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Changes in Autonomic Function with Age:
A Study of Pupillary Kinetics in Healthy
Young and Old People
P. BITSIOS, R. PRETTYMAN, E. SZABADI

Summary

The object of the study was to compare resting pupil diameter in darkness and light, and the pupillary darkness
and light reflexes between a group of young and elderly healthy subjects.

Twelve young (eight men, four women; median age 19.5 years) and 14 elderly subjects (six men, eight
women; median age 69 years) participated.

Pupil diameter was monitored with an infra-red television pupillometer. Resting pupil size was measured in
light (16 and 32 Cdm~ ) and in darkness. The darkness reflex was elicited by switching off the ambient
illumination (16Cdm~ ) for 1 s. The light reflex was elicited in darkness by short (200 ms) pulses of green (peak
wavelength 565 nm) light at four ascending stimulus intensities (8.5 x 10~3, 7.0 x 10~2, 0.43 and 1.84mWcm~ ).
The amplitude (mm) and maximum velocity (mms"1) of the darkness reflex and the latency (ms), amplitude (mm),
maximum constriction velocity (mms"1) and 75% recovery time (s) of the light reflex were measured.

The resting pupil diameter was found to be smaller in the elderly group at all three illumination levels
(p = 0.001). The amplitude and maximum dilatation velocity of the darkness reflex were smaller for the elderly
group (p = 0.001). The amplitude of the light reflex at the three highest light intensities and maximum
constriction velocity at all light intensities were smaller in the elderly group (p = 0.002). Seventy-five per cent
recovery time was longer in the elderly group (p = 0.02). There was no difference in the latency of the light reflex
response between the two groups.

The reduced pupil size, diminished darkness reflex amplitude and velocity, and prolonged recovery time of light
reflex are consistent with sympathetic deficit in old age. Although the reductions in light reflex amplitude and
constriction velocity in the elderly group at first sight would indicate a parasympathetic deficit in old age, they are
more likely to be secondary to the grossly diminished pupil size.
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Introduction
Among the recognized clinical characteristics of normal
ageing are alterations in function of the autonomic
nervous system. Much of the evidence concerning
changes in autonomic physiology with age derives from
studies of the cardiovascular system. These suggest
diminished /3-adrenoceptor-mediated functions [1, 2],
vasoconstriction responses, baroreflexes [3] and heart
rate variability [4]. However, interpretation of these
findings is complicated by the possible confounding
effect of haemodynamic factors (e.g. ischaemic heart
disease) not secondary to changes in autonomic
nervous system activity [4]. Other studies have
suggested that a change in sweat gland responsiveness
in older people may reflect a peripheral sympathetic
deficit [5, 6].

In order to investigate the nature of the age-related
changes in autonomic function further, we studied the
static and dynamic characteristics of the pupil by means
of infra-red television pupillometry in healthy young
and old subjects. The pupil has an exclusively
autonomic innervation, pupil diameter reflecting the
balance between sympathetic and parasympathetic
tone, thus constituting a sensitive test system of central
and peripheral autonomic activity. Particular compo-
nents of the light (see Figure 1: top) and darkness
reflexes (see Figure 1: bottom) such as amplitude,
constriction/dilatation velocities and recovery time are
known to reflect activity in the sympathetic and
parasympathetic systems differentially [7].

In the present study we investigated the relationship
between the recognized decline in resting pupil
diameter with age [7-11] and changes in pupillary



A STUDY OF PUPILLARY KINETICS 433

7 -
ID
•5

5 J

5.5 -1

- 1 0 1 2 3 4

Time, s

3.5 ->

- 1 0 1 2 3 4 5 6

77me, s

Figure 1. Examples of light (top) and darkness (bottom) reflex
responses. Light reflex (top): horizontal bar: light stimulus; 1:
initial pupil diameter; 2: 75% recovery; 3: pupil diameter at
maximal constriction; 4: line representing slope of steepest
segment of constriction curve; A: onset of light stimulus; B:
onset of response; C: time of maximal constriction; D: time at
which 75% recovery is attained; 1 — 3 amplitude; A-B:
latency; C-D: 75% recovery time. Darkness reflex (bottom) :
horizontal bar: darkness stimulus; 1: initial diameter; 2: pupil
diameter at maximal dilatation; 3: line representing slope of
steepest segment of dilatation curve; 2 — 1: amplitude of
dilatation.

kinetic parameters of the light and darkness reflexes,
only some of which have been previously studied in old
age [8, 10-12].

Methods
Subjects: Healthy young subjects and elderly subjects were
recruited to the study. Young subjects were recruited by
advertisement; they were students and hospital workers.
Elderly subjects were recruited via personal contact with the
Hospital Volunteer Service at Queen's Medical Centre,
Nottingham, and the local branch of the Alzheimer's Disease
Society (spouses of patients). Subjects with any history or
presence of disorders of central or autonomic nervous
systems, psychiatric illness, ocular pathology, hearing pro-
blems or taking any medication were excluded. Initially, 12
healthy young subjects and 20 healthy elderly subjects were
recruited. No subjects refused to participate; however, six
elderly subjects (>60 years) were excluded on the basis of the
exclusion criteria. The median age of the young subjects

(eight men, four women) was 19.5 years (range 19-26) and
the median age of the old subjects (six men, eight women)
was 69 years (range 61-79). The sample sizes were chosen
on the basis of power estimations based on published data
on the variance of resting pupil size in healthy subjects [7]
and the known rate of decline in resting pupil size with age
[10].

Details of experimental session: An infra-red binocular
television pupillometer (Applied Science Laboratories, Wal-
tham, MA) was used for the recording of subjects' resting
pupil diameter in light, in the dark, and of light and darkness
reflexes.

The experimental session started with a 45-s recording of
resting pupil diameter in two conditions of ambient light (32
and 16 Cd m~ ). The mean diameter from each recording was
taken as the mean resting pupil diameter for each subject for
the two illumination conditions. After 5 min of light adapta-
tion in the 16Cdm~2 condition, the average of 12 darkness
reflexes elicited by 1-s dark periods at 25-s intervals was taken
for each subject. After the recording of the darkness reflex, the
lights were switched off and the pupil diameter was recorded
at intervals during dark-adaptation.

After 10 min of dark-adaptation a series of 12 light reflexes
was elicited by short (200 ms) light stimuli generated by a
green (peak wavelength 565 nm) light emitting diode posi-
tioned 1 cm in front of the subject's right cornea. The stimuli
consisted of three pulses at each of four ascending stimulus
intensities (8.5 x 10~\ 7.0 x 10~2, 0.43 and 1.84mWcm"2

respectively). For each stimulus intensity the three light
reflexes were averaged. The inter-stimulus interval was 25 s.
At the end of the session, another 45-s recording of the resting
pupil diameter was taken before the lights were switched on.
Pupillary measures were recorded digitally and stored on a
floppy-disk for off-line analysis.

For the light reflex, the parameters measured were the
latency (time elapsed between the onset of stimulus and onset
of response), amplitude (distance between pre-stimulus
resting pupil size and the deepest trough of the response),
75% recovery time (time taken from the peak of the response
to obtain 75% recovery), and the maximum constriction
velocity (VOT) (see Figure 1: top). For the darkness reflex,
amplitude of dilatation and maximum dilatation velocity
(Vdm) were measured (see Figure 1: bottom). Maximum
constriction velocity (mm s~ ) was obtained by dividing the
reduction in pupil diameter by the time over which it
occurred at the steepest segment of the response curve;
maximum dilatation velocity (mms~ ) was obtained similarly
at the steepest segment of the dilatation curve.

Data analysis: Descriptive statistics (means and standard
errors) were calculated for each pupillary variable within each
of the two groups (young and old). The distribution of each
variable was assessed by calculating the skew and kurtosis
indices. As in no case did either index deviate significantly
from zero, parametric statistics were used. Data were
investigated by means of unpaired t tests to examine
differences between the young and old groups for each
parameter. As the parameters of the light reflex may reflect
both the intensity of the light stimulus and the age of the
subject, two-factor analyses of variance (ANOVA) were also
performed (age group x light intensity as a within-subject
factor). Furthermore, as each of the kinetic measures may
depend on resting pupil size and may be related to other
kinetic parameters, the interdependence between these
measures was investigated by means of Pearson's correlation
coefficients and analysis of covariance between the young and
old groups.
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Results
Resting pupil diameter: Mean resting pupil diameters
for the two groups, in both conditions of ambient light
(32 and 16 Cdm~ ), and in all consecutive recordings in
the dark, are shown in Figure 2. Unpaired t tests
showed that the resting pupil diameter was significantly
smaller in the elderly group in all conditions
(p = 0.001).

Darkness reflex: Both parameters measured (amplitude
and maximum dilatation velocity) were significantly
lower in the group of older subjects (see Figure 3;
unpaired t tests: t = 5.00; df =24; p = 0.001 and
f = 5.17; df = 24; p = 0.001 respectively). Maximum
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Figure 2. Resting pupil diameter under three illumination
conditions. 1: 32Cdm~2; 2: 16Cdm~2; 3: darkness (90safter
lights off). The horizontal lines are group means, the 'boxes'
are SD, the 'whiskers' are extreme values in each group. In
the dark, pupil diameter remained constant after 90s: there
was no significant difference between readings at 90s and
40min.
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Figure 3. Comparison of the parameters of the darkness reflex
between young (•) and old (B) subjects. For conventions see
Figure 2.

dilatation velocity of the darkness reflex was significantly
correlated with initial diameter (r = 0.47, p = 0.01).
Analysis of covariance with initial diameter as a covariate
showed that, whilst there was a significant effect of initial
diameter on Vdm (F = 7.25, df = 1, 23; p = 0.013), the
residual effect of group (age) remained significant
(F = 23.01, df = 1, 23; p = 0.001).

Light reflex: The mean amplitude, maximum con-
striction velocity (V^,), latency, and the 75% recovery
time for the four graded light intensities in both groups
are shown in Figure 4. Figure 5 shows the extent to
which amplitude and V^,, were correlated with initial
diameter. Univariate ANOVAs for each separate light
intensity showed significantly smaller amplitudes and
maximal constriction velocities in the elderly group for
all stimulus intensities except for the lowest one used.
However, when initial diameter was taken as a
covariate, the residual group-wise differences were no
longer significant. One young subject's recovery time
data were excluded from the analysis because they were
abnormally prolonged consistent with the 'dazzling
syndrome*. This is a benign condition characterized by
very long recovery times at low light intensities such as
would normally only be observed with very intense
dazzling light [9].

Two-factor ANOVAs with repeated measures, with
light intensity as the within subject factor, showed
significant main effects of light intensity (F = 133.2;
df = 3 , 73; p = 0.001) and group (F = 11.6; df = 1, 24;
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Figure 4. Comparison of the parameters of the light reflex
between young (O) and old (•) subjects. Vertical bars are SE
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Figure 5. Correlation matrix for light and darkness reflex parameters. Amp: light reflex amplitude; V^,,: light reflex constriction
velocity; 75% RT: 75% recovery time- Latency: light reflex latency. Numbers refer to each parameter for each of four stimulus
intensities a-d (8.5 x lCT3, 7.0 x 10 , 0.43 and 1.84mWcm~2 respectively). *p < 0.01; **p < 0.001.

p = 0.002), and a significant interaction (F = 4.84;
df = 3, 72; p = 0.004) for amplitude. Between-group
comparisons at individual light intensity levels (Bon-
feroni's test) indicated that the two groups differed
significantly (p < 0.05) at the three highest light inten-
sities (i.e. at 7.0 x 10~2, 0.43 and 1.84mWcm~2).

for Vm
F = 12.1;

(F = 25.2;
d f = l , 24;

interaction)
df = 3, 69;

Similar effects were seen
df = 3, 72; p = 0.001 and
p = 0.002 respectively; no significant
and 75% recovery time (F = 23.6;
p = 0.001 and F = 6.2; d f = l , 2 3 ; p = 0.02 respec-
tively; no significant interaction) of the light reflex.
For latency, there was no significant effect of group
(F = 2.26; d f = l , 2 4 ; p = 0.145) or interaction
(F < 1), although the effect of light intensity was
significant (F = 27.3; df = 3, 72; p = 0.001). Analysis
of covariance (ANCOVA) for amplitude with the
initial diameter of the pupil as the covariate, revealed
a significant effect of the regression in the case of the
between- as well as the within-subject factors
(F = 4.3; d f = l , 2 3 ; p = 0.05, and F = 10.6;
df = 1, 71; p = 0.002 respectively). After the removal
of the effect of the covariate, the residual group effect
was no longer significant (F < 1), however, the main
effects of light intensity and the interaction remained
significant (F = 150.6; df = 3, 71; p = 0.001, and
F = 5.35; df = 3, 71; p = 0.002 respectively). Analysis
of covariance for V m with the initial diameter of the
light reflex as the covariate, revealed no significant
effect of the regression (F < 1). Analysis of covariance
was not conducted in the case of latency and 75%
recovery time, since no significant correlations were

found between initial diameter and these measures (see
Figure 5).

Discussion
Our results show, in agreement with previous reports
[7-11], that elderly subjects have smaller resting pupil
diameters in the dark than younger people. Further-
more, we have shown that this difference in resting
pupil size between the two groups is observable at two
different intensities of ambient illumination. As resting
pupil diameter reflects the balance between the oppos-
ing parasympathetic (cholinergic) constrictor and sym-
pathetic (adrenergic) dilator influences, the reduction
in pupil diameter in old age may be due either to an
increase in the parasympathetic influence or a reduction
in the sympathetic input. Measuring the kinetic
parameters of the darkness and light reflexes may
enable us to dissect the two neural influences on resting
pupil size.

The darkness reflex involves an increase in pupil size
in response to a reduction in the intensity of ambient
illumination. Electrophysiological studies indicate that
a phasic darkness period has an excitatory effect on
previously inhibited sympathetic activity by steady
ambient illumination [13]. Thus, this response is
largely mediated by sympathetic activity [10, 13],
although it also depends on active inhibition of the
pupilloconstrictor (Edinger-Westphal) nucleus and a
consecutive reduction of the parasympathetic input to
the iris [10, 14, 15]. We have found a consistent
reduction in the amplitude of the darkness reflex,
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together with a reduction in the maximal dilatation
velocity, in the elderly group. This observation is
consistent with the notion of a decreased sympathetic
activity in old people, although a contribution from an
increase in parasympathetic drive cannot be excluded.
However, the latter influence is more prominent at high
levels of ambient illumination [10] and, since we
recorded the darkness reflex in fairly dim ambient
illumination (16Cdm~ ), it is likely that the reduced
amplitude and velocity of the darkness reflex reflect
mainly a sympathetic deficit.

The different kinetic components of the light reflex
reflect the successive activation of the parasympathetic
and sympathetic inputs to the iris. There is evidence
that the latency and the amplitude of the light reflex are
due almost exclusively to parasympathetic activation,
and it has been suggested that the recovery time is
largely influenced by sympathetic activation [7]. Thus,
drugs with an affinity for muscarinic cholinoceptors
prolong the latency and reduce the amplitude [16],
whereas drugs reducing the sympathetic input prolong
the recovery time [17]. In the present study we have
found that the old subjects, with the exception of the
lowest light intensity, have reduced light reflex ampli-
tudes, with a reduction in maximal constriction velocity
but without any significant change in light reflex
latency, and a prolongation of recovery time.

The reduction in light reflex amplitude might
indicate the operation of a reduced parasympathetic
input to the iris. However, such an explanation is not
likely since a reduction in parasympathetic activity
would result in an increase rather than a decrease in
resting pupil size. There are other factors which may
have contributed to the apparent reduction in light
reflex amplitude. Firstly, it is possible that the
reduction in light reflex response amplitude is second-
ary to a reduction in resting pupil size. As resting pupil
size is reduced the amplitude of the light reflex response
diminishes, indicating the operation of a 'floor effect'.
The operation of this floor effect becomes observable
when the pupil constricts to a diameter <4mm [18],
and indeed the minimal pupil diameter after the
application of the light stimulus was below this value
for all stimulus intensities, except the lowest one, in the
group of old subjects. This explanation seems to be
contradicted by our finding of a significant interaction
between age group and light reflex amplitude in the
analysis of variance which remained significant even
after the removal of the effect of initial pupil diameter
by analysis of covariance. However, this is only an
apparent contradiction since the effect of baseline (i.e.
initial pupil diameter) on response size increases non-
linearly as a function of dose (i.e. light intensity) [19,
20]. Thus the effect of baseline on response amplitude
at any given light intensity level would be greater when
the baseline is closer to the 'floor' (i.e. in the elderly
subjects, in the present experiment).

Another possibility for an apparent reduction in light
reflex amplitude is that it reflects a change in the
afferent branch of the reflex (e.g. atrophy of the retinal

ganglion cells resulting from retinal degeneration).
Although pathological studies have demonstrated
changes of this sort in old people [21], such an
explanation alone is not sufficient since in our group
there was no significant change in the latency of the
light reflex response which is an index of afferent
pupillary changes [22]. Furthermore, it is of interest
that the lowest light intensity (8.5 x 10~3mWcm~2)
used evoked light reflex responses of similar amplitude
in the two groups, consistent with the operation of a
floor effect at the higher intensities, and we would
expect that an afferent defect would be detectable even
at the lowest light stimulus intensities.

We have also found a significant prolongation of the
recovery time of the pupillary light reflex response in
the group of old subjects. As this measure is an index of
sympathetic activity [7, 17], our observation would be
consistent with the operation of a reduced sympathetic
input to the iris in old people. When there is a change in
recovery time, it is important to consider whether this
is a 'real' change or an apparent one secondary to
the alteration in other kinetic parameters. It is well
documented that the recovery time is closely linked to
light reflex amplitude, more intense light stimuli
evoking responses with larger amplitudes which take
longer to recover [7]. Therefore, it is noteworthy that in
the present study the reduction in light reflex amplitude
was accompanied by an increase, rather than a decrease,
in recovery time, indicating that the observed change is
likely to reflect a genuine decrease in sympathetic input.
The anatomical location of the sympathetic deficit
remains to be established. It is unlikely that the
sympathetic deficit in old age is due to a peripheral
post-ganglionic lesion. Such a lesion would predict an
absent mydriatic response to locally instilled indirectly
acting sympathomimetic amines (e.g. hydroxyamphet-
amine) because of degeneration of the sympathetic
terminals in the iris dilator muscle, whereas in fact the
response to such agents has been shown to be normal
[23, 24] in elderly subjects. Furthermore, the mydriatic
response to the directly acting adrenoceptor agonist
phenylephrine in elderly subjects has been shown to be
enhanced [23, 24], suggesting denervation supersensit-
ivity of the adrenoceptors in the iris. Denervation
supersensitivity with intact nerve terminals at the iris
dilator muscle, as evidenced by preserved responsive-
ness to indirectly acting sympathomimetics (see above),
would be consistent with preganglionic or central
deficit. Indeed, the above pattern of response to directly
and indirectly acting sympathomimetic amines is also
seen in younger patients with Homer's syndrome, due
to preganglionic or central sympathetic lesions [25—27].

It has been suggested that the decline in resting pupil
size with age was due to senile iris degeneration leading
to increased rigidity [28]: such a mechanism could
perhaps account for a reduced light reflex amplitude or
constrictive velocity either directly or via a reduction in
resting pupil size because of the floor effect mentioned
earlier. A problem with this argument is that the age-
related decline in pupil size progresses linearly at an
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estimated rate of 0.4 mm/decade from the age of 20
years onwards [8, 10, 11] at which age age-related iris
degeneration would be unlikely. A further weakness
of this explanation is the observed fact that the
pupils of elderly subjects dilate promptly and fully
following the instillation of mydriatic eye drops [23,
24] indicating an unimpaired range and velocity of
pupillary dilatation.

In conclusion, the reduction in darkness reflex
amplitude and the prolongation of the recovery time
of the light reflex are consistent with the notion of a
decrease in sympathetic activity with old age. Such a
mechanism may also explain the decline in resting pupil
size with age. A simultaneous participation of a loss
of supranuclear inhibition of the pupilloconstrictor
nucleus [8, 10] has not been excluded with this study,
and its contribution to the age-dependent decline in
pupil size remains to be established. There is indepen-
dent evidence that the sympathetic and parasympathetic
components of the autonomic nervous system change
differentially with age. Thus, Pagani et al. [29] reported
that during tilt, ageing is progressively associated with
an attenuation of the low frequency ('sympathetic')
component of the heart rate power spectrum, whereas
the parasympathetic response to tilt, detectable in the
high frequency band, is relatively well preserved.

The observed changes in static and dynamic char-
acteristics of the pupil in older subjects are probably
mediated by alterations in autonomic function which
may form part of a more general change in autonomic
activity in old age. The precision and linearity of the
decline of pupil size with age [7-11] suggest that the
pupillary system is very sensitive and reflects most
reliably the normal ageing process. The onset of the
decline as early as the age of 20, far before the
emergence of clinical signs of ageing, is in agreement
with several lines of evidence which suggest that ageing
is actually part of a larger developmental sequence and
age-related changes are the result of a normal expres-
sion of a genetic programme that begins at conception
and ends in death even in the absence of obvious disease
[30, 31].
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Key Messages

• Elderly subjects have reduced pupil diameters,
consistent with a sympathetic deficit and/or para-
sympathetic disinhibition.

• Elderly subjects have reduced darkness reflex
amplitude and dilatation velocities, consistent with
a sympathetic deficit.

Elderly subjects have prolonged recovery times of
the pupillary light reflex, consistent with a sympa-
thetic deficit.

Caution is needed when interpreting changes in
light reflex amplitude in subjects with small pupil
diameters.
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