the differences in effect
on sensitivity to light in methemoglobinemia and
carboxyhemoglobinemia may also be made by
considering the comparative degrees of tissue
hypoxia in these 2 conditions up to levels of about
30 per cent carboxyhemoglobinemia or methemo-
globinemia. Adjustments in the oxygen unloading
in the tissues up to this level of carboxyhemoglo-
binemia are accomplished not by changes in car-

diac output, but by decreases in the venous oxygen

tension (10, 11). Both methemoglobinemia and
carboxyhemoglobinemia shift the oxygen dissoci-
ation curve of the residual oxyhemoglobin to the
left, and render the curve less sigmoid and more

hyperbolic. This shift is less marked in the case

of methemoglobinemia (12, 13). Therefore, for
a given amount of oxygen unloading, a lower
venous and tissue oxygen tension is reached in
the case of carboxyhemoglobinemia than in the
case of an equivalent degree of methemoglobi-
nemia.2 In other words, at equivalent levels of

2 This may be illustrated by a consideration of Rough-
ton's and Darling's oxygen dissociation curves in the
presence of carboxyhemoglobinemia (14) and by the
findings that about twice as much methemoglobinemia as

carboxyhemoglobinemia is necessary to produce the same
shift in the oxygen dissociation curve of the residual
hemoglobin (12, 13). From Figure 1 of Roughton and
Darling (14), the oxygen delivery in absence of any

carboxyhemoglobinemia or methemoglobinemia between
an arterial tension of 100 mm. and a venous tension of
40 mm. will be (96 per cent - 74 per cent) X 20 vols.
per 100 ml., or 4.4 vols. per 100 ml. The same oxygen

delivery in the presence of 40 per cent carboxyhemoglobin,
would be (96 per cent - 59.3 per cent) X 12 vols. per 100
ml. The venous and tissue oxygen tension at a venous

saturation of 59.3 per cent would be 19 mm. Since a 40
per cent methemoglobinemia may be considered to pro-

duce approximately the same shift as a 20 per cent

methemoglobinemia and carboxyhemoglobinemia,
tissues should be more sensitive to the anoxia of
the latter. This may explain why dark adaptation
may be more readily impaired in carboxyhemoglobi-
nemia (8) than in methemoglobinemia. However,
there are not enough data to permit a quantitative
evaluation of the relative impairments in these 2
types of anoxia.

Of considerable interest is the finding that the
threshold was affected by exercise. In non-
methemoglobinemic individuals, the threshold was
not altered within 1 to 2 minutes after conclusion
of the exercise, but was significantly higher 5 to
10 minutes after the end of exercise. In contrast,
methemoglobinemic individuals showed a decrease
in the threshold immediately after the end of exer-
cise. About 5 to 10 minutes later, the threshold
rose not only enough to negate this decrease, but
also above the normal level, to an extent equal to
that found in the non-methemoglobinemic indi-
viduals.

The changes in acid base equilibrium following
short bouts of severe exercise were studied in
considerable detail by Barr and Himwich (16).
The amounts of work done ranged from 3500 to
4000 kgm. meters (equivalent to 25,000 to 30,000
foot pounds) in 31/2 minutes, and therefore corres-
ponded to the work loads in the present experi-
ments. The CO2capacity of the arterial blood was
diminished during the second minute of exercise,
and became progressively lower during the exer-
tion and for several minutes (3 or more) after the
exercise had ended. The return to normal CO2
capacity was gradual. The decreases in pH paral-
leled, in general, these decreases in CO2 capacity.

According to Wald, et al (3), acidosis causes a
rise in the rod threshold, whereas alkalosis causes
a decrease. The rise in rod threshold, both in
methemoglobinemic and non-methemoglobinemic
individuals, 5 to 10 minutes after exercise, may
therefore be explained in terms of the acidosis of
the post-exercise period. The decrease in the
methemoglobinemic individuals immediately fol-

carboxyhemoglobinemia (13 to 15), an unloading of 4.4
vols. oxygen per 100 ml. would be accomplished by going
from a 96 per cent saturation at 100 mm. arterial tension to
59.3 per cent at 24 mm. venous tension. Thus at equiv-
alent degrees of carboxyhemoglobinemia and methemoglo-
binemia, the venous and tissue oxygen tensions are lower
in carboxyhemoglobinemia.
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lowing exercise, and the absence of such a decrtase
in non-methemoglobinenmic individuals, do not
agree with such an explanation. However, the
arterial oxygen content (17) and the cardiac rate
are increased immediately following a severe short
bout of exercise, and the latter falls rapidly within
2 minutes after the end of exercise (18). Al-
though it is possible that these factors influence
the visual threshold and do so differently in the
presence and absence of methemoglobin, data in
the literature are inadequate to evaluate this in-
fluence.

SUMMARY

1. Concentrations of methemoglobin up to 30
per cent were induced without showing any defi-
nitely significant effect upon the rod threshold in
dark adaptation either at sea level or at simulated
high altitudes of 12,000 feet and 18,000 feet.

2. Short bouts of severe exercise lower the rod
threshold immediately after exercise in methemo-
globinemic individuals, but not in normal individ-
uals. However, 5 to 10 minutes after exercise,
the threshold rises above the normal threshold to
the same extent in both methemoglobinemic and
non-methemoglobinemic individuals.

3. The above findings are discussed with refer-
ence to oxygen unloading in tissues, and to the
effect of exercise on the acid-base balance.

Weare indebted to Dr. Selig Hecht for his help in plan-
ning the work reported here, to Dr. Bernard Jandorf and
Miss Priscilla Day for their aid in conducting the experi-
ments, and to Dr. Margaret Merrell for reviewing the
statistical treatment. Wealso wish to thank the subjects,
whose cooperativeness greatly facilitated our work.
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