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• NIGHT VISION depends upon a pattern of variables a l l of which interact to produce 
an extremely complex pattern of visual conditions of the utmost importance to vehicle 
operators. This in turn means that highway engineers, and vehicle designers should 
consider the facts of night vision in order to design highways and vehicles i n such a 
way as to enhance the night vision function. 

For instance, i t i s wel l known that color, placement of light sources, spacing of 
luminaries, radiation surfaces of l ight sources, duration, intensity, and frequency of 
i l lumination changes are a l l important. Thus, below certain levels of il lumination 
sodium light does not appear to be superior to mercury or incandescent light; above 
certain levels, however, sodium light has been shown to be superior to either mercury 
or incandescent light as measured by i ts influence on visual efficiency (9, 10, 11). 
Further experimentation has shown that glare f r o m sodium light produces less dele­
terious effect than glare f r o m tungsten light sources (28). Acuity and depth perception 
have been found to be unfavorably influenced by some color bands, especially when 
green or bluish glass is combined with pink ophthalmic lenses to f o r m a complex f i l t e r . 
Visual acuity may be reduced as much as 20/60 by such a combination (38). Equally 
important is the night vision recovery t ime, that is , the rate at which the sensitive 
cells of the eye adapt to decreasing illumination. This has been shown to be a function 
of several variables such as the time and duration of pre-exposure, and color. 

However, night vision efficiency varies among persons of the same age, among 
persons of different ages, and i t also varies with the physiological state of the viewer. 
Low blood sugar levels, oxygen deprivation, CO poisoning, and dietary deficiencies, 
a l l tend to reduce the f i na l level of night vision and the time required to achieve i t (31j 
32, 33, 34, 17). 

Therefore, night vision or dark adaptation is a function of the nature of the visual 
stimulus and the physiological states of the viewer. This is important to know because 
of the consequences associated with either an increase or decrease in the level of ef­
ficiency and because of the necessary control and management of this function. 

To i l lustrate, in studies of highway accidents i t has been shown that when probability 
of accident exposure has been held constant that night-time accident fatali t ies are three 
times greater than day-time fatalit ies (1, 49, 41). That this is not circumstantial is 
suggested by several studies. One study (47) was controlled and carr ied out i n Kansas 
City, Missouri . The evidence f r o m these several investigations is the same, i . e., 
when street and road il lumination is improved, night-time accidents are reduced (4, 
39, 46). 

I t seems reasonable to assume that as the control of environmental conditions, v i s ­
ual s t imul i , and physiological states of the viewer increases, that fur ther improvements 
in night vision should result, and therefore a measurable reduction in type, frequency, 
and severity of accidents. 

Efficient, scientific control of the variables of which night vision is a function de­
pends upon reliable knowledge of (a) the relevant variables, (b) their magnitude, (c) how 
they interact, and, (d) how they are distributed in the population. 

THE NIGHT VISION OR DARK ADAPTATION PHENOMENON 

The night vision or dark adaptation phenomenon is that process which allows the 
viewer to take maximum advantage of decreasing amounts of light. I t i s a remarkably 
stable function, although i t becomes progressively less efficient as age increases. I t 
depends upon two types of cells (a) cone cells which are in the minori ty, and function 
best under relatively high levels of il lumination, and (b) rod cells that function best 
under low levels of i l lumination. However, rod cells never acquire the same pro-
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ficiency as cone cells do, being part icularly inefficient in the perception of f o r m and 
color. The rod cells take over the function of the cone cells when the latter are no 
longer efficient under low levels of il lumination. 

When the eye is deprived of light the cone cells adapt to this loss i n about 5 to 10 
minutes depending upon the degree of pre-exposure to light. Then the rod cells assume 
the light sensing function of the cone cells and adapt to very low levels of il lumination 
in about 30 to 50 minutes. Any fur ther change beyond this time is negligible, although 
i t i s of great theoretical interest. 

However, i t is seldom that anyone is required to function f o r any length of time at 
very low levels of il lumination, but in instances when this is necessary, the greater 
the degree of night vision efficiency, the better. Mostly persons are required to func­
tion at a point somewhere between high and low levels of il lumination that is not cons­
tant but decreases and increases incessantly. Thus, the level of adaptation must also 
change to accommodate visual efficiency to the ever changing level of i l lumination. 
When il lumination is high, the rate of adaptation to moderate change is rapid, but when 
illumination is successively reduced, the rate of change slows down, and equal degrees 
of adaptation require more and more t ime. Therefore, the most proficient viewer i s 
the one who can adapt to the most efficient level i n the shortest possible t ime. 

Since dr ivers function most of the time at intermediate il lumination levels, they 
cannot depend upon their ultimate night vision efficiency because they do not reach i t . 
Under these conditions the rate of adaptation becomes more important than f ina l level 
when tasks must be carr ied out under intermediate amounts of il lumination, especially 
when continuous momentary adjustment i s necessary. This mesopic or middle range, 
just about at the point where the cone cells have ceased to function, and before the rod 
cells have acquired adequate efficiency, therefore becomes extremely important i n the 
study of night vision. 

I t has been possible to analyze this phenomenon in considerable detail. Consequently, 
a number of important observations have been made that have direct bearing upon both 
the theoretical and practical problems pertaining to the management of night-vision 
efficiency. Hammond and Lee (18) became interested in the relationship that one part 
of the dark adaptation process might have to another part. They found that the rate of 
adaptation of the cone cells to lowered i l lumination was not correlated with the f ina l 
level of night-vision proficiency. But they found that the level of night-vision efficienty 
after ten minutes in the dark was correlated 0. 76 with the rate of adaptation to the dark. 
They were able to show that the mean log I of t ime between 10 and 40 minutes was cor­
related 0.84 with the f ina l level of adaptation, a relatively high degree of relationship. 
With their 22 young adult subjects they also demonstrated that the time required to reach 
a visual efficiency level of 4 uul was correlated 0. 90 with the rate at which the adapta­
tion was taking place. This is an extremely high relationship. Thus, some but not a l l 
phases of the adaptation process are associated. 

However, Hammond and Lee did not relate their discoveries to the age of their sub­
jects, and they did not thoroughly investigate the cone cel l adaptation process. 

Since the process of adaptation to night vision is so stable, and in itself important, 
i t is often used to study the effect of certain variables upon perception or upon the pro­
cess of seeing. Some of the more important variables known to have a profound effect 
upon the degree of night vision, and the rate at which i t is attained w i l l be discussed 
herewith. However, several recent unpublished studies w i l l be reviewed independently 
in a separate section of the paper. 

INFLUENCE OF PRE-EXPOSURE ON NIGHT VISION 

It has been experimentally demonstrated that the time required to adapt to low levels 
of i l lumination i s a function of the degree of e}q>osure to different levels of Il lumination 
(55). Night vision is considerably less efficient after the eye has been eiqposed to high 
levels of il lumination, and the reduced efficiency persists f o r several hours. The prac­
t i ca l importance of this point can be demonstrated by the fact that after hours of dr iving 
in bright sunlight or after hours spent at the beach in bright sunlight, visual efficiency 
is reduced (12, 34). I f the persons involved were to drive during twilight and early 
evening, they would do so with less night vision proficiency than others who had not been 



19 

e:q>osed to bright light f o r several hours. 

INFLUENCE OF UGHT-WAVE FREQUENCY ON NIGHT VISION 

There is evidence that the rate of attaining night vision efficiency is a function of 
light-wave frequency or color. Wolf (53} has shown that ul tra-violet light even f o r 
relatively short periods of time results In delaying the rate of adaptation to low levels 
of Illumination. Hecht and Hsia (25) demonstrated that when red and white light were 
equated f o r photoplc vision and then used to study dark adaptation that adaptation to 
night vision following pre-exposure to red light was significantly faster than adaptation 
following pre-exposure to white light. When violet light rather than white light is used 
as a test stimulus the separation between the cone cel l adaptation and the rod cel l adap­
tation to low levels of il lumination increases. This was demonstrated by Hecht (20). 

INFLUENCE OF DIFFERENT LEVELS OF ILLUMINATION ON VISUAL ACUITY 

Acuity, or the capacity of the eye to resolve and discriminate objects decreases 
as il lumination decreases. For instance, Hecht and Mintz reported " the visual 
angle occupied by the thickness of the line when i t is just resolved varies f r o m about 
10 minutes at the lowest il lumination to 0. 50 seconds at the highest il lumination, a 
range of 1, 200 to 1 . " (23) Obviously, the capacity to discriminate objects is an i m ­
portant one and every precaution must be taken to maintain this function at the highest 
possible level. 

INFLUENCE OF CHANGES OF ILLUMINATION ON DEPTH PERCEPTION 

Depth perception has been shown to vary with changes in degree of i l lumination. 
McFarland and Wolf ^ ) have shown that when il lumination Avas reduced by 30 percent 
with a f i l t e r that stereopsis was reduced f r o m 12. 5 to 37. 5 percent in the test sample. 
The average reduction was found to be about 25 percent. Serious reductions in depth 
perception should be avoided because the greater the accuracy with which objects can 
be located in space, the greater the latitude of control the viewer has over his choice 
of actions. In some instances fa i lure to perceive allows the operator of a vehicle to 
enter a fatal ly dangerous t ra f f ic condition f r o m which he cannot extricate himself. 
Depth perception, important in itself, becomes even more c r i t i ca l when the viewer is 
traveling at high speeds. 

Small but significant differences between accident-free dr ivers and accident r e ­
peaters have been found. The accident-free group was found to be superior in visual 
acuity, lateral ocular balance, and depth perception. (45) 

INFLUENCE OF GLARE ON NIGHT VISION PROFICIENCY 

When the f i e l d of vision contains a source of light much brighter than the surround­
ing area, objects reflecting less light become impossible or nearly impossible to see. 
And when glare is eliminated the rate at which the retina can recover maximum sensi­
t iv i ty is dependent upon the brightness of the exposure, the duration of the exposure, 
and the area of the retina most stimulated by the glare. Apparently older persons are 
more susceptible to the glare effect than younger persons (2, 27). In one study i t was 
found that females took longer to recover f r o m glare than males (51). Simonson, 
Blankstein and Carey (48) found that in three experienced subjects cone cel l recovery 
was faster after exposure to a light source, the spectral range of which had been r e ­
duced at both ends, that i s , the red and violet ends, as compared with exposure to the 
usual frosted lamps. The shape of the dark adaptation curve did not seem to be i n ­
fluenced, but the rate of recovery increased after e^osure to the experimental light. 
The comparative effect was not a function of pre-adaptation brightness, daily variabil i ty, 
or individual differences. Thus, the glare effect also seems to vary with the area of the 
color band used in pre-exposure. 

The effect of age on the ability to see under night dr iving conditions was determined 
by the use of a Night-Sight Meter. The repeat re l iabi l i ty of the apparatus was high, and 
the improvement in scores as a result of practice and dark adaptation was not serious. 
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thus, these e3q)erimental variables did not influence the validity of the data. The test 
was administered to 474 men and 806 women (age range 15 to 89 years) of which one-
f i f t h of the persons were 50 years of age or older. 

Scores were obtained f r o m two conditions: (a) the amount of i l lumination necessary 
to make the test target just visible, and (b) the change of i l lumination necessary to 
make the target visible in the presence of glare. The intensity of the glare source was 
comparable to the intensity of approaching headlights at 100 to 150 f t , and the a i^ le 
between the glare source and the test target was s imi la r to an angle between an ap­
proaching car at 150 f t and a pedestrian walking on the edge of a 20-ft pavement i n f ront 
of the dr iver . Both glare and night vision scores became poorer as age increased. The 
trend was slight but consistent up to 50 years of age, quite pronounced f r o m 50 to 70, 
and very pronounced after 70. Without glare interference the amount of light needed to 
identify the target was much less, so that the increase in il lumination necessary to 
make the test target just visible was four times as great when glare was present as when 
i t was absent. 

On both the glare and night vision test the persons who had abnormal visual acuity 
(one or both eyes at 14 in . or 20 f t ) had poorer than average scores on a l l age levels. 
About 22 percent of the persons tested had abnormal visual acuity. There was no s ig­
nificant difference in scores made by men and women at a l l age levels on both the night 
vision and the glare test. Table 1 shows the increases in il lumination necessary to see 
a standard, b r ie f ly viewed, moving stimulus with increasing age. 

TABLE 1 

CHANGE I N ILLUMINATION NECESSARY TO SEE A STANDARD, BRIEFLY 
VIEWED, MOVING STIMULUS WITH INCREASING AGE (Adapted f r o m ref. 2) 

Relative Illumination Necessary 

Age Group (x) i n Presence of (y) Without 
Glare Source Glare Source X - y 

15 - 19 1.00 1.00 0. 00 
20 - 24 1.15 1.10 0.05 
25 - 29 1.28 1.17 0.11 
30 - 34 1.36 1.20 0.16 
35 - 39 1.54 1.27 0.27 
40 - 44 1.78 1.33 0.45 
45 - 49 2.24 1.48 0. 76 
50 - 54 2.83 1.94 0.89 
55 - 59 3.42 2.32 1.10 
60 - 64 5.18 2.92 2.26 
65 - 69 10.25 4. 47 9. 78 
70 and up 17.12 10.13 6.99 
N. B . No pupillary control. 

INFLUENCE OF LIGHT "SHOCK" ON NIGHT VISION 

Light "shock" occurs when a bright light is presented br ie f ly to the retina. In every 
day l i f e this i s a common event, especially prevalent i n night dr iving. Unless the tach-
istoscopic presentation is repeated frequently the recovery f r o m light shock is "rapid". 
Repeated presentations lead to cumulative effects, and the greater the frequency, the 
greater the delay in recovering night vision proficiency. In one experiment (54) a two-
degree square f i e l d was presented ten degrees below center. Af te r 30 minutes of adap­
tation to the dark, a bright light (370 mil l i lamber ts ) was presented fo r 0. 04 seconds. 
Night vision was quickly reduced, although not completely, and the time required to 
recover a two-log unit loss was about 40 seconds. 

Generally, the vehicle operator w i l l be repeatedly stimulated with flashes of bright 
light, a special instance of the condition of glare. The consequence is largely the same; 
a reduction of visual efficiency accompanied by the necessity of continuous adjustment 
to an unstable level of i l lumination. 
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INFLUENCE OF AGE ON ADAPTATION TO NIGHT VISION 

Pinson (42) examined the night vision or dark adaptation process of 204 subjects 
between 20 and 50 years of age and found that the major part of the adaptation curve, 
the rod ce l l curve of adaptation to reduced light, was correlated with age. And a l ­
though he found that subjects age 40 and above had 30 to 60 percent reduction in night 
vision efficiency he stated, "The trend toward a decline i n average dark adaptation 
proficiency with age is of minor significance in comparison with individual variations 
in the dark adaptation prof ic iency." He also reported that age and the point where the 
rod cel l curve of adaptation began, the mesopic range, was " . . . the only characteristic 
of the curve of night vision efficiency which was independent of age." 

Hecht and Mandelbaum (22) and Robertson and Yudkin (43) have reported marked 
differences in night vision efficiency with age. Robertson and Yudkin studied 758 
English shoe factory workers, an unusually large sample with ages 14 through 74 years. 
B i r r e n (7) found that pupil size reduced significantly as age increased under both light 
and dark conditions, thus l imi t ing the amount of l ight that could reach the retina of the 
eye. B i r ren , Bick, and Fox (5) reported significant changes with age of the dark-
adapted eye in a.sample which ranged f r o m 18 through 83 years. B i r r e n and Shock (6) 
found no correlation between rate of adaptation to night vision and age, but a significant 
decrease on the f ina l level of proficiency with older subjects. 

McFarland and Fisher ^ ) conducted an extensive study of alterations in dark adap­
tation as a function of age. In a prel iminary study 200 males between 20 and 60 years 
of age were tested on the Hecht-Schlaer adaptometer, with pupil size controlled. The 
mean levels of f i na l adaptation f o r f ive age groups showed a regular increase with age, 
and the intensity of i l lumination required by the age group 40 to 47 was about 150 per­
cent greater than that required by the youngest group. In the second part of the ex­
periment, additional subjects were tested, part icularly those under 24 years of age, 
and those above 47. Final adaptation levels were calculated f o r a l l subjects^ and cor­
related with age. The coefficient obtained was 0.895, and f r o m the data, i t was es t i ­
mated that f o r each increase of 13 years in age, the intensity of i l lumination must be 
doubled f o r a light to be just seen. The rate of dark adaptation was approached by a 
graphic solution based on the "decay" characteristics of the dark adaptation curve. 
Rate was not found to bear a linear relationship to age. The l imitat ion in the ability to 
see at night i s quite marked in older subjects, and the e^er imenta l findings may help 
to e^qplain the diff icul t ies persons over 55 or 60 years of age have in driving or f ly ing 
at night. The changes in dark adaptation are believed to be related to certain basic 
physiologic functions in the nerve cells of the retina and brain. 

INFLUENCE OF CHANGES IN PHYSIOLOGICAL STATES ON VISUAL SENSITIVITY 

To emphasize the fact of the interaction between the environment and human physio­
logical processes, certain variables now known to have marked influence on the dark 
adaptation process and night vision w i l l be reviewed (31, ̂  33, 34, 17). 

The alteration of certain visual functions by anoxia and other physiological stresses 
has yielded results of considerable theoretical interest and practical significance. The 
study of vision under such conditions is important, not only because of the role of this 
sense in driving or f ly ing , but also because certain visual functions are believed to r e ­
f lec t changes in the central nervous system, of which the retina of the eye is essen­
t ia l ly a part. 

The series of experiments to be described are concerned with four main problems: 
(a) the effects of oxygen deprivation on different ial brightness sensitivity; (b) the effects 
of insulin hypoglycemia on different ial brightness sensitivity; (c) the role of high blood 
sugar levels i n counteracting the effects of oxygen lack; and (d) carbon-monoxide anoxia 
at sea level and at simulated high altitudes. An additional area took dietary deficiencies 
into account. 

The Effects of Oxygen Deprivation on Different ial Brightness Sensitivity (31) 

Ear l ier experiments on dark adaptation have revealed that one's ability to see dim 
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objects against a very dark background is markedly impaired by oxygen lack. In prac­
t ical situations, however, i t is rarely necessary to distinguish objects against a totally 
dark background. 

In this study, measurements were made of the sensitivity of the eye to foveal s t imul i 
presented against backgrounds which varied in intensity over a range of about 1:100,000. 
I t was found that anoxia affects visual sensitivity to the greatest extent when the back­
ground is most dimly illuminated. The effect becomes less marked as the intensity of 
the background increases. At very high light intensities, as i n sunlight, oxygen lack 
produces practically no change in visual sensitivity. 

Effects of Insulin Hypoglycemia on Different ial Brightness Sensitivity. (34) 

The concentration of blood sugar is intimately related to the functioning of the cen­
t r a l nervous system. This is true because glucose is practically the only substance 
which can be util ized by the central nervous system as a fue l , or metabolite. If the 
supply i s deficient, the oxidative processes are slowed, and the effect should be equiva­
lent to that of a reduced sypply of oxygen. The retina behaves very much like the cen­
t r a l nervous system in regard to i ts metabolism. 

In a normal subject under ordinary conditions, the blood sugar level did not become 
sufficiently low to impair visual sensitivity. Such impairment occurred only when the 
blood sugar concentration f e l l below about 65 to 70 mg. per 100 cc. However, these 
findings are important in explaining the results of the following eiqperiments which are 
more directly applicable to practical situations. 

In the present experiments, differential visual sensitivity underwent the same changes 
when the blood sugar was reduced by intravenous injection of insulin as when the oxygen 
supply was reduced. The differential threshold was affected most acutely when the back­
ground il lumination was dim. Furthermore, i t was found that inhalation of 100 percent 
oxygen counteracted a large portion of the adverse effect caused by hypoglycemia. 

Role of High Blood Sugar Levels i n Counteracting the Effects of Anoxia. (33) 

The results of the preceding e}q)eriments suggested the possibility that high blood 
sugar levels might have an opposite effect. Studies were made, therefore, of the d i f ­
ferential sensitivity during oxygen lack equivalent to altitudes of 12, 000 to 16, 000 f t , 
before and after the administration of 50 gm of glucose. A dim background was again 
employed. 

I t was found that elevation of the blood sugar level f r o m a fasting value of about 100 
mg per 100 cc to a peak value of about 180 mg counteracted about one-third to one-half 
of the impairment caused by anoxia. The effect of an oxygen tension corresponding to 
16, 000 f t altitude, fo r example, was reduced to that ordinari ly caused by 10, 000 to 
12, 000 f t altitude. Visual sensitivity varied in a manner paral lel with the blood sugar 
level. Similar results were obtained whether the sugar was given during oxygen depr i ­
vation or whether i t was given before oxygen deprivation in order to prevent i ts effect. 
During control experiments, on the other hand, a saccharin solution had no effect. It 
was found also that high blood sugar levels improved visual sensitivity only when this 
function had f i r s t been impaired by anoxia or hypoglycemia, and then only to i ts o r i g i ­
nal value. 

Carbon-Monoxide Anoxia at Sea Level and Simulated High Altitudes. (32, 17) 

Carbon monoxide may be absorbed f r o m at least two sources: engine exhaust gas 
and tobacco smoke. When carbon monoxide combines with hemoglobin, the oxygen-
carrying capacity of the blood is reduced. Furthermore, carbon monoxide displaces 
the oxygen dissociation curve to the le f t , thus inhibiting the release to the tissues of 
even this decreased amount of oxygen. As a result, there is a marked lowering of the 
tissue oxygen tension. This accentuates the anoxia caused by exposure to high altitude. 

Theoretical considerations have led to the conclusion that the venous (or even tissue) 
oxygen tension, which is associated with the loss of a given percentage of the oxygen 
capacity of the blood due to saturation with carbon monoxide, is the same as that caused 
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by a s imi lar decrease in ar ter ia l oxygen saturation at high altitudes. On this basis, 
f ive percent saturation with carbon monoxide would be ejqpected to have an effect equal 
to that of an altitude of about 8, 000 to 10, 000 f t , on those functions which depend on the 
tissue oxygen tension. 

Ear l ier attempts to determine the least amount of carbon monoxide capable of p ro ­
ducing impairment of psychological functions have yielded no clear results. Even with 
30 to 35 percent saturation, causing numerous subjective complaints such as headaches, 
there was no clearly demonstrable impairment in psychological tests. This was prob­
ably due to the fact that the tests employed were not sufficiently sensitive and that the 
subject could mask a considerable degree of impairment during such tests by exerting 
additional ef for t . In the measurement of visual sensitivity, on the other hand, compen­
sation is not a factor. The subject merely reports whether or not he sees a f lash of 
light and is not aware of the intensity required. 

A series of ejqperiments was carr ied out to determine the effect of carbon monoxide 
on visual thresholds, both in normal a ir and in combination with varying degrees of 
oxygen deprivation. The results were entirely consistent with the theoretical expecta­
tions. I t was found, f o r example, that f ive percent saturation with carbon monoxide 
depresses visual sensitivity to as great an extent as anoxia at 8,000 to 10, 000 f t a l t i ­
tude. Fifteen percent saturation caused an impairment corresponding to that at about 
15,000 to 19,000 f t . At various simulated altitudes, the addition of carbon monoxide, 
causing a given percentage of saturation, produced an effect equal to that at an altitude 
sufficient to produce an additional loss of ar ter ia l oxygen saturation of the same amount. 

The test proved to be so sensitive that even the effects of the small quantities of 
carbon monoxide absorbed f r o m cigarette smoke were clearly demonstrable. Inhala­
tion of the smoke f r o m a single cigarette caused a carbon monoxide saturation of a l ­
most two percent. Af te r inhaling the smoke of three cigarettes, the saturation of the 
blood with carbon monoxide was approximately four percent and the effect on visual 
sensitivity was equal to that at an altitude of about 7, 500 f t . The loss of ar ter ia l oxygen 
saturation at this altitude is about four percent. The absorption of a s imilar amount of 
carbon monoxide at 7, 500 f t altitude causes a combined loss of sensitivity equal to that 
at 10,000 to 11,000 f t . (32) 

The inhalation of 100 percent oxygen was found not only to accelerate the elimination 
of carbon monoxide but also to produce an improvement in visual thresholds at any 
given point after inhalation. The improvement was equivalent to a decrease of about 
5 to 7 percent carboxyhemoglobin when breathing oxygen as compared to room air . I f , 
instead of oxygen, the subject breathed atmospheric a ir throughout the recovery period, 
the visual thresholds fai led to recover as rapidly as the percentage of carboxyhemoglobin 
declined. (17) 

These studies indicate that carbon monoxide may be harmful in much smaller amounts 
than previously supposed. The importance of guarding against the entry of exhaust gases 
into an automobile or airplane and of adequate removal of gases liberated by gunfire is 
therefore intensified. The importance of refraining f r o m excessive inhalation of tobacco 
smoke and the value of the use of oxygen in f l ight is obvious. Theoretical considerations 
had led to these same conclusions previously, but these studies represent an objective 
demonstration of the dangerous effects of small quantities of carbon monoxide, especi­
ally i f combined with anoxia or low blood sugar. 

Effect of Vitamin A Deficiency on the Dark Adaptation Process or on Night Vision 
Efficiency. 

Alcoholism is often associated with c irrhosis of the l iver which in turn is frequently 
characterized by Vitamin A deficiency. Since Vitamin A deficiencies supposedly i n ­
crease the visual threshold in dark adaptation and night vision, i t would be expected that 
acute alcoholics would show a disturbance of night vision. Haig, Hecht, and Patek (16) 
studied the dark adaptation process of 14 alcoholics suffering f r o m cirrhosis of the l iver , 
and 13 of them plainly showed evidence f o r disturbances in dark adaptation or night 
vision. After 105 to 127 days of Vitamin A treatment both the cone cell and rod cel l 
sensitivity had increased significantly, that is , dark adaptation and night vision pro­
ficiency had increased. The authors stated: 
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"The most s t r iking aspect of these changes is the f ide l i ty wi th which the cone thresh­
olds vary with the rod thresholds. Since the rod thresholds apparently are changing in 
response to alterations in Vitamin A concentration, the concomitant cone threshold 
variations indicate a s imi lar dependence upon the presence of the Vi t amin . " 

An important observation was that those persons suf fe r i r^ f r o m cirrhosis of the 
l iver and Vi tamin A deficiency simultaneously also showed a delay i n cone ce l l adapta­
tion, and a delay in the initiation of rod cell adaptation. However, Hecht and Mandel-
baum (21) showed that this delay is not present i n normal subjects deprived of Vitamin 
A but not suffering f r o m cirrhosis of the l iver . This may mean that there is a connec­
tion between cirrhosis of the l iver and blood sugar deficiency which is known to independ­
ently influence night vision adversely. Whether this involves a delay in the rate of cone 
ce l l adaptation i s not know. I t does involve an increase of sensitivity threshold. 

One year later Hecht and Mandelbaum (22) reported a study of the dark adaptation or 
night vision process of 110 university subjects. They stated that age increases the cone 
sensitivity threshold, that i s , that older subjects are less sensitive, but that rod thresh­
old is only slightly influenced by age, and that rod-cone transition time is not affected 
at a l l . Of the 110 subjects, 4 young men were deprived of Vitamin A. Following this 
e:Q)erimental condition, both cone and rod vision were decreased i n sensitivity, and 
this reduction of sensitivity continued throughout the two weeks of Vitamin A depriva­
tion. Although the restoration of a normal diet was followed by an in i t i a l improvement 
in dark adaptation or night vision proficiency, nearly two months were required before 
a return to complete normality was achieved. 

Wald and Steven (52) studied one subject, age 22, who was f i r s t saturated with a high 
Vi tamin A diet f o r 18 days. During this t ime some improvement i n night vision was ap­
parent. Following this phase, the subject was deprived of Vitamin A. Then, the sensi­
t iv i ty of night vision decreased. By the 34th day of Vitamin A deprivation, the cone 
sensitivity had decreased by a factor of nearly 4, and the rod sensitivity by a factor of 
9. The authors state that the night blindness of the subject was completely reversed 
by a single administration of carotene, Wald and Steven suggest that dietary deficien­
cies other than Vitamin A could also influence night vision proficiency. 

Hecht and Mandelbaum (24) reported another study of 17 young men who were sub­
jected to a deficient diet. Fourteen of the 17 subjects showed an immediate reduction 
in both cone and rod cel l sensitivity. Par t ia l recovery occurred immediately after a 
single dose of Vitamin A, but the recovery was never complete and was always tempo­
rary unti l normal diet was restored. I t was interesting to discover that treatment by 
vitamins other than Vitamin A gave negative results, 

McFarland, Graybiel, et a l , (30) were able to show that night vision sensitivity was 
reduced in subjects with Vitamin A deficiency. Af te r large doses of Vitamin A, the 
general trend was toward recovery of normal dark adaptation thresholds, 

INFLUENCE OF COLORED FILTERS ON VISUAL PROFICIENCY 

Between 1950 and 1955 more than 5 mi l l ion automobiles have been equipped with 
heat-absorbing tinted windshield glass. By eliminating more than 50 percent of the 
radiant solar energy in the inf rared part of the spectrum the comfort of occu­
pants of automobiles may be somewhat Increased, but at the same time the loss of 
transmissiveness reduces vis ib i l i ty , thus creating a potential safety hazard. 

The l ight transmission of certain tinted windshields i s reduced by approximately 30 
percent, the l i m i t permissible according to the American Standard Safety Code (3), 
While a 30 percent loss i n light transmission does not influence vis ib i l i ty adversely at 
photopic luminance levels, the reduction is a matter of more serious consequences at 
mesopic and scoptopic luminance levels, . In an attempt to c l a r i fy this problem the 
distance at which low contrast targets can be detected was determined in practical s i tu­
ations by Heath and Finch (19). using as targets such objects as road signs, posts, 
boxes, d i r t piles, of varying reflectance. Roper (44) exhibited against the 
glare of oncoming headlights 15-inch square panels of low reflectance. Doane and 
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Rassweiler* (13) used targets simulating pedestrians distributed along both sides of 
the road, having a reflectance of 7 percent on one side, and 3 to 3. 5 percent on the 
other. Since a number of not easily controllable factors are involved in tests of this 
type, differences in results are readily to be expected. Roper found 6 percent, Doane 
and Rassweiler, 3 percent, but Heath and Finch as much as 22 percent loss i n vis ib i l i ty 
distance. Despite these differences the net conclusion of the investigators i s that the 
losses in night v is ib i l i ty are not serious and are compensated f o r by the beneficial ef­
fects of glare reduction and heat absorption during daytime dr iving. 

Clinical tests conducted by Miles (38) have shown that a l l tinted f i l t e r s — l i g h t yellow, 
pink, and greenish-blue windshield glass—reduce visual acuity at mesopic luminance 
levels, and that tinted windshield glass combined with pink ophthalmic lenses is par­
t icular ly disadvantageous, reducing visual acuity to 20/60. At luminance levels i n ­
volved in night dr iving, the resolving power of the eyes is greatly reduced. Thus, a 
pair of targets which appear distinctly separate at 100 f t i n unrestricted vision when 
seen through a clear windshield must be brought to a distance of 25 f t f o r distinction 
when they are viewed through a tinted windshield. 

In 1954 i n laboratory tests Blackwell (8) found a 23 percent loss in detection distance 
when targets were viewed through tinted windshield glass. As distance f o r detection 
without tinted f i l t e r s became smaller, owing to a reduction of target size o r luminance 
level, the percentage loss i n detection distance increased rapidly with the tinted f i l t e r . 
F rom these findings Blackwell concluded that the loss i n visual detection resulting f r o m 
the use of f i l t e r s at low luminance levels is so great that such f i l t e r s are scarcely to 
be recommended unless dr ivers reduce vehicular speed accordingly. However, vehicle 
operators are not usually aware of the degree of reduction of v is ib i l i ty induced by tinted 
windshields. 

In 1955 Haber (15) analyzed the effect of tinted windshield glass upon v is ib i l i ty theo­
ret ical ly. According to his findings v is ib i l i ty distance is reduced 9 to 15 percent at 
distances greater than 200 f t when targets are viewed through a tinted windshield. I f , 
however, the contrast between target and background is low, so that detection through a 
clear windshield is possible only at a short distance, the percentage loss i n v is ib i l i ty 
may be as high as 35 to 45 percent with a tinted windshield. 

In 1956 McFarland and Wolf (37) conducted a series of related experiments designed 
to test i n the laboratory the influence of tinted windshield glass upon, (a) dark adaptation, 
(b) recovery f r o m light shock, (c) visual acuity, (d) depth perception, and (e) glare. And 
McFarland, Domey, Warren, and Ward conducted an experimental study of the influence 
of age and tinted windshield glass on dark adaptation (36). 

Tinted windshields consist of a bluish-green plastic f i l t e r mater ia l laminated between 
two sheets of safety glass. The thickness of each glass pane is in . The lower three-
quarters of a windshield are uniform in density but the upper quarter represents a darker 
band increasing in density toward the top edge. Since only the honogeneous part is i n 
the path of vision i n looking at objects at eye level or below, the present studies were 
made only with glass f i l t e r s cut f r o m the midsection of the homogeneous part of the 
windshield. 

The spectral transmission curves f o r two kinds of windshield glass were f i r s t deter­
mined. Both types transmit s imi lar spectral ranges. The total transmission of A is 
greater than that of B . The transmission maximum f o r A is found near 500 mi l l imicrons , 
f o r B near 480 mi l l imicrons . B has a relatively lower transmission at both ends of the 
spectrum than A. By holding an A and a B f i l t e r side by side, the higher density and 
more bluish color of B can easily be noticed. Only f i l t e r s of type A windshield glass 
were used in the experiments to be described here. Transmission measurements of 

* The unusually low value obtained by Doane and Rassweiler may be attributed to sev­
eral conditions of the ejqjeriment. (1) data f r o m several subjects were eliminated, 
(2) the sample of 6 subjects was small , (3) subjects were f ami l i a r with the track, (4) 
age was not controlled, (5) subjects repeated the test many times, (6) the several ta r ­
gets were f ixed and not randomized f r o m t r i a l to t r i a l , and (7) apparently any possible 
learning effects were not accounted f o r i n the data. 
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various samples of A-glass with a Macbeth illuminometer yielded values between 65 
and 69 percent. 

Since tinted windshield glass can by no means be regarded as a "neutral" f i l t e r i t 
seemed desirable to make comparisons with other f i l t e r s having different spectral 
characteristics but approximately the same amount of transmission. Such f i l t e r s are 
Cruxite B which has a brownish tint, and a transmission of 72 percent, and Noviol C 
which is deep yellow and has a visual transmission factor comparable to that of the 
other f i l t e r s , i f two sheets of fUter glass are combined. 

In the McFarland, Domey, Warren, and Ward studies, the dark adaptation process 
of 240 subjects ranging f r o m 16 to 89 years of age was measured. (29) Each subject 
was seated and then his lef t eye was covered with a patch, and the retina of the right 
eye was bleached f o r three minutes by exposure to a standard light source of 1, 600 m l . 
The f ixat ion point was 7 deg le f t of center and violet light was used f o r testing. I m ­
mediately upon termination of this process the f i r s t response to the adaptometer s t imu­
lus test light was obtained. After the f i r s t reading, taken within the f i r s t 40 sec after 
exposure to the bleaching light, beginning with the f i r s t observation, one observation 
was taken every min f o r 10 min, then every two min f o r the next 6 min, every three 
min f o r the following 24 min, and f inal ly every min f o r the last 10 min, 50 min in a l l . 

At the 41st min the f i r s t glass f i l t e r obtained f r o m an ordinary windshield was i n ­
serted between the viewer and the test light. The transmission factor of this glass 
was about 90 percent. On the 46th min a second f i l t e r cut f r o m the middle section of 
a popular tinted (green) windshield was substituted f o r the clear glass f i l t e r . The 
transmission factor of this glass was about 73 percent. Therefore, the f i r s t f i l t e r was 
not used unti l the 41st min of adaptation, and the second was not used unti l the 46th 
min of adaptation. Five observations were made with clear glass, and f ive observa­
tions were made with tinted glass. A l l observations were taken without an a r t i f i c i a l 
pupil and when vision was uncorrected. 

In addition to the dark adaptation data, a standard eye examination was administered 
to 178 of the 240 subjects. More than half of the subjects i n each age group was ex­
amined, thus assuring a f a i r sample of the efficiency of vision of persons participating 
in this ejqperiment. Because the curves f o r 13 subjects were highly distorted, they 
were omitted f r o m the statistical analysis. 

The mathematical treatment was as follows: 
-bt 

y = a e + c , 
was f i t ted to the cone curve, and another of the same f o r m was f i t ted to the rod curve. 
The parameters f o r the cone curve were called a, b, and c, and f o r the rod curve a', 
b ' , and c', so that c is the asymptote of the rod curve and estimates the ultimate adap­
tation that should be attained at the end of an indefinitely long t ime. Also, a was equal 
to the differences between the f i r s t obtained value and c, and b was the drop rate. 

The method of residuals (35) was used to f i t the curves by least squares. The deter­
mination of the "cutting point" between the cone curve and the rod curve was determined 
by least squares also. That is , the pair of curves f o r any individual was f i t ted with, say, 
the f i r s t f i v e points on the cone curve, and the remaining 15 on the rod curve. The sum 
of the 20 squared discrepancies was computed. Then the f i r s t six points were assigned 
to the cone curve, and the remaining 14 to the rod curve, and the least squares para­
meters were again determined, and the sum of the 20 squared discrepancies f r o m this 
second f i t t ing was compared with the earl ier sum of 20 squared discrepancies. The 
pair of curves f inal ly accepted as the "best f i t " was the pair showing, among a l l pairs, 
the least sum of 20 squared discrepancies of the original data f r o m the f i t ted curves. 
The details of the procedure are to be given in a separate publication (24). 

Table 2 shows the degree to which Age, a, b, c, and c' were correlated as inde­
pendent pairs and as a multiple correlation (See page 28). 

I t can readily be seen that the asymptote of the cone curve, c*, was correlated with 
Age, and that of a l l the variables, Age proved the most influential. 

The influence of tinted glass upon dark adaptation is represented by the terrace-l ike 
rises at the ends of the curve. The f i r s t r ise occurred when the subjects were exposed 
to ordinary windshield glass used as a f i l t e r between the test light source and the viewer. 
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The second rise occurred when tinted windshield glass was then substituted fo r clear 
windshield glass. I t can readily be seen that the viewer demanded more light before 
he could see the test patch in both instances. His demand was greater after the intro­
duction of the tinted glass. 

There is a suggestion that the tinted windshield glass appears to influence the dark 
adaptation level more adversely fo r the aged than f o r the younger subjects. Columns 
D and G- I in Table 3 suggest this relationship. 

Study of Figure 1 w i l l show that with tinted windshield glass the f ina l level of dark 
adaptation fo r the group aged 50-59 is not much better than the level of adaptation at 
the 12th min for teen-aged subjects, obviously before they have reached their f i na l 
level of adaptation. Another way of putting the same thing would be to say that the 
increase of the 50-59 age group dark adaptation threshold induced by tinted windshield 
glass functionally equates them on the average with the group of people who f a l l in the 
60-69 age group. Thus, the effect is to increase the functional "night vision" age of 
this group by about 10 years on the average. 

If the 80-89 year old group is studied, tinted windshield glass functionally regressed 
the visual efficiency of this group back to the level expected at about the 25th min or 
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TABLE 2 
CORRELATION - DARK ADAPTATION, Age, a, b, c, c ' . ' 

Age a b c c' 
Age 1.000 0. 475 0.026 0. 549 0.752 
a 1.000 0. 0390 -0. 735 -0. 299 
b 1.000 0. 490 0. 044 
c 1.000 0. 402 
c' 1.000 
M 50. 237 1.963 0. 662 5. 620 3.139 

S.D. 22. 899 1.352 0. 475 1.293 3.139 
beta 0,764 0.139 0.030 0. 099 
N—There were 227 subjects. * 

Multiple R 0. 756 
Note: Al l r values underlined are significantly different from zero. 

* These values were derived by P. J. Rulon, Director, Educational Research Corpor­
ation, Cambridge, Massachusetts. 
^Because of extreme visual pathology, 13 Ss were omitted from the original sample 
of 240 Ss, hence N equal to 227. 

TABLE 3 
NIGHT-VISION WITHOUT FILTER AND WITH CLEAR AND TINTED WINDSHIELD 

GLASS AS A FUNCTION OF AGE 

B B H D I F 
Log 10 uul (H-G) Log 10 uul a-H) Log 10 uul (G-I) 

without fi l ter d With Clear Wind­ d With Tinted d 
Age 40th Minute shield Glass Windshield Glass 

Average 41st-45th 46th-50th Minute 
Minute 

16-19 2.427 0. 019 2.446 0.125 2. 571 0.144 
20-29 2.602 0.030 2.632 0.146 2.777 0.176 
30-39 2.694 0.095 2. 789 0.163 2.952 0.258 
40-49 3.016 0.027 3.043 0.161 3.204 0.188 
50-59 3.346 0. 062 3.408 0.192 3.600 0.254 
60-69 3.642 0. Oil 3.653 0.163 3.813 0.174 
70-79 4.104 0.038 4.142 0.164 4.306 0. 202 
80-89 4.806 0.041 4.847 0.183 5.030 0. 224 

The rise of the differences in Column D suggests that tinted glass decreases the 
dark adaptation sensitivity of older subjects to a slightly larger extent than i t does 
for younger subjects. The greater the logio value the less efficient the vision. 

before they have reached even their poorfinal level of adaptation. But this group is visually 
so much more ineff iciefit than any of the younger groups that any reduction of illumination 
should be avoided. With tinted windshield glass this group resembles teenagers at about the 
5th-6th minute of adaptation, precisely at the cone-rod cell junction, orinthe mesopic range, 
one of the most inefficient points on the dark adaptation curve. The aged must also cope with 
slower rates of adaptation when even their already inefficient levels of adjustment cannot be 
stabilized in night driving because of the exposure to intermittent headlight glare. It is 
precisely when continuous adjustment is necessary that rapid rates of adjustment are most 
necessary, and slow rates of adjustment most disadvantageous. 

In studies of the effect of tinted windshield glass on dark adaptation, recovery from 
or adaptation to light shock, visual acuity, depth perception, and visibility in the presence 
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of glare, i t has been shown that a reduction of visual function occurs with a tinted wind­
shield in proportion to the absorption of radiant energy. When filters of approximately 
the same density but with different transmission characteristics were used, the reduc­
tion in visual efficiency was the same as with tinted windshield glass, indicating that i t 
is rather the loss of luminance than the spectral selectivity which was responsible for 
reduction in visual function. In visual acuity, stereopsis, and glare tests a balancing 
of the loss in radiant energy might have been expected on the basis of limited spectral 
transmission, whereby a reduction of scatter of light and an enhancement of visibility 
might be achieved. This is not found to be the case. Owing to the bluish-green tint of 
the windshield glass light scatter might be even greater than with other fi l ters of equal 
density but higher transmission in the long-wave region of the spectrum. Tests with 
Noviol and Cruxite do not indicate that the color of the fi l ter materially influences vis­
ual performance. Furthermore tests with a stigmatoscope and small spherical correc­
tions do not indicate that chromatic aberration is a decisive factor in influencing the 
results with the tinted windshield glass. 

Glare has to be regarded as an entoptic phenomenon, into which enter such factors 
as diffuse transmission of light through the i r i s and sclera; flares, produced by mul­
tiple reflections at the different refracting surfaces; specular reflection from the front 
surface of the retina; halation produced by reflection at the pigment epithelium, choroid 
and sclera; light reflection through the vitreous from one part of the retina to another; 
fluorescence of the lens; and scatter by the ocular media (26, 50, 14). Effects of glare 
seem to be somewhat mitigated by the exclusion of short wave radiation from the glare 
source. This might be in part a reason for claims that yellow, or amber filters are 
advantageous in coping with glare. 

When a glare source is viewed while the ambient illumination is sufficiently high the 
i l l effects of glare are not experienced in their fu l l extent. The glare effect increases 
as the contrast between glare source and surround becomes greater. Also the glare 
effect is lessened with large sources by which a greater retinal area is stimulated, 
since glare is inversely proportional to the area of the source. For this reason it has 
been suggested that the size of headlights ought to be increased (38). 

Another factor contributing to the annoyance of glare in automobile driving consists 
in the dispersion of light in the windshield. With an absolutely clear and homogeneous 
medium between the eyes and a glare source, the image of the glare source is sharp, 
and flares and halations are reduced. The surface f i lm of small particles on the wind­
shield undoubtedly adds to the unpleasant effects of glare. It would therefore seem de­
sirable to develop and apply adequate means for the elimination of surface f i lm and 
fogging of windshields. 

Since the purpose of tinted windshields is twofold, namely (a) the screening of radi­
ant heat, and (b) glare reduction, the essential question seems to be, whether a tinted 
windshield is the proper and the only possible solution to this complex problem. It 
seems questionable whether heat absorption by tinted glass is of any real value as long 
as dark colors of automobile bodies wi l l absorb far more heat than that which is ex­
cluded by the heat-absorbing glass. It also should be remembered that the heat ab­
sorption of glass does not depend upon a dark light transmission reducing tint. 

In the McFarland, Domey, and Warren experiment, the tinted windshield glass was 
not the same as in the McFarland and Wolf study. Although the brand was different the 
transmission factor was about the same. 

Many other relationships could be pointed out, but these interpretations wi l l serve 
to illustrate the effect of the experimental variables and their combination upon night 
vision or the dark adaptation function. 

In not a single instance was i t demonstrated that tinted windshield glass improved 
the visual efficiency of any subject. On the contrary, in every instance the data clearly 
demonstrated that a reduction of illumination was invariably associated with a reduc­
tion of visual efficiency. As the age of the viewer increased this reduction became 
more and more critical since i t was apparent that no subject couldaffordto experience 
light loss, the older subjects least of all. And as age increased, the effect of tinted 
windshield glass became the equivalent of raising the functional "visual age" of the 
subject or regressing his efficiency far back in time on the curve of adaptation. B such 
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glass is used, a lighter density for the tinted portion should be placed at the sitting 
eye level of the drivers. 

SUMMARY 
1. Dark adaptation, recovery from light shock, visual acuity, depth perception and 

visibility under glare conditions were studied when the targets were seen through tinted 
windshield glass. The results were then compared with those obtained with filters, or 
with filters of different absorptive properties. 

2. The tinted windshield glass used in these tests is an absorptive fi l ter of light 
bluish-green tint with a transmission maximum near 500 millimicrons. The percent­
age transmission of this type of glass is approximately 70 to 73 percent. 

3. Thresholds are about 0.15 log unit higher in dark adaptation tests, when tinted 
windshield glass is used in front of the test light as compared with the condition when 
no fi l ter was used. The higher threshold corresponds to the loss in test field lumi­
nance produced by the fi l ter. 

4. After a light shock, recovery time is 1.2 to 1.4 times longer when the test tar­
get is shielded by tinted windshield glass than when no fil ter is in front of the target. 
The increase in recovery time is proportional to the loss in luminance. 

5. Using Landolt rings of small size differences as targets visual acuity is less 
when a tinted windshield is placed between observer and target than when no fil ter is 
used. Besides the lower luminance, prismatic effects produced by two curved, heavy 
laminated sheets of glass are responsible for reduced visual acuity. 

6. Depth perception tests with a Verhoeff stereoptor yield about 25 percent poorer 
results when a tinted windshield is in the path of vision than when no fil ter is involved. 

7. When thresholds are determined at which targets at fixed angular distances 
f rom a glare source become visible, i t is found that the ratios of glare luminance/ 
target luminance are the same, whether glare source and target screen are shielded by 
tinted windshield glass or are not shielded by an absorptive fil ter, 

8. The results of these tests could not be interpreted as being favorable to the use 
of tinted windshields, insofar as visual efficiency at low levels of illumination is 
concerned. 

9. Statistical analysis of a large sample ranging from 16 through 89 years of age 
indicates that age is the best known predictor of the eventual level of dark adaptation. 

10. Age, the initial level of adaptation, and the asymptotes of the cone and rod 
curve are reliably statistically correlated. 

11. The initial level of adaptation is negatively correlated with the asymptote of the 
asymptotes of the cone and rod curve, and the final level of adaptation, or the asymptote 
of the rod curve. 

12. The drop time of the cone curve is positively correlated with the asymptote of 
the cone curve. 

13. The asymptote of the cone curve and the final level of adaptation are reliably 
correlated. 
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