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Abstract
Purpose The effect of duration of optotype presentation on visual acuity measures has been extensively studied under photopic
conditions. However, systematic data on duration dependence of acuity values under mesopic and scotopic conditions is scarce,
despite being highly relevant for many visual tasks including night driving, and for clinical diagnostic applications. The present
study aims to address this void.
Methods We measured Landolt C acuity under photopic (90 cd/m2), mesopic (0.7 cd/m2), and scotopic (0.009 cd/m2) conditions
for several optotype presentation durations ranging from 0.1 to 10 s using the Freiburg Acuity and Contrast Test. Two age groups
were tested (young, 18–29 years, and older, 61–74 years).
Results As expected, under all luminance conditions, better acuity values were found for longer presentation durations. Photopic
acuity in young participants decreased by about 0.25 log units from 0.1 to 10 s; mesopic vision mimicked the photopic visual
behavior. Scotopic acuities depended more strongly on presentation duration (difference > 0.78 log units) than photopic values.
There was no consistent pattern of correlation between luminance conditions across participants. We found a qualitative similarity between younger and older participants, despite higher variability among the latter and differences in absolute acuity:
Photopic acuity difference (0.1 vs. 10 s) for the older participants was 0.19 log units, and scotopic difference was > 0.62 log units.
Conclusion Scotopic acuity is more susceptible to changes in stimulus duration than photopic vision, with considerable interindividual variability. The latter may reflect differences in aging and sub-clinical pathophysiological processes and might have
consequences for visual performance during nocturnal activities such as driving at night. Acuity testing with briefly presented
scotopic stimuli might increase the usefulness of acuity assessment for tracking of the health state of the visual system.
Keywords Visual acuity . Scotopic vision . Mesopic vision . Photopic vision . Temporal factors

Introduction
The duration during which each optotype is available
for inspection during an acuity test affects the outcome
of the test, with better values for longer durations [1–4].
This association is well established for very short durations where signal integration in the retina plays an
important role [5, 6]. For longer durations, including
those beyond 1 s, the association is less clear with some
reports of acuity values that improve significantly [7, 8],
while others report a non-significant trend [9] or no
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effect [6]. Several mechanisms may account for the
prolonged duration effect, including variations in tear
film [10], fluctuations in pupil size [11], accommodation [12], and cognitive factors [7].
While acuity testing is usually performed without strictly
limiting the presentation duration, the dependence of the test
outcome on the time available for inspecting the optotype has
important implications. First, as tests are usually performed in
a self-paced manner, the test outcome is likely to depend on
how much time a person takes to look at an optotype and reach
a decision. This means that personality and short-term changes in mental state play a role as a confounding factor in acuity
testing. Second, vision in daily life may be very dynamic, for
instance when driving. Prolonged inspection times in an acuity test may thus not be representative of real-world visual
performance requirements. Third, temporal factors represent
a key difference between subjective (behavioral) acuity testing
and objective estimation of visual acuity, for instance by measuring visual evoked potentials [13, 14] or cognitive eventrelated potentials [15, 16]. Subjective methods are usually
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Key messages
Photopic visual acuity measures are known to depend on exposure duration.
We show that, in comparison, scotopic measures are more susceptible to duration in both
younger and older adults.
This might have practical consequences, e.g. for night driving, and may potentially be
exploited diagnostically.

self-paced, and the examinee will normally evaluate the stimulus during an extended period of around 500 ms to several
seconds. In contrast, the physiological responses on which the
objective methods rely are determined by the initial few hundred milliseconds after stimulus onset. This difference may
contribute to the shift of threshold in objective methods towards easier-to-recognize stimuli even when both methods,
subjective and objective, use similar optotypes [16].
All abovementioned studies tested acuity under photopic
conditions. A few also assessed conditions with lower luminance, albeit only covering a very limited parameter range [1]
or restricted to mesopic conditions [17, 18]. Bartholomew
et al. [19] found preliminary evidence for a duration effect
under scotopic conditions. In their study, participants who
took longer to respond to an optotype typically produced better acuity values under scotopic conditions. However, that
study did not systematically investigate the influence of presentation duration.
The dependence of acuity on luminance has been of longstanding interest to researchers. Already in 1754, Mayer [20]
(as cited in [21, 22]) noted that there is little effect of luminance on acuity within the normal photopic luminance range.
A considerable number of studies followed over the next
200 years or so, which extended the range of interest to scotopic conditions, where visual acuity is considerably lower
than under photopic conditions (e.g., [21, 23–28]).
The interaction of both aspects, luminance and presentation duration, may open up novel diagnostic approaches, given that on one hand, there are a number
of visual impairments that are well known to be associated with reduced visual performance under mesopic and
scotopic conditions [29–31], and on the other hand, there
is evidence that various diseases have a strong impact on
signal integration in the retina and on the temporal dynamics of perception, which may be exploited for

diagnostic purposes [2]. Prospectively, better knowledge
of the interrelationships between luminance and time will
also help understanding the impact of specific visual impairments in situations with increased visual demand,
such as nocturnal driving.
There is no single value that can be considered as the luminance level that segregates mesopic vision from scotopic
vision. Rather, there is a complex interaction of several factors
including stimulus size, eccentricity, and temporal parameters
[32–34]. For the purpose of the present study, we will assume
the mesopic range to extend down to 0.01 cd/m2, in agreement
with previous studies (e.g., [35–37]).
The present study was designed to specifically assess the
role of presentation duration under scotopic and mesopic conditions, and to compare the respective findings with the participants’ performance under standard photopic conditions.
Furthermore, we assessed performance at additional intermediate presentation durations that were not included in our previous study on photopic acuity [7].

Materials and methods
Participants
The main group of participants consisted of 20 young participants (aged 18–29, 7 males and 13 females). Additionally, 10
older participants (aged 61–74, 5 males and 5 females) were
tested. All participants had no known ophthalmological disorders, reached a corrected decimal acuity of logMAR = 0.1 or
better in the study eye, and provided written informed consent.
The study followed the tenets of the Declaration of Helsinki
and belonged to a series of studies that was approved by the
local institutional review board.
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Set-up
All testing was performed with the Freiburg Acuity and
Contrast Test (FrACT) [38], version 3.9.8, available online:
https://michaelbach.de/fract/. Landolt C stimuli were
presented at a distance of 4 m on a TFT LCD monitor. The
monitor’s front surface had a lightproof cover except for an
aperture of approximately 15 × 15 cm. Multiple neutral
density filters (Ningbo Haida Photo Supplies Co., Ltd.,
Ningbo, Zhejiang, China) could be inserted into this aperture
to attenuate the light of the monitor. The set-up with a relatively small stimulus field of variable luminance in an otherwise dark environment approximates a situation at night with
objects of different brightness.
For photopic testing, without filters, background luminance was 90 cd/m2. To yield scotopic luminance levels,
two filters with nominal optical densities of 3 (1000×) and
0.9 (8×) were combined. For the mesopic condition, a single
filter with a nominal optical density of 1.8 (64×) was used.
The resulting luminance values were 0.009 cd/m2 for the scotopic stimuli and 0.7 cd/m2 for the mesopic stimuli, as computed from the unattenuated luminance of the monitor and the
transmission of the filters. The latter was obtained from measurements of the luminance of a bright light source with and
without the filters. These measurements were performed with
both a Gossen Mavo Monitor (Gossen Foto- und
Lichtmesstechnik GmbH, Nürnberg, Germany) and a
Konica Minolta LS100 (Konica Minolta Co., Ltd., Osaka,
Japan) and yielded values that were quite different from the
nominal values for two of the filters (around 128× instead of
64× and 1200× instead of 1000×). All luminance values refer
to photopic candelas.
Each test run consisted of 18 optotype presentations. A
numerical keypad served as a response device. The FrACT
uses an adaptive procedure to select the size of the next
optotype, based on the history of optotype sizes and the corresponding responses in the respective test run. In separate
runs, the duration of optotype presentation was set to 10 s,
3 s, 1 s, 0.3 s, and 0.1 s. Participants were instructed to not
respond before the optotype had disappeared in order to take
advantage of the full presentation duration.

Procedure
Testing took place in a dark room behind an additional lightproof curtain. The monitor was the sole source of light. The
participants were tested with their habitual correction in a
single session, which started with a practice run with both eyes
binocularly under normal luminance conditions to familiarize
the participant with the test. Further testing was performed
with only one eye, which was chosen ad libitum by the participant. The contralateral eye was covered.
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The actual series of test runs started in the scotopic condition, followed by the mesopic and photopic conditions. Under
each luminance condition, all 5 presentation durations were
tested consecutively. The scotopic condition was preceded by
25 min of dark adaptation with the stimulus display already in
scotopic configuration. Before the other luminance conditions, 2-min light-adaptation periods allowed the participants
to adjust to the respective luminance increase. Between two
test runs within a luminance condition, participants were given a 1-min rest.

Analysis
All analysis was performed with Igor Pro (versions 7 and 8;
Wavemetrics, Inc., Portland, OR, USA). We used resampling
tests (50,000 samples) [39] for estimating statistical significance and computing confidence intervals in order to avoid
relying on assumptions regarding the distribution of data.
Because of the a priori hypothesis of logMAR values being
larger (i.e., acuity being worse) for shorter presentation durations, one-sided tests were performed unless stated otherwise
in the “Results” section.

Results
Main (young) group of participants
As illustrated in Fig. 1, acuity was generally best under photopic
conditions, followed by mesopic conditions. Under scotopic conditions, acuity was worse by a sizable margin. Within each condition, median acuity improved with presentation duration (except for a slight contrary trend between 3 and 10-s duration under
scotopic conditions). Importantly, with a duration of 0.1 s, threshold optotype sizes under scotopic conditions in several participants approached or exceeded the size of the aperture in the
screen cover (15 cm ≙ 1.38 log arcmin). These values are therefore suffering from a ceiling effect.
The general increase in logMAR with shorter presentation
durations was confirmed as highly significant by comparing
the values at 10 s with the values at 0.3 s (p < 0.001, p < 0.001,
p = 0.006 for scotopic, mesopic, and photopic stimuli, respectively, i.e., all significant at a family-wise α of 0.05). For
exploratory purposes, the respective p values were also computed for comparisons between 10 and 1 s (p = 0.0035, p =
0.0006, p = 0.12) and 3-s presentation durations (p = 0.20, p =
0.22, p = 0.20).
In order to assess whether the dependence on presentation
duration differed between scotopic and photopic stimuli, we
subtracted for each presentation duration the logMAR values
of the photopic measurements from the respective values of
the scotopic measurements (Fig. 2, blue trace). For statistical
evaluation, we compared the 10-s value with the 0.3-s value
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Fig. 1 Results (logMAR) of individual young participants (thin lines) and
respective median values (thick lines) for all three luminance conditions
and all five presentation durations. For all luminance conditions, acuity

values improved with both increasing presentation duration and increasing luminance. See text for display limitations of scotopic logMAR at
0.1 s

(given that the 0.1-s value was not as trustworthy due to stimulus cropping and possible crowding as the threshold optotype
size approached or exceeded the stimulus aperture size in several participants) via a two-sided permutation test, resulting in
p = 0.0059. The corresponding comparison of the differences
between mesopic and photopic conditions (Fig. 2, red trace)
was not significant (p = 0.70).

Next, we tested whether logMAR under scotopic or mesopic
conditions was correlated with logMAR under photopic condition, i.e., whether a participant with relatively good acuity under
photopic conditions would also have relatively good acuity under
scotopic conditions (Fig. 3). This was not the case for scotopic
acuity (p > 0.5 for all presentation durations), and there was an
inconsistent pattern for mesopic acuity with only some

Fig. 2 LogMAR differences between mesopic and photopic conditions
(red) and between scotopic and photopic conditions (blue) of young participants. Shaded areas indicate the 95% confidence intervals. While there
is no dependence on presentation duration for the mesopic vs. photopic
logMAR difference, the scotopic vs. photopic logMAR differences are
larger for the short presentation durations than for the long presentation
durations. This suggests scotopic processing to involve additional integration processes

Fig. 3 Scotopic (blue) and mesopic (red) logMAR values (ordinate) of
young participants compared with photopic values (abscissa). The parametric covariance ellipses have been added to provide an approximate
visualization of the data’s structure
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correlations being statistically significant on the single-test level
(0.1 s, p = 0.15; 0.3 s, p = 0.0039; 1.0 s, p = 0.047; 3.0 s, p = 0.62;
10 s, p = 0.0066). With a Bonferroni-Holm correction [40] for 10
tests (5 mesopic and 5 scotopic), only one correlation (0.3 s,
mesopic vs. photopic) was significant.
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red trace) was not significant (p = 0.46). We furthermore assessed
whether the general logMAR difference between the mesopic or
scotopic condition on the one hand and photopic condition on the
other hand depended on the age group. This was not the case
(10 s, mesopic, p = 0.38; scotopic, p = 0.42).

Older participants

Discussion
The older participants (Fig. 4) had somewhat higher
logMAR values (worse acuity) than the younger participants (10-s duration, photopic, p < 0.001; mesopic,
p < 0.0010; scotopic, p = 0.0017; Fig. 5). As with the
younger participants, there was a significant effect of
presentation duration (10 vs. 0.3 s, photopic, p = 0.015;
mesopic, p = 0.023; scotopic, p = 0.016; all significant at
a family-wise α of 0.05 with a Bonferroni-Holm correction [40]). The outcome of the statistical assessment did
not change substantially when we removed from the scotopic
data the one participant who had the logMAR values at ceiling
for 4 out of 5 durations. Variability in the scotopic conditions
appears higher in the older age group.
Following the same approach as with the younger participants, we also assessed in the older participants whether the
dependence on presentation duration differed between scotopic
and photopic stimuli. When subtracting for each presentation
duration, the logMAR values of the photopic measurements from
the respective values of the scotopic measurements (Fig. 6, blue
trace), the comparison between the 10-s value and the 0.3-s value
(given that the 0.1-s value was not trustworthy) was statistically
significant (p = 0.0086.) The corresponding comparison of the
differences between mesopic and photopic conditions (Fig. 6,

Fig. 4 Results (logMAR) of individual participants above 60 years of age
(thin lines) and respective median values (thick lines) for all three luminance conditions and all five presentation durations. For all luminance

The main findings of the present study are as follows.
1. Unsurprisingly, under all luminance conditions, visual
acuity improved with longer presentation durations.
2. Relative to photopic vision, scotopic visual acuity has a
steeper dependence on presentation duration. Mesopic vision behaved similar to photopic vision.
3. There was no consistent pattern between presentation durations with respect to the correlation of acuity values
between luminance conditions across participants.
4. Findings in the group of older participants were generally
similar to those in the younger group, with at slightly
worse acuity throughout.

General difference between scotopic and photopic
acuity
The logMAR difference between photopic and scotopic
performance was about 1.0, i.e., a factor of 10 in terms of
decimal acuity. This is less than the factor of around 15
found by Brown [41] (estimated from their figures).

conditions, acuity values improved with both increasing presentation duration and increasing luminance. See text for display limitations of scotopic logMAR at 0.1 s
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Fig. 5 Comparison of median logMAR values of both young (open symbols) and older (filled symbols) participants. While acuity was generally better
for young participants (i.e., logMAR values were lower), the dependence on presentation duration was similar

However, it is of a similar order of magnitude as the difference found by Shlaer [42], König [23], and Roelofs and
Zeeman [25]. It also agrees well with recent data by
Freundlieb et al. [43]. A large part of the resolution difference between scotopic and photopic vision is commonly
attributed to post-receptor spatial integration [44].

Fig. 6 logMAR differences between mesopic and photopic conditions
(red) and between scotopic and photopic conditions (blue) of participants
above 60 years of age. Shaded areas indicate the 95% confidence intervals. While there is no sizable dependence on presentation duration for
the mesopic vs. photopic logMAR difference, the scotopic vs. photopic
logMAR differences is significantly larger for short presentation durations than for long durations

Effect of presentation duration
The present photopic data is in qualitative agreement with previous studies (e.g., [1–4, 9]). The logMAR decrease associated
with increasing the presentation duration from 1.0 to 10 s is
smaller than in our previous study [7], but statistically compatible
(difference between studies in logMAR decrease 0.058, 95% CI
– 0.023...0.099). The difference between 0.1 and 1.0 s is of
similar magnitude in both studies. A detailed quantitative comparison with the various previous studies is difficult due to the
very diverse testing conditions which may contribute to different
effect sizes. So far, studies that systematically vary potentially
relevant parameters to characterize and quantify their interaction
with the general presentation time effect are lacking.
Regarding scotopic performance, our findings are consistent
with those by Bartholomew et al. [19] that better acuity is, on
average, associated with longer response times in self-paced testing. However, their data suggests that a response time increase
from 1 to 10 s is associated with an average logMAR increase of
0.5 (see their Figure 5), which is about twice the difference in our
data. Bartholomew et al.’s photopic logMAR data did not show a
sizable effect of response time (their Figure S2), which might be
because their set-up could not measure logMAR values smaller
than − 0.18, with an ensuing ceiling effect in their data.
There are some differences between the present study and
Bartholomew et al.’s study [19]. These could have an effect on
the study outcome. For instance, the monitor distance was
much larger in the present study, reducing the effect of insufficient accommodation which may occur when stimuli are
presented briefly at a relatively short distance. Pupil size
may also differ between studies, considering that it is affected
by viewing distance and by the overall retinal illumination
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(which depends not only on the background luminance of the
stimulus, but also on the aperture size and the surround),
which implies differences in optical aberrations [45].
Although the scotopic logMAR values could not be accurately measured in the 0.1-s condition in several participants
due to the restricted size of the stimulus aperture (resulting in
stimulus cropping and crowding), it is clear that they are larger
than those in the 0.3-s-condition, because otherwise, the geometric limitations of the set-up would not have been exceeded.

Relationship between photopic and scotopic logMAR
values
The pattern of correlations between photopic and scotopic
logMAR values across participants was inconsistent between
presentation durations. A few correlations reached statistical
significance, albeit without a clear pattern. In particular, the
lack of a significant correlation between scotopic and photopic
performance for presentation durations of 1 s, 3 s, and 10 s
agrees well with the non-significant correlation found by
Freundlieb et al. [43] (see their supplementary figure) for
self-paced tests. Bartholomew et al. [19] reported a significant
correlation. However, this was with a very large number of
participants and photopic acuity explained only 4.1% of the
variance of scotopic acuity. The inconsistent pattern of correlation between mesopic and photopic logMAR reminds of the
finding by Hertenstein et al. [46] of a partial dissociation between photopic and mesopic contrast sensitivity.

Differences between young and older participants
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luminance levels with short presentation durations may further
enhance the diagnostic power of acuity testing.
In summary, the present study reveals a stronger dependence
of scotopic acuity on presentation duration, compared with photopic acuity. However, there is considerable interindividual variability that may prove elucidative as to health and aging of a
person’s visual system, and possibly fitness to drive at night.
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It is well known that both photopic and, even more so, scotopic light sensitivity decrease with age [47]. It is thus not surprising that visual performance shows a general decline with
age, although different visual tasks may be affected differentially in an interindividually variable manner [48]. In the present study, results in both age groups agree insofar as mesopic
acuity shows a similar dependence on stimulus duration as
photopic acuity, while scotopic acuity exhibits a higher sensitivity to presentation duration.
Informal exploration of the present data shows some features that may warrant further, more targeted, investigation in
a future study. For instance, the strongest decrease in measured acuity (increase in logMAR) occurred when reducing
presentation duration from 1.0 to 0.3 s in the older group, as
opposed to the younger group where the strongest increase
was between 0.3 and 0.1 s. Furthermore, interindividual variability among the older participants appears to be much more
pronounced under scotopic conditions than under other luminance conditions, and also exceeds variability among young
participants. This may be a correlate of different degrees of
aging or of early signs of visual impairments that do not manifest (yet) in standard clinical tests. Combining scotopic

Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References
1.

Graham CH, Cook C (1937) Visual acuity as a function of intensity
and exposure-time. Am J Psychol 49:654–661. https://doi.org/10.
2307/1416390
2. Monjé M, Schober H (1950) Vergleichende Untersuchungen an
Sehproben für die Fernvisusbestimmungen. Klin Monatsbl
Augenheilkd 117:561–570
3. Zanen J, Klaassen-Nenquin E (1957) Acuité visuelle en fonction du
temps d’exposition. Bull Soc Belge Ophtalmol 114:574–581
4. Schwarz F (1947) Der Einfluß der Darbietungszeit auf die
Erkennbarkeit von Sehproben. Pflugers Arch 249:354–360.
https://doi.org/10.1007/BF00371657

2798
5.

6.
7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.
23.

24.
25.

Graefes Arch Clin Exp Ophthalmol (2020) 258:2791–2798
Barlow HB (1958) Temporal and spatial summation in human vision at different background intensities. J Physiol Lond 141:337–
350. https://doi.org/10.1113/jphysiol.1958.sp005978
Kono M, Yamade S (1996) Temporal integration in diseased eyes.
Int Ophthalmol 20:231–239. https://doi.org/10.1007/bf00131917
Heinrich SP, Krüger K, Bach M (2010) The effect of optotype
presentation duration on acuity estimates revisited. Graefes Arch
Clin Exp Ophthalmol 248:389–394. https://doi.org/10.1007/
s00417-009-1268-2
Gerbstädt U (1949) Der Einfluß der Sehprobengröße auf die
minimale Darbietungszeit. Pflüger’s Archiv für die gesamte
Physiologie des Menschen und der Tiere 251:559–570. https://
doi.org/10.1007/BF00362755
von Boehmer H, Kolling GH (1998) Zusammenhang zwischen
Sehschärfe und Darbietungszeit einzelner Landoltringe bei
Normalpersonen und bei Nystagmuspatienten. Ophthalmologe 95:
717–720. https://doi.org/10.1007/s003470050341
Montés-Micó R (2007) Role of the tear film in the optical quality of
the human eye. J Cataract Refract Surg 33:1631–1635. https://doi.
org/10.1016/j.jcrs.2007.06.019
Stark L, Campbell FW, Atwood J (1958) Pupil unrest: an example
of noise in a biological servomechanism. Nature 182:857–858.
https://doi.org/10.1038/182857a0
Charman WN, Heron G (1988) Fluctuations in accommodation: a
review. Ophthalmic Physiol Opt 8:153–164. https://doi.org/10.
1111/j.1475-1313.1988.tb01031.x
Towle VL, Harter MR (1977) Objective determination of human
visual acuity: pattern evoked potentials. Invest Ophthalmol Vis Sci
16:1073–1076
Bach M, Heinrich SP (2019) Acuity VEP: improved with machine
learning. Doc Ophthalmol 139:113–122. https://doi.org/10.1007/
s10633-019-09701-x
Heinrich SP, Marhöfer D, Bach M (2010) “Cognitive” visual acuity
estimation based on the event-related potential P300 component.
Clin Neurophysiol 121:1464–1472. https://doi.org/10.1016/j.
clinph.2010.03.030
Heinrich SP, Lüth I, Bach M (2015) Event-related potentials allow
for optotype-based objective acuity estimation. Invest Ophthalmol
Vis Sci 56:2184–2191. https://doi.org/10.1167/iovs.14-16228
Schwarz F (1948) Untersuchungen über die Darbietungszeiten von
Sehproben. Pflüger’s Archiv für die gesamte Physiologie des
Menschen und der Tiere 249:560–582
Hauser B, Ochsner H, Zrenner E (1992) Der „Blendvisus” - Teil 1:
Physiologische Grundlagen der Visusänderung bei steigender
Testfeldleuchtdichte. Klin Monatsbl Augenheilkd 200:105–109.
https://doi.org/10.1055/s-2008-1045721
Bartholomew AJ, Lad EM, Cao D et al (2016) Individual differences in scotopic visual acuity and contrast sensitivity: genetic and
non-genetic influences. PLoS One 11:e0148192. https://doi.org/10.
1371/journal.pone.0148192
Mayer T (1754) Experimenta citra visus aciem. Göttingen
Oguchi C (1907) Experimentelle Studien über die Abhängigkeit der
Sehschärfe von der Beleuchtungsintensität und der praktische Wert
des Photoptometers von Hori. Albrecht Von Graefes Arch
Ophthalmol 66:455–476
Aulhorn E (1964) Über die Beziehung zwischen Lichtsinn und
Sehschärfe. Graefes Arch Clin Exp Ophthalmol 167:4–74
König A (1897) Die Abhängigkeit der Sehschärfe von der
Beleuchtungsintensität. In: Sitzungsberichte der Königlich
Preussischen Akademie der Wissenschaften zu Berlin. Verlag der
Königlichen Akademie der Wissenschaften, Berlin, pp. 559–575
Hecht S (1928) The relation between visual acuity and illumination.
J Gen Physiol 11:255–281. https://doi.org/10.1085/jgp.11.3.255
Roelofs CO, Zeeman WPC (1919) Die Sehschärfe im Halbdunkel,
zugleich ein Beitrag zur Kenntnis der Nachtblindheit. Graefes Arch
Ophthalmol 99:174–194. https://doi.org/10.1007/BF02175135

26.

Klein NT (1873) De l’influence de l’éclairage sur l’acuité visuelle.
G. Masson, Paris
27. Uhlaner JE, Gordon DA, Woods IA, Zeidner J (1953) The relationship between scotopic visual acuity and acuity at photopic and
mesopic brightness levels. J Appl Psychol 37:223–229. https://
doi.org/10.1037/h0057516
28. Wilcox WW (1932) The basis of the dependence of visual acuity on
illumination. Proc Natl Acad Sci U S A 18:47–56
29. Petzold A, Plant GT (2006) Clinical disorders affecting mesopic
vision. Ophthalmic Physiol Opt 26:326–341. https://doi.org/10.
1111/j.1475-1313.2006.00417.x
30. Roy FH (2012) Ocular differential diagnosis. JP Medical Ltd
31. Adams AJ, Wong LS, Wong L, Gould B (1988) Visual acuity changes
withage:somenewperspectives.AmJOptomPhysiolOptic65:403–406
32. Stockman A, Sharpe LT (2006) Into the twilight zone: the complexities of mesopic vision and luminous efficiency. Ophthalmic
Physiol Opt 26:225–239. https://doi.org/10.1111/j.1475-1313.
2006.00325.x
33. Raphael S, MacLeod DIA (2011) Mesopic luminance assessed with
minimum motion photometry. J Vis 11:. https://doi.org/10.1167/11.9.14
34. Zele AJ, Cao D (2014) Vision under mesopic and scotopic illumination. Front Psychol 5:1594. https://doi.org/10.3389/fpsyg.2014.01594
35. Kihara AH, Tsurumaki AM, Ribeiro-do-Valle LE (2006) Effects of
ambient lighting on visual discrimination, forward masking and
attentional facilitation. Neurosci Lett 393:36–39. https://doi.org/
10.1016/j.neulet.2005.09.033
36. Kwak Y, MacDonald LW, Luo MR (2003) Mesopic color appearance. Proc SPIE 5007:161–169. https://doi.org/10.1117/12.477371
37. Takeuchi T, De Valois KK (2000) Velocity discrimination in scotopic vision. Vis Res 40:2011–2024. https://doi.org/10.1016/
s0042-6989(00)00048-1
38. Bach M (1996) The Freiburg Visual Acuity Test–automatic measurement of visual acuity. Optom Vis Sci 73:49–53
39. Good PI (2005) Resampling methods: a practical guide to data
analysis. Birkhäuser
40. Holm S (1979) A simple sequentially rejective multiple test procedure. Scand J Stat 6:65–70
41. Brown AM, Dobson V, Maier J (1987) Visual acuity of human
infants at scotopic, mesopic and photopic luminances. Vis Res 27:
1845–1858. https://doi.org/10.1016/0042-6989(87)90113-1
42. Shlaer S (1937) The relation between visual acuity and illumination. J
Gen Physiol 21:165–188. https://doi.org/10.1085/jgp.21.2.165
43. Freundlieb PH, Herbik A, Kramer FH et al (2020) Determination of
scotopic and photopic conventional visual acuity and hyperacuity.
Graefes Arch Clin Exp Ophthalmol 258:129–135. https://doi.org/
10.1007/s00417-019-04505-w
44. Lamb TD (2016) Why rods and cones? Eye (Lond) 30:179–185.
https://doi.org/10.1038/eye.2015.236
45. Campbell FW, Gregory AH (1960) Effect of size of pupil on visual
acuity. Nature 187:1121–1123. https://doi.org/10.1038/1871121c0
46. Hertenstein H, Bach M, Gross NJ, Beisse F (2016) Marked dissociation of photopic and mesopic contrast sensitivity even in normal
observers. Graefes Arch Clin Exp Ophthalmol 254:373–384.
https://doi.org/10.1007/s00417-015-3020-4
47. Jackson GR, Owsley C (2000) Scotopic sensitivity during adulthood. Vis Res 40:2467–2473. https://doi.org/10.1016/S00426989(00)00108-5
48. Shaqiri A, Pilz KS, Cretenoud AF et al (2019) No evidence for a
common factor underlying visual abilities in healthy older people.
Dev Psychol 55:1775–1787. https://doi.org/10.1037/dev0000740
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

