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Two processes control variations in flicker sensitivity over
the life span
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Flicker thresholds were measured in an automated paradigm at several temporal frequencies for the critical fusion
frequency in more than 1000 observers of ages 5-75 years. The results can be described by two processes. The first
process was a uniform increase in sensitivity at all frequencies, at a rate that would double sensitivity every 10 years,
up to the age of 16 years. In the second process the data indicated that after the age of 16 years the visual response
showed gradual slowing but little sensitivity decrease for the remainder of the life span.

INTRODUCTION
The use of sinusoidal temporal modulation provides a specialized form of flicker sensitivity measurement

that can

readily characterize the temporal properties of the visual

dine could be accounted for by the reduction of retinal
illuminance produced by a decrease in average pupil diameter from 4.9 mm for the youngest age group to 3.15 mm for

the oldest.
However, the study of Wright and Drasdo was designed to

response. As applied in the form of flicker sensitivity for a
uniform stimulus field, the technique is proving to be useful
for application to many aspects of ophthalmological diagnosis. When measured by varying the amplitude of the light
modulation at a series of fixed frequencies, flicker thresholds
provide two types of information: they provide measures of

examine aging rather than the development of flicker sensi-

contrast sensitivity for the stimulus used, and they also
provide full information about the temporal response characteristic of the visual pathway. Flicker sensitivity is more

The present study was therefore designed to use a controlled-criterion staircase method for a stimulus of 400 cd/
m2 in the further measurement of the changes in temporal
modulation sensitivity with age. Flicker sensitivity was

than just another index of visual loss; in a variety of diseases,
it has shown the following capabilities:

* To provide earlier detection than that offered by previ-

ously available tests,", 2
* To measure a reversible component of the visual susceptibility to disease 3

* To provide differential diagnosis among the conditions
that are similar according to other tests (e.g., retinitis pigmentosa),4

* To characterize the nature of the sensory deficit,4
. To provide information as to which retinal mechanisms are affected by the disease. 4

Implicit in several of these requirements is the establishment of normative data against which individual test results
can be evaluated.

Few of such normative data are available

tivity, and, moreover, Wright and Drasdo used an experimental method of limits that is subject to criterion shifts. In
addition, the luminance of 40 cd/M2 that they used is in the
center of the range of pupil variation and would be expected
to maximize the effects of pupil size.

measured across a range of frequencies in a population of

more than 1000 visitors to an interactive science museum
(the San Francisco Exploratorium). The stimulus used was
identical to the current configuration that we have developed for the assessment of photopic vision across a range of

retinal and optic nerve disorders." In this stimulus, longwavelength light is used to isolate cone responses and to
eliminate any rod contamination; the use of long-wavelength
light also has many other advantages for the study of retinal
function, as is discussed below. Spatially, the stimulus was
selected to be macular rather than foveal in extent. This
stimulus tends to minimize foveal edge effects and conse-

quently to resist the effects of both optical blur and inaccurate eye fixations. As a result, this stimulus is optimal for
the assessment of temporal retinal function with minimal
effects of spatial and optical factors. It thus has wide appli-

for temporal modulation sensitivity with age, although the

cability to a range of eye diseases affecting both macular

critical fusion frequency (CFF) as a function of age has been

function and broader retinal sensitivity, but it minimizes
contamination from defocus, optical distortions, and early
media opacities.
One important issue in the study of visual sensitivity with

tabulated exhaustively.5 Wright and Drasdo6 studied modulation sensitivity in a 20 field for observers in 10-year age
groups from 10-19 years to 70-79 years (a total of 70 observers). No significant effect of age was apparent at 3 or 10 Hz,
but at 30 Hz the modulation sensitivity decreased significantly with age. The quantitative decrease was from 14 to 7
decilogs (dl; 1 decilog = 0.1 log unit), corresponding to an
increase in modulation thresholds from 4 to 20%. Wright and

Drasdo hypothesized that this selective high-frequency de0740-3232/89/040481-10$02.00

age is the effect of transmission losses within the optic media
of the eye: the cornea, lens, and vitreous bodies. The lens

grows both harder and more optically dense with age, potentially contaminating the evaluation of retinal function.
However, the transmission losses vary tremendously with
the wavelength of the light used for the test, and they beC)1989 Optical Society of America
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come almost negligible for longer wavelengths, such as the
wavelength of 660 nm chosen for the test stimulus. In fact,
the transmission loss at 660 nm is negligible in young

response rate. The overall paradigm consisted of a cyclic
interleaved staircase procedure, in which the staircases for

of 5 years to the age of 70 years is less than 1 dl near this

Each response was then used to determine the value presented at that frequency on its next presentation. For the fixedfrequency staircases, the amplitude of the stimulus (modu-

adults,7 8 and the increase in transmission loss from the age
wavelength.8 This test probe may thus be considered the
most sensitive wavelength to measure nonoptical changes in
visual function with age.
For the same reason of resistance to optical scatter, a longwavelength stimulus is the best choice to minimize the effects of incipient cataracts with age. Although the population for this study was unscreened for such optical defects,
the incidence of such defects is relatively low throughout the
age range studied, so with the use of the 660-nm stimulus the
effects of cataracts are not expected to be major.
A stimulus of long-wavelength light has other advantages.
It is in the only region of the spectrum in which the responses
of a single cone type can be isolated without adaptation. It

also maintains this isolation at all intensity levels, avoiding
contamination

from rods as well as from the other cone

classes. Finally, it is available inexpensively in the form of
light-emitting diodes (LED's) that can deliver high intensities with excellent control over the temporal properties and
linearity.
METHODS
Stimulus Design

When measured by varying the amplitude of the light modulation, flicker thresholds provide measures of contrast sensitivity for the stimulus as well as of the temporal response
characteristic of the visual system. A self-administered,
controlled-criterion flicker threshold system was set up to be
operated by any interested observer, using flicker frequen-

cies of 5,20, and 36Hz in addition to the CFF. The stimulus
consisted of a red 660-nm LED array diffused to appear as a
uniform red disk of 5 subtense and set in the center of an
equiluminant white surround of 400 cd/M2 . The surround
was 21° high and 26° wide. This type of stimulus has been
shown to isolate the flicker responses of the R-cone pathway.8-' 0 The flicker itself was a sinusoidal modulation
around the continuously present mean level. On each trial
the flicker was presented in a smooth, sustained fashion by
means of a half-second cosine envelope consisting of a multiplication by a single complete cycle of the form (cos2 t + 1)

with a total duration of 500 msec. The stimulus cosine and
the envelope cosine were phase locked to be maximal at the
midpoint of each trial.
The observer viewed the stimulus binocularly from a forehead-and-chin rest at a distance of 28.5 cm. This distance
might have produced blurring in uncorrected hyperopic or
presbyopic observers, but blurring of the large 5 field ap-

pears to have no significant effect on flicker sensitivity at
any frequency. The apparatus was on the mezzanine of a
large hall with moderate illumination, which had a negligible

masking effect on the test stimulus, as evaluated by on-site
tests with several observers.
Psychophysical Staircase Procedure
The test procedure consisted of a YES-NO task for flicker
detection with 20%blank trials as a check on the false-alarm

all stimulus frequencies were interleaved in cyclic rotation.

lation depth) was decreased by one step (viz., 0.1 log unit) for
a YES response but increased by three steps for a NO re-

sponse. (Thus a perfectly accurate NO should represent the
threshold and should be followedby three YES responses as
the staircase jumps up and tracks down to the threshold
again.) The start level of modulation for the initial trial was
a factor of 2 above the normal mean for that frequency,
based on pilot data. (It was not set at the maximum, both to
avoid adaptation to strong flicker at high modulation levels
and to minimize the duration of the staircase.) The staircase was terminated when a NO response was obtained on a

modulation level the same as or adjacent to that of the
preceding NO response. The threshold was considered to
be the average flicker amplitude at these two criterion NO
responses.
For the full paradigm the CFF first was measured alone by
means of a similar descending-staircase procedure. For the
CFF measurements only, the staircase had a variable step
size. The sequence began at 5 Hz and increased in 5-Hz
steps until the first NO response was obtained. The subsequent staircase operated by 1-Hz frequency steps on the
same 3-up, 1-down paradigm as for modulation amplitude,

until two subsequent NO responses were obtained at the
same or adjacent frequency steps. Thus agreement among
three separate threshold estimates (or NO response levels)
was required before an estimate was accepted as the final

determination. The resulting CFF value was used to set the
subsequent range of frequencies used for the second phase of
the test: the measurement of modulation sensitivity at
fixed frequencies.

Only fixed frequencies below the CFF

value were used from the preselected set in the cyclic series;
any frequencies higher than the CFF were omitted. For this
particular application, only three fixed frequencies were
used for the sensitivity measurements, but the paradigm is
general and is used in the clinic with 17 possible test frequencies.

A typical test run in the current application took -2 min.
The run lengths, or the numbers of stimulus presentations,
varied between

25 and 60 or more trials (with an average of

-40), according to when the criteria were met. The optimal
values for the termination criteria were ascertained by com-

puter simulation of hundreds of runs and also were found to
give psychophysical thresholds with close to the simulated
variability even in untrained observers.

Instructions were presented on a computer screen adjacent to the test stimulus but at a 2700angle so that they were
not visible during the test procedure. The participants were
informed that they were to look at the red light and press the
YES key or the NO key according to whether they saw flicker
between two auditory beeps. No explicit practice was given,

but the initial CFF routine was designed to be robust against
distortion by false starts, since it required internal agreement among three separate threshold estimates before termination.
A further check against irregular results was the presence
of a software flag to return to the beginning of the program
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("Enter first name . . . ") if no response occurred for 30 sec.

pants in the 5-50-year age range, 804 were regarded as best

Thus, if a participant was confused and took too long to
respond, or if he or she became disenchanted with the test
and gave up before the end, the test would be terminated

efforts on the part of normal observers and were assigned to
age categories with acceptable numbers in 2-year increments. The number of observers was not equal in each age
group, as shown by Table 1. However, the variation was

and the data would be discarded. Only when the test was
completed within the time constraints were the data stored
on disk for later analysis. The 30-sec limit made it most
unlikely that any one data set was derived from a mixture of
the responses of two participants.
Screening the Data for Reliability
Before being tested, each observer was required to enter his
or her first name, age, and eye color and also to indicate
whether he or she drank alcohol, smoked tobacco, took birth
control pills regularly, or had any known ocular diseases

such as glaucoma. The information requested before testing was subsequently screened for internal consistency to
check for observer cooperation. The data of any observer
who entered an unrecognizable name, entered a male name

and claimed consumption of birth control pills, entered an
age of less than 10 years and claimed to consume any of the

drugs, or exhibited similar inconsistencies were eliminated
from the sample.
Second, any repeat runs with the same name, age, and
other data were removed, leaving the most sensitive result of

those repeated tests. The logic for this procedure was that
some observers might have misunderstood the procedure on

the first attempt, while others might have made a serious
approach on the first test and then tried to perturb the result
by giving spurious answers on the second. Thus the better
of two tests by the same observer was probably the more

representative.
A third screen for reliability of the data was derived from

the false-positive response rate. The test procedure includ-

small except at the two ends of the range, which were truncated to exclude any group containing <10 observers.
RESULTS
Raw Results

To provide some idea of the initial range of the data before
any screening operations were applied, Table 2 shows the

standard deviations of the results across the entire population, which would include scatter caused by age as well as all

abnormal responses. For convenience, the sensitivity variations are expressed in decilogs (dl; 1 decilog = 0.1 log unit).
Note that 3.0 dl corresponds to a factor of 2 in sensitivity.

From Table 2 it can be seen that the grand mean of unscreened standard deviations was ±2.28 dl (or approximately +50%), which provides a base value from which to deter-

mine the effects of the screening procedures.
Screening Operations
A total of 19.3% of the observers were rejected as nonserious

by the criteria set up to filter the answers to the initial
questions. The rejection of repeat runs by the same observer eliminated an additional 4.3% of the tests. The next
procedure was to eliminate the 3.9%of the observers with
more than 2 false-positive responses (-25% of the possible
false-positive responses) from the data base.
Finally, the Winsorizing procedure was applied to the
remaining data, separately for each frequency condition. In

ed 20% blank trials as an indication of the observers' atten-

tion to the task and to the response criterion. As a result, an
average of 8 ± 3 blank trials were presented during a typical
test run. Only data from observers with two or fewer false-

positive responses per run were retained.
A final screening procedure was to Winsorize the data to

eliminate outliers." After the data were screened by the
preceding operations, the means and standard deviations
were computed for each data set in each frequency condition
in 10-year age increments (a total of 28 conditions). For
each frequency condition, all observers with data more than
2.5 standard deviation units from the mean for that condition and age group were removed from the overall sample
(even if other data for the same observer were within the
range). A new mean and standard deviation were then computed for the Winsorized data for each age group and condi-

tion, and the procedure was iterated until it stabilized with
no more removals. (Stabilization should be expected for
any distribution, including perfectly Gaussian ones. The
data in a sample occur at discrete abscissa values, and the

recomputed standard deviation will remain between the
same discrete values at some point during the iterations. At
this point, no more data are removed, and the procedure

Table 1. Numbers of Observers per Age Group for
the Fine-Grain Analysisa
Age (yr)

N

Age (yr)

N

6
8
10
12
14
16
18
20
22
24
26
28

12
22
48
56
56
38
51
41
30
36
40
49

30
32
34
36
38
40
42
44
46
48
50

35
34
32
21
42
48
34
31
15
22
11

a Specified for the middle age of each 24-month range. N = 804 for the
total sample.

Table 2. Standard Deviations of Results across the
Entire Population
Frequency (Hz)

SD

5
20
36
CFF

2.44 dl
2.24 dl
2.13 dl
10.5 Hz

stabilizes.)
Age Norms

A breakdown of the results of the screening operations is
given below. Of the responses of the initial 1164 partici-
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Distributions of individual responses under each frequency condition before (open columns) and after (filled columns) the data were

screened and Winsorized for unreliable responses. The distributions show that the cleaning procedures had little effect on the bulk of the
distributions and acted mainly to eliminate the sparse tail of poor responses.

fact, most removals were overdetermined

by several of the

conditions, so that data that were abnormal at one frequency
were typically abnormal at most other frequencies. The
total proportion of the data (i.e., the percentage of runs)
eliminated

by the Winsorizing procedure

was only 4.3%,

implying that the majority of the participants were drawn
from a single, unimodal distribution.

The results of the Winsorizing procedure were remarkable. Only two passes of the procedure were necessary for

all but two of the age-by-frequency data sets. After the
second pass, 99.8% of the data were within 2.5 post-Winsori-

zation standard deviations of the means. Only two sets of
data required further processing, for a total of three passes
each.

. To provide a clearer picture of the screening and Winsorizing processes, the original and final distributions from two
of the age groups are shown as the open and filled bars,

respectively, in the histograms in Fig. 1. The two age groups
selected were the youngest group (ages 5-14 years; 10-year
olds), for whom the least-reliable data were expected, and
the group of ages 25-34 years; the 30-year-old observers, who

were expected to be highly motivated to take the test seriously and to have the most reliable data. The distributions
for all four frequency conditions are shown for the two
groups. These data show clearly that the screening proce-

dures did little to affect the form of each distribution. The
main result was a small overall reduction, together with the
elimination of the sparse tails of lower values attributable to
observers with abnormal vision or lack of concentration

which are not constrained to the outlier values. It is also due
to the fact that Winsorization was applied on a participant
basis. If the sensitivity at one test frequency was less than
the cutoff value at that frequency, the entire data set for that
participant was removed, even though other values might
have been within the acceptable range. (Generally, a participant who had low values at one frequency would show low

values at other frequencies, but this was not alwaysthe case.)
The total result of the three screening procedures was to
eliminate 11.6%of the test participants for abnormal psychophysical performance, in addition to the 19.3%eliminated for nonserious answers to the initial questions.
Reliability of Mean Sensitivity Measures with Age

The ontogenetic stability of the standard deviation values
shown in Fig. 2 tends to indicate that the sensitivities themselves represent a meaningful measure of visual function.
At least it implies that any significant sensitivity differences
apply equally to all members of the age group rather than
result from a subset who were not paying full attention to the
task, in which case the standard deviation would have in-

creased. This implication is reinforced by the low proportion (3.9%) of participants who made more than two falsepositive responses, even in the younger age groups. If the

measured thresholds are an uncontaminated reflection of
the visual sensitivity of the participants, the form of the
threshold variation therefore becomes of interest in its own
right.

on

the task.
The slight reduction in numbers around the means of the
distributions is due partly to the other cleaning procedures,

Analysis of Age-Related Trends
For an overview,one can estimate that the numbers of participants in each group imply that the standard error of the
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means will be -5 times less than the standard deviations. If
a protection level is applied for multiple applications, this
conservatively implies that any mean differences greater
than '1 standard deviation (1.7 dl) are statistically significant. Thus the sensitivity increase of -3 dl (a factor of 2) at
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Fig. 2. Standard deviations of flicker sensitivity as a function of
age under four frequency conditions: (a), (b), (c), standard deviations for sensitivities to sinusoidal modulation at 5, 20, and 36 Hz,
respectively; (d), standard deviation of the CFF for 100% sinusoidal
modulation. Note the minimal effect of age under all conditions.

52

I

CFF0.

50

0L
;- .

46
0

Table 3. Transition Ages for Best Fits of Two-Phase
Process
Frequency (Hz)

Transition Age (yr)

5
20
36
CFF

16
18
14
16

,

, .0

48

10

20

30

40

50

Age (years)

Fig. 3. Flicker sensitivities as a function of age (2-year bins) under
four frequency conditions: (a), (b), (c) sensitivities to sinusoidal
modulation at 5, 20, and 36 Hz, respectively; (d) CFF for 100%

sinusoidal modulation. Note the increase in sensitivity throughout
adolescence at all frequencies and the stabilization or small decline

through adulthood at higher modulation frequencies. Straight
lines represent best-fitting exponential growth and decline functions as described in the text.
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by a decrease in sensitivity, the data were fitted by a two-

of the tested conditions exceeding the criterion by random

phase model consisting of an exponential sensitivity change

variation alone was less than 15% overall.

of some rate up to some age, followed by a different rate for

the remainder of the life span. The best fit (by least-squares
fitting of the slope and the sensitivity for both phases) of this

First Phase

two-phase process was obtained for each possible transition
age (from 9 to 47 years) across the measured age span. The

(Table 4) showed that all the slopes were positive and signifi-

In the first phase (phase I) the statistical slope analysis
cantly different from zero, as shown by the pluses on the

transition ages for which the best fits combined for both

diagonal of the matrix of slope comparisons.

phases were obtained with this model are shown in Table 3.

since they were measured on a noncommensurate

The absence of

other symbols in the matrix indicates that none differed
significantly from any of the others, however. Thus the
growth of sensitivity during youth and adolescence proceeds
uniformly across temporal frequency at a rate of 3 dl/

The results of the fitting procedure are shown in Figs.
3(a)-3(d). They appear to provide an adequate description
of the data. The statistical relationships of the fits were
analyzed by means of the F-ratio test for error variances of
the goodness of fits.12 (The CFF data were not included,

decade. This amounts to a doubling of sensitivity in 10
years, or a 7% increase every year, at all flicker rates. The

axis.) For

CFF values exhibit similar behavior, increasing at a rate of
almost 4 Hz/decade up to the age of 16 years. The intercept

this test, the best-fitting function for one data set was transposed onto each of the other data sets, and the mean-square
deviation was computed for the discrepancy between each
transposed function and the data set onto which it was
transposed. This permitted the determination of whether
the transposed function was significantly different from the
data set's own best-fitting function, for all comparable fits.
The error variance used for this determination was the vector combination of the errors of the two fits being compared
in each case. This quantity corresponds to the error variance used in the t test, which implies that the comparative

takes a value of 44.4 Hz if the function is extrapolated

back

to its value at birth.
Second Phase
The second phase (phase II) was analyzed in two ways. A
detailed analysis was performed in 2-year age increments for
ages from 15 to 50 years, and a more extended age range was
achieved by the use of 10-year age increments from 15 to 75

years (Tables 5 and 6). In both sets of results the slope at 5

criteria will be symmetrical; if the best-fitting slope for one

Hz does not differ significantly from zero, whereas the other

data set is a significantly poor fit to another data set, then
the best-fitting slope for the latter will be significantly poor
for the former.

frequency conditions show significantly declining slopes.
Both data sets also show the slope at 36 Hz to be significantly
different from that at 5 Hz, although the decline is extremely

Since the rate of change of sensitivity with age (exponen-

shallow.

tial slope) was the parameter of interest, the test was per-

The sensitivities at the three fixed frequencies for 10-year

formed with the intercept being allowed to be refitted as a

bins are shown in Fig. 4, in which the CFF results have been

free parameter. In other words, an overall sensitivity shift

converted to an equivalent sensitivity measure by the followingprocedure. Previous studies with CFF's in this stimulus configurations showed that it increases at a rate of 15
Hz of stimulus intensity per decade. Since the visual system
behaves linearly in the region of the CFF, the sensitivity

(or change in intercept) between two frequencies would not

produce a significant difference on the test. The criterion
for significant difference in the slopes was the F ratio of the
variance of the two fits at p < 0.005. This criterion is strict
for each application, and it provided a protection level for

implied by the CFF can be expressed in terms of log units of
intensity by multiplying the CFF values by 1.5 and scaling in

multiple applications of the test, such that the chance of any

Table 4. Statistical Slope Analysis for the Fine-Grain Dataa
Frequency (Hz)

Slope

5
20
36
CFF

3.22
2.72
3.85
0.46

Phase I
Intercept

Standard Error

Slope

0.31
0.34
3.36
0.21

0.08
-0.29
-0.48
-0.014

15.3
15.1
8.9
44.4

Phase II
Intercept
17.2
17.1
10.9
54.3

Standard Error
0.51
0.19
0.65
0.69

aThe slope is shown in decilogsper decade, and the intercept and the mean standard error are shownin decilogs. For the CFF conditions, values
are shown in
hertz per decade and in hertz, respectively. Data are shownfor 2-year age increments from 5 to 50years. The matrix of significanceof fit for exponential growth
and decay functions for flicker sensitivity with age is as follows:

5

5 +
20

36

20 36 5

+
+

20 36

_

_-

Each symbolindicates that the best-fitting slope to the data set in the columndiffers significantlyat p > 0.005from its fit to the data set in the rowin which it occurs.
The plus or minus indicates whether the slope was an increasingor decreasing exponential. Symbols in cells on the diagonal indicate significant difference from
zero slope.
Thus all froquonciesshowedsiglificalt growth ill senisitivityduring Pase I at a rate that did not change significantlywith frequency. For Phase i, significant
decay was found at 20 and 36 Hz, and also for 36 Hz relative to the sensitivity at 5 Hz.
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or a sensitivity reduction by half at the most susceptible

Table 5. Numbers in Each Age Group for 10-Year
Increments
Mean Age (yr)

N

20
30
40

187
231
148

487

frequency.

DISCUSSION
Two Processes Controlling Age-Related Changes

60

W

Sensitivity Increase during Childhood

70

17

The questions of interest are the detailed form of these
variations revealed by the high precision of these data.
Both the increase and the decrease were fitted well by expo-

nential functions of age, with a sharp transition at the peak

Tabli

value at -15 years of age.

Dataa

Frequ ency (Hz)

Slope

Intercept

Standard Error

5

-0.18

18.0

0.45

20
36

-0.40
-0.80

17.6

0.46

11.9

1.18

needed to account for the changes before and after the peak
sensitivity.

Until the age of 15 years, sensitivity increases with age,
and the rate of increase in sensitivity is similar at -7% per
year for all temporal frequencies. Such a change, which is

uniform across temporal frequency, implies that the underv
.
lyng visual response retains the same temporal waveform

a The s lope is shownin decilogsper decade, and the intercept and the mean
standard error are shown in decilogs. The matrix of significance of fit for
exponential decay functionsfor flicker sensitivity with age is as follows:

throughout, since any change that affects the wave shape
would have a differential effect at different temporal fre-

36

20

5

5
20
36

Analysis of the changes over

temporal frequency revealed that different processes are

quencies. 4 Thus the estimated speed of the visual response
was found to be invariant through adolescence, whereas an

-

-

At5Hz,l the slopeis not significantly different from zero,whereas significant
decay (minuses) wasfound for both 20 and 36Hz. The slopeat 36Hz was also
significaiitly different from that at 5 Hz. Other details are as in Table 4.

..

increase in its amplitude would account for the data.
The time constants of the exponential sensitivity growth
are such that it takes -10 years for the sensitivity to double
during this youthful growth period.

This increase in sensi-

tivity may partly represent a behavioral improvement in the
Zo

ability to concentrate on a visual task. However, this is not
likely to be the whole explanation, for two reasons. First,
one would expect a similar improvement in sensitivity to
occur between the ages of 15 and 25 years, whereas the

25-

_
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measured sensitivity for that period shows little change.

*

-

Second, an increase in the ability to concentrate would also
be expected to cause a decrease in the standard deviation of

36

the data, which is not evident in Fig. 2. With the possible
exception of that for the first age group, the standard devi-

ations remain remarkably constant throughout the adolescent age groups. For these two reasons, the increase in
measured sensitivity until the age of 15 years probably is
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interpreted best as a true increase in sensitivity within the
visual system.
Whether this increase can be attributed to receptoral,

Fig. 4. Flicker sensitivities as a function of age up to 70 years (10year bir is) at 5, 20, and 36 Hz and effective sensitivity for the CFF
data (sEee text). Note the stability of sensitivity at low temporal
frequen cies and the reduction in sensitivity with age as the test
frequen,cy is increased. Straight lines are best-fitting declining
exponei tial functions described in the text.

retinal, or cortical factors remains to be seen. It is relevant,
however, that the results are consistent with the hypothesis
that visual sensitivity is controlled by the anatomical dimen-

relatio: n to the sensitivity at 50 Hz. The results of this
conver sion are depicted as the lowest curve in Fig. 4.

ceptor signal amplitude is proportional to the length of the

The data extend and confirm the pattern of results of the
2-year age bins from phase II over almost twice the age
range. The corresponding analysis is given in Tables 4-6,
which tabulate the significance of each of the fits between
the tra nsposed functions. Note, however, that the steepest
value 'at 36 Hz in the 10-year bins) is only -0.6 dl/decade.
This ti,anslates to a value of -3 dl over the 50-year age span,

sions ofthe receptors.13 Ihave hypothesized previously that

visual sensitivity is directly proportional to the outer segment length of receptors in the stimulated retinal region, on
the basis of electrophysiological results that show that reouter segment stimulated by light.14

There is evidence that the receptors are not fully mature
by the beginning of the data sample at the age of 5 years.
5
reported that the length of cone
Hendricksen and Yuodelis1
outer segments in the human central fovea in a 4-year-old
child was 29 Am, compared with a typical value of 50 Atmat 17

years of age.16 No other anatomical data for the intervening
ages are available (to my knowledge), but these data are at
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least roughly compatible with a sensitivity growth of a factor

Change in Time Constant in Adulthood

of 2 between the ages of 5 and 15 years.
A second line of evidence comes from visual-evoked-po-

The results for observers between the ages of 15 and 50 years

revealed no significant change in sensitivity at the low temporal frequency but indicated a gradual decline in sensitivity
at the higher frequencies throughout the life span. The

tential (VEP) measures of visual acuity, which are not subject to shifts in behavioral response criterion. Visualevoked-potential acuity measured with transient stimula-

absence of a significant decline at low temporal frequencies

tion17 exhibits a slow growth phase between the ages of 1 and
15-20 years, followed by a tendency to decline for the re-

for the present large stimulus is consonant with the stability
of contrast sensitivity at low spatial frequencies, which

mainder of life. Although the VEP acuity measure of visual
function is strictly incommensurate with the temporal sensitivity measure, this objective measure of acuity development

shows no decline between the
ranges.' 9

2

0-29-year and 80-89-year age

The decline at high temporal frequencies is also quite
gradual; it takes -50 years to decrease to half the sensitivity
of the peak value at 15 years. This sensitivity decrease at
high frequencies cannot be explained by a reduction in the

could be attributed to an overall increase in contrast sensi-

tivity and is thus compatible with an increase in temporal
modulation sensitivity during childhood.
Finally, behavioral measures of visual acuity for both Landolt C and checkerboard stimuli also show a steady improvement from -2 to -15 years.18 Acuity measures are affected
by changes in contrast sensitivity, although they also reflect
an independent parameter of spatial resolution. Therefore
a similar growth function for acuity (in the previous studies)

response amplitude in the retina or by a change in the observers' response criteria, since both of those effects would tend

to produce the same reduction at all temporal frequencies.
Instead, the predominantly high-frequency decline after
the age of 15 years has the form corresponding to a slowing

may be regarded as corroborative of the growth in contrast

(or change in the overall time constants) of the retinal re4

sensitivity observed in the present study. The behavioral
studies cited, however, give few methodological details and

leftward shift of the sensitivities on the log frequency axis to
proportionately lower temporal frequencies throughout the

report no controls for attentional

(n

sponse with age.

bias.

range.

This kind of response slowing appears as a

It is conceptually distinct from a pure delay in re-
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(Top) Flicker sensitivities replotted as a function of temporal frequency for age ranges of 5-6, 15-16, and 66-75 years
to

illustrate the
changes in temporal-frequency tuning with age. Curves are best-fitting derivatives of nine-pole filter functions. (Bottom) Impulse-response
curves for the best-fitting filter functions above. These curves illustrate the ffects of the two processes of age variation on the
temporal
response of visual sensitivity.
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sponse transmission, which would not be detectable psychophysically, although a response slowing would also result in a

delay at the subsequent neural stage.
To illustrate the effect of such a slowing graphically, the
mean data for the ages of 6, 16, and 70 years are plotted as a

function of temporal frequency in Fig. 5. The sensitivities
at 50 Hz were obtained by conversion from the CFF values
by using the same algorithm as described for Fig. 4. Figure 5

emphasizes how little the peak sensitivity is affected by age,
and the high-frequency values show a progressive sensitivity
reduction corresponding to a proportionate leftward shift of
the frequency scale.
Such data may also be translated into the form of visual
impulse responses, under the common assumption2 0 that the
impulse response in time, h(t), has the form of the derivative
of a nine-pole filter,

h(t)

= t7 et/r -

8-r

t8e-t1T

where r is a constant determining the response speed.
In this case, the best-fitting amplitude or frequency re-
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Table 7. Pupil Diameter as a Function of Age
Age (yr)

Mean Pupil Diameter (mm)

N

30
40
50
60
70

2.92
2.87
2.75
3.20
2.82

12
8
4
8
14

calibrated set of black disks. The results show little variation in pupil diameter with age for the higher-intensity stimulation conditions used. The results, with sample sizes for
the 10-year age categories, are given in Table 7. For this

population, at least, there is no significant age-related trend
in pupil size under the present testing conditions, and hence
such a decline is unlikely to be the explanation for the decline in sensitivity at high frequencies. Although the age
span for the pupil size data was more limited here than in the
study of Wright and Drasdo, it covers adequately the age
span of relevance to the question of decline in high-frequency flicker sensitivity.

sponse functions would be as shown by the curves in the

upper panels in Fig. 5, and the impulse response giving rise
to these functions would have the form depicted in the lower
panels in Fig. 5. However, the magnitude of the change is

not large, amounting to a 20%reduction in response speed if
the trend was extended over a 60-year age span. The impulse responses show only a small effect of age beyond ado-

lescence and illustrate that there is little change in the implied response amplitude as aging progresses. The main
effect is a slight slowing of the response dynamics, which is

detectable only by the most reliable measurement techniques.

Role of Optical Factors

As discussed in the Introduction section, the 660-nm stimulus had the property of minimizing the attenuation of retinal
illuminance, both in terms of its position in the spectral
locus and in relation to the aging effects on the lens and
other ocular media. The effect of aging over the age span of

the present study has been estimated to be less than 1 dl.8
To translate this into terms relevant for the present stimulus, it should be recognizedthat the visual response behaves
differently according to the particular temporal frequency
range of the stimulus. At low temporal frequencies, modulation sensitivity is largely independent of retinal illumi-

Pupil Size Hypothesis
As is discussed above, Wright and Drasdo 6 hypothesized

nance over a range of several log units.22 2 3 Therefore even a

that the decline in sensitivity at high frequencies exhibited
by their older observers was attributable to the decrease in
pupil size with age. Under their observation conditions the

have much effect at low frequencies.

average pupil size decreased from 4.9 to 3.15 mm between
the mean ages of 15 and 75 years. This decrease was supposed to be in quantitative agreement with a sensitivity loss

of almost 7 dl, but their analysis did not take into account
the mitigating factor of the Stiles-Crawford effect, which

large change in media absorption would not be expected to
At higher frequencies, the visual system progressively approaches a state of linear behavior, so that in the region of
the CFF the sensitivity is exactly proportional to retinal
illuminance.23 This change in response properties is indeed
in the correct direction to explain the change in response
properties observed, but the magnitude is far too small to
account for the observed effects. The full sensitivity change

of decreasing pupil size.

reached a maximum of 4 dl from the age of 20 to the age of 70

Moreover,the idea that adolescents exhibit an average pupil

years for the 36-Hz condition, which is at least 4 times larger

size of -5 mm under photopic conditions defies my own

than could be explained by an increase in media density.

experience and that reported in other studies.

These considerations therefore leave the time-constant explanation intact; the main effect of aging on temporal sensitivity is a decrease in the visual response speed, and this

would reduce the effectiveness

In a recent survey of 31 adults ranging in age from 19 to 79

years,21 the correlation between age and pupil size was not
statistically significant (r =-0.25, p = 0.17). Even if the
result had been significant, the slope of the regression equation was such that the pupil size would decrease less than 0.5
mm over the age span of 60 years. This fails to confirm the

trend found by Wright and Drasdo.
Because of the self-testing format of the present study,
pupil size data are not available for the tested population.

8

decrease is only -20% over the human life span.
Clinical Implications of the Standard Deviations

The reliability of the data is indicated well by the standard
deviation of the readings for each age group and frequency
condition, plotted for each age group in Fig. 2. After show-

ing higher variability in the first few years, the standard

However, a sample of 46 normal observers has been tested

deviations for all three fixed frequencies

with the same apparatus in a clinical testing situation. Pupil size was measured during viewing of the stimulus to an

settle down to a remarkably consistent level of approximate-

accuracy of 0.5 mm in diameter by visual comparison with a

reduction of approximately 25%from the initial raw values.

[Figs. 2(a)-2(c)]

ly +1.7 dl of sensitivity across adolescence and adulthood, a
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The average values are similar to those reported in previous
estimates of the normal flicker sensitivity range. 24
The CFF data [Fig. 2(d)] are incommensurate in that they
were obtained by varying the frequency at the 100%modulation depth. They have been scaled to the same ordinate
under the assumption that the CFF varies with sensitivity

1988 issue of this journal. Although publication deadlines
precluded its appearance in that issue, the authors wish to
associate it with the other papers on the feature topic printed there.

with a slope of 15 Hz/decade, which is typical for this field
size.4 They show, however, a similarly consistent pattern of
variability across age, with an average standard deviation of
approximately t5 Hz. In this case, the screening procedure

1. C. W. Tyler, "Specific deficits of flicker sensitivity in glaucoma

reduced the standard deviation by approximately 50%, a
larger reduction than for the sensitivity values. This difference may be attributed to the fact that the CFF was measured first in the set of measurements and also that the
paradigm involved large changes in the perceived flicker

amplitude as the frequency changed in the first few presentations. This was designed to maintain the observers' initial
interest in the test and to set the range of frequencies tested.
(If a reliable estimate of CFF variability were required, the
test would be altered to take a second CFF measurement
with a starting point at the value of the first estimate so as to
take the measurement under stable perceptual conditions.)
The standard deviation values should be viewed in the
context of the possible measurement range of the mean
sensitivity values. At low temporal frequencies, these values average -18 dl above the measurable minimum of 0 (i.e.,
a sensitivity of 1, or a threshold detection of 100% modula-

tion). The standard deviation translates to a 95%sensitivity range of 3.4 dl for the population as a whole. This
permits a wide range of specification of abnormal sensitivity
as any values less than -1.4 log units (a threshold of 3%

modulation). Similarly, the mean adult CFF value is -50
Hz, so that the 95% range limits of a 10 Hz would correspond
to an abnormal level for any CFF of less than -40 Hz under

the present conditions.
From the perspective of a clinical test, however, the most
interesting result of this study is that flicker sensitivity at
ages as young as 5 years is measurable to within a factor of 2

of the best adult levels by the present technique. Similarly,
the CFF does not vary by more than -5 Hz over the 5-50year age range. Even if extrapolated back to the birth value,
the implied CFF would remain as high as 44.4 Hz. This is

perhaps not too surprising, since Regal found that the infant
CFF was close to adult levels by the age of 3 months, 2 4 but

his stimuli were not designed to control the spatial and
temporal adaptation state to the degree that the present
display does. Moreover, the present norms represent a significant extension of that information to childhood and adolescence and demonstrate that automated flicker sensitivity
testing is possible over a wide age range.
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