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INTRODUCTION

THE SURPRISING possibility that the widening of the human pupil in the dark accurately
reflects regeneration of rhodopsin in the retinal rods was first suggested by the experiments
of ALPERN and CampBELL {1962a). They found that recovery of the pupil size in the dark
after a full rhodopsin bleach was very slow. After an initial transient widening and narrow-
ing in the first minute, the pupil returned to the fully dark-adapted size “along a curve very
similar to that of rod dark adaptation”. The action spectrum of this effect showed it to be
dominated by rods. Transient pressure blindness of the bleached (but never the unbleached)
eye transiently widened the pupil to its fully dark value.

The time course of the recovery of pupil size in the dark after a full bieach was accurately
described by an exponential curve with a time constant of about 6 min. The inference that
signals generated by the amount of unregenerated rhodopsin sets the size of the pupil in the
dark, rested on the observation (RUSHTON, 1961) that rhodopsin regeneration after a full
bleach follows this same sort of recovery time course in the dark. If the agreement were
exact, then pupil size could be used effectively as a retinal densitometer and it would follow
that

AD = AD, (1 — p). 4))

AD is the differences between the pupil diameter after full dark adaptation and the dia. at
any other moment () in the dark after a full bleach; AD, is the maximum difference in dia.
found by extrapolation to the diameter at the moment the light was extinguished (ignoring
the initial transient widening and constriction), and p is the fraction of rhodopsin re-
generated at 2.

Equation (1) is of some theoretical—as well as practical—interest, but the evidence in
support of its validity is not compelling. In the first place, Alpern and Campbell’s comparison
was only approximate and the rhodopsin regeneration was measured under different
circumstances and on quite different subjects than the pupil size recovery. In the second
place, BORGMANN (1967) and NewsoME (1971) have since found slightly faster pupil re-
coveries, though Borgmann’s bleaches were too weak and Newsome’s field was considerably
smaller than that used by Alpern and Campbell.

In the first part of this paper we established the validity of equation (1) directly by
producing full rhodopsin bleaching in a ganzfeld and following the subsequent recovery of
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pupil size in the dark with a pupillometer and the regeneration of rhodopsin with the
retinal densitometer in the same subjects. In the second part we use equation (1) as a trans-
form together with current ideas of visual adaptation (RUSHTON, 1965) to predict the pupil
size in the steady state with uniform illumination of the entire visual field (independent of
any eye movements).

METHOD

The rhodopsin measurements with the Florida model of the retinal densitometer (Hoop and RusHTON,
1971) were a direct extension of experiments described elsewhere (ALPERN, 1971).

The diameter of the pupil was measured by the infrared television pupillometer of GREEN and MAASEID-
VAAG (1967). This provides estimates of pupil size in total darkness 30 times per sec with a precision of
0-01 mm.

The size of the pupil of the left eye was determined at various moments in the dark after a full bleach of
the retina of the right eye until the fully wide pupil of the dark adapted eye was achieved. These experiments
were essentially a repeat of those of ALPERN and CamPBELL (1962a). Here, however, the entire retina was
bleached by exposing the right eye to 6-7 log scotopic td for 3 min. This was seen on a white diffusing ganz-
feld (in the form of a half ping-pong ball) completely filling the visual field. The pupil of the right eye was
fully dilated with 19 tropicamide. The subject placed himself so that the ping-pong ball immediately in
front of the eye was about 1-5 in. from the projection lens of an ordinary 35 mm lantern slide projector
with its 300 W tungsten filament lamp energized. It generally took several seconds before he was able to
keep his eyelid fully open and he was allowed to take as much time as he needed to do this. The clock was
started when he signalled that he was ready. At the end of a 3-min exposure, the subject placed himself in the
pupillometer while the projector was turned off. Measurements in the dark followed for the subsequent
30-40 min.

In the second part, the pupil dia. of the left eye was measured under equilibrium conditions at a variety
of different luminance levels. Starting with full dark adaptation, the ping-pong ball over the right eye was
illuminated by the dimmest intensity of light from an automobile head lamp attenuated by Wratten No. 96
neutral filters (4 X 4 in.). The subject adapted for several minutes to this level of illuminance before records
of pupil diameter were made. In order to shorten the time required to reach the steady state at levels of
illuminance which bleach measurable rhodopsin, it is possible to precede the equilibrium exposure by a
10-sec light which is 1-0-1-5 log,, units brighter. When this method was used, 1 min exposure to the weaker
(equilibrium) intensity preceded the beginning of pupil size measurements. Although subjects made a special
effort to avoid blinking, several blinks usually occurred in each recording interval. No recordings were
analyzed within the neighborhood of the blinks. Upon illumination, the pupil constricted and, once equili-
brium was reached, oscillated around the equilibrium level with a small amount of “hippus’ which varied
with the subject and state of fatigue as well as, to some extent with illumination. After a blink the equilibrium
level was achieved once more well within a 10-sec interval during which the record was not analyzed. This
same procedure was followed for each of a variety of illuminance levels, the experiment always proceeding
progressively from the dimmest to the brightest level. About 50 representative measurements were obtained
from the recordings at each level, in each experimental session. Such data represent the size of the pupil of
the eye viewing a uniform ganzfeld under equilibrium illuminance with a stablized retinal image. Since the
semi ping-pong ball is not a perfect diffuser, there are some constraints upon this interpretation of our
results. However, this difficulty was largely obviated by requiring the subject to hold his eye relatively fixed
during the recording.

RESULTS
Part 1. Dilation in the dark

ALPERN and CAMPBELL (1962a) found, and we confirm, that during the first minutes in
the dark the pupil widens and then narrows before it starts the slow dilation process. The
first two phases have been studied to some extent by NEwsoME (1971). Only the last phase is
of concern in this paper.

The dots in Fig. 1 show the recovery of pupil size in the dark during single experimental
runs for each of three observers. In this figure, the ordinates (scale to the left) give the
amount of pupil constriction (AD), over the full dark value, while the abscissae show the
time in the dark after a full rhodopsin bleach. This recovery curve is in good agreement with
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ALPERN and CAMPBELL’s (1962a) result. They inferred that it was generated by signals (B)
of the amount of unregenerated rhodopsin in bleached rods. This interpretation is con-
firmed by the open circles in Fig. 1 which show for the same three subjects the regeneration
of rhodopsin (ordinate scale to the right) in their retinas after long full bleaches. A single
smooth curve described the results of both experiments equally well. It is an exponential
with a time constant of about 400 sec. Hence, there is a linear relation between the fraction
of unregenerated rhodopsin, (1-p), and the change in the diameter of the pupil in the dark
after a full bleach, [equation (1)].
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Fic. 1. Recovery of pupil size after full ganzfeld bleaching as a function of time in the dark.

The dots represent the change in pupil dia. (ordinate scale to the left) with the dia. in full dark

adaptation set equal to zero. Circles represent regeneration of rhodopsin after a full bleach,

for the same three subjects—N.O. (top), T.V. (middle), and M.H. (below), respectively.

Ordinate scale to the left. The smooth curve is an exponential with a time constant of 400 sec.

The results are from single experimental runs (though densitometry and pupillography were
done in separate sessions).

These results show that, under such conditions, the pupil diameter changes linearly
with rhodopsin concentration; and may, in effect, be used as a rhodopsin densitometer.
This is not the case, however, when the eye is exposed to real backgrounds, even under the
least complex of circumstance, as the following experiments emphasize.

Part 2. The pupil size in the steady state

In the first part of this paper, the relation between pupil size in the dark after a full
bleach and the amount of rhodopsin in the retina [equation (1)) was determined empirically.
In this part it is used to predict the pupil size (D) in equilibrium at a variety of illuminance
levels, covering a range between those which are barely perceptible and those which bleach
more than 80 per cent of the exposed rhodopsin.
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Theory

RuUsHTON’s (1965) model of adaptation is used (Fig. 2). In this model, retinal sensitivity
is regulated by an automatic gain control device (similar to that proposed by FUORTES and
Hobpckin (1964) to explain the generator potential of the Limulus lateral eye). The input to
the device is proportional to the steady background light of intensity I while the output, V,
is approximately proportional to log 7. The output is sent to the brain (and to the iris
muscles of the two eyes); but, it is also fed back to the automatic gain control to regulate
sensitivity. Signals, B, to the brain (and to the iris muscles of the two eyes) from bleaching
proportional to the amount of unregenerated rhodopsin (I-p) do not go through the
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FiG. 2. Schematic drawing of the model used to explain the effects of bleaching and back-

grounds on pupil size. Rods feed signals to the pool proportional to the background intensity

I. The output V (proportional approximately to the log 7) passes to the optic nerve and is fed

back to regulate sensitivity. Bleaching signals (B) proportional to the unbleached rhodopsin

enter the gain control from the feedback, but also pass to the brain via the optic nerve. The
change in pupil diameter is proportional to the sum (V' + B).

automatic gain control device, though they go into it through the feedback, in order to
regulate the sensitivity of the retina in the dark after strong bleaches. This provides an
explanation for the equivalance of background and bleaching in elevating threshold,
demonstrated by StiLes and CRAWFORD, (1932) and by CRAWFORD, (1947). Pupil size
changes are here assumed to be the sum of the changes produced by ¥ and those produced
by B. (See derivation in the appendix). This leads directly to:

I 1

D' is the pupil dia. in full dark adaptation and I is the equilibrium intensity of the
uniformly illuminated ganzfeld (in scotopic td). I, a, I, and k are constants all of which
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in principle can be obtained by independent experiments, though technical difficulties make
it practical in the present case to determine only the first two in this way.

RESULTS

The size of the pupil in the steady state is plotted as a function of the logarithm of the
retinal illuminance in Fig. 3. These results are for the same three subjects whose recoveries
in the dark were studied in Fig. 1. The smooth curve through these data is described by
equation (2) and no adjustment of the constants to accommodate individual differences has
been made. The agreement is reasonable enough to suggest that the theory may be along
the right lines.

Pupil digmeter (D) mm
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FiG. 3. The pupil diameter at equilibrium illumination in a ganzfeld for the three subjects

studied in Fig. 1. The results for T.V. (square) are the means of two experimental repetitions,

those for N.O. (circles) are the means of three while those for M.H. (triangle) are from a single

experiment. The smooth curve is described by equation (2) with the constants assigned in the

way described in the appendix. No arbitrary shifting of the data, or adjustment of constants,
has been made in order to adjust for intra individual differences.

DISCUSSION

Figure 1 contains the major finding of this paper, namely that in the dark after a full
bleach of the entire retina, there is a linear relation between the size of the pupil and the
fraction of rhodopsin unregenerated. It is important to emphasize that this empirical rela-
tion is valid only for the limited experimental conditions used here. Reducing either the
amount of rhodopsin bleached or the size of the bleaching area may cause a failure of
equation (1).

Quantitative analysis of the limiting conditions of equation (1) are still to be worked out,
but from the evidence already available, it seems clear that the limitation imposed by
bleaching is the more important. Even as large a bleach as 50 per cent suffices to show a clear
breakdown in equation (1) (OHBA, 1971). On the other hand, the ALPERN and CAMPBELL
(1962a) result makes it apparent that equation (1) will hold equally for a ganzfeld and a
40° centrally fixed field, and NewsoMme’s (1971) recovery curve, after a full bleach of a
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central retinal region 17 x 20° is only slightly fast—reaching the full dark pupil size in
15-18—instead of 30 min.

The agreement shown in Fig. 3 between the results and the theoretical curve is good
enough to regard equation (2) and the theory from which it was derived as an approximate
description of the relation between pupil size and intensity in equilibrium uniform ganzfeld
illumination. But, in at least three ways, the theory is almost certainly an over-simplification.
It neglects: (i) cone contribution to equilibrium pupil size in full ganzfeld illumination;
(i) rod saturation produced by the equilibrium background; and (iii) saturation of the
photopupil response imposed by the limitations of the iris muscles.

The last is only a difficulty at the very highest levels, where the theory breaks downin
any event, because of the transient pupil widening and narrowing in the first minute in the
dark during which time about 15 per cent of the rhodopsin regenerates after a full bleach.
Atequilibrium, a background of about 5-2 log scotopic td bleaches 85 per cent of the thodop-
sin and there is no justification for applying the present explanation at backgrounds at, or
above, these levels.

Rod saturation (AGUILAR and StiLes, 1954) can readily be incorporated in the theory,
but the quantitative changes in the fit by doing so (though they are improvements) are
relatively trivial and it seems unimportant to include them in a theory which attempts only
a first approximation.

There can be no doubt that cones contribute to steady state pupil size if the test field is
small (TeN DoOESSCHATE and ALPERN, 1965). ALPERN and CampBELL (1962b) found the pupil
action spectrum for an 8° field centrally fixed to be the geometric mean of the rod and cone
sensitivities. For even smaller fields (1°), ALPERN and BensoN (1953) found that the direc-
tional sensitivity of the pupillomotor photoreceptors in steady sate foveal viewing was the
same as that of the foveal cones measured psychophysically. For larger fields, this cone
contribution becomes swamped by the rods, so that for a 53° centrally fixed field, the
photopupil response shows little or no sensitivity to the angle of incidence of the light on
the retina (SPRING and StiLES, 1948); and with a full hemisphere illumination, the action
spectrum of the steady state pupillomotor response is that of rods alone (Bouma, 1963).
Thus, in the present case with full ganzfeld illumination, it seems unlikely that we are led very
far astray by a theory which neglects the cone contribution to the steady state pupil size.

Even with these limitations, the agreement between theory and experiment shown in
Fig. 3 suggests that the adaptation processes for vision and photopupillary motion must be
very similar. This is an important inference if true, but a more exact comparison requires
the analysis of pupil responses to flashes of light. This is the subject of the following paper
(Ousa and ALPERN, 1972). There it is shown that the equivalence of bleaching and back-
grounds established psychophysically at threshold for vision is equally valid for the pupil
even several log units above threshold.
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APPENDIX

To predict D the size of the pupil of an eye viewing a full uniform ganzfeld in the steady state, assume
that the constriction due to the bleaching signal AD, and the constriction due to the output of the automatic
gain control AD, add linearly. Hence,

D = D’ — (AD, + AD,). @
To compute AD, we rely on the fact discovered by RusHTON (1961) on the rod monochromat and con-

firmed on the rod monochromat by ALPERN (1971) and on the normal by ArLrerN, RUSHTON and TORRI
(1970) that in the dark after a full bleach, the log threshold is proportional to the fraction of unbleached

rhodopsin.
log AIjAL, = o(l-p), (ii)

in which Al is the threshold at any moment in the dark after a full bleach and Al,, the threshold after full
dark adaptation. In the presence of steady backgrounds, the threshold follows Weber’s Law

Al = F(I + Ip), (iii)

where F is the Weber-Fechner fraction (in seconds); J, the equilibrium background intensity, and Iy, the
dark light of the retina (BArLow, 1957). The concept of the equivalence of bleaching and real backgrounds
(StiLes and CRAWFORD, 1932; CRAWFORD, 1947; RusHTON, 1965) allow us to equate Af in equations (ii)
and (iii). This gives

(1-p) = [log +log(Z +Io)] @iv)

which can be substituted in equation (1) to give

AD, F
AD, = — {loz A + log (I + Ip)}, (v

since AD = AD,.
Finally, we compute the constriction due to the bleaching signal produced by real backgrounds. This is
derived directly from the densitometer measurements of the amount of pigment bleached at equilibrium
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by a steady light of intensity 7. ALpern {1971} showed that the results of such experiments are well described
by the equation

Ip = EwA (vi)
I, is the background intensity which bleaches 50 per cent of the rhodopsin at equilibrium.
When this equation is substituted in equation (1), the result is
AD, = ADy (/U + 1), (vii)
because AD = AD,.
Equation {v) and (vii) can be substituted directly into equation (i} to give the desired relationship
D=D AD[ ! +~1~1 I+ 1 —Lk] 2
- - 3 I + Io a Og o) ¥ H ( )

llog F

where k = AT This is the equation that is used to describe the smooth curves drawn through the
-]

results in Fig. 3.

Assignment of constants. In principle all of the constants in equation (2) can be derived from separate
and independent experiments except D’ {the pupil size in full dark adaptation) which in Fig. 3 has been
given the value of 7-5 mm. However, the precise psychophysical determination of F, Af, and Ip under the
appropriate circumstances (ganzfeld background and test flashes) offers some technical difficulties which
have been obviated by selecting 7, and & in the following way: I, was determined by finding in Fig. 3 the
brightest background which had no obvious effect on pupil size (—1-5 log scotopic td) and that value of &
was then calculated which defined the pupil dia. of N,O. at 1 td.« was measured by RusaToN (1961) and by
ALPERN (1971) on rod monochromats and by ALPERN et af. {1970} on normals. The value of 12 obtained in
the latter two studies is used for the curve in Fig. 3 though it may be somewhat low. Assuming a Weber—
Fechner fraction of 40 msec (AQuILAR and STiLEs, 1954) the calculated value of the absolute threshold in
full dark adaptation would then be 0-0064 scotopic td sec—a high estimate, but perhaps not unreasonably
so in view of the rather large “*dark” light (due, no doubt, to stray light in the room from the monitor of the
pupillometer).

The value of £, = 27,000 td was measured on one of the present observers with the retinal densitometer
and reported in a previous publication (ALPERN, 1971). This has since been confirmed on one of the other

two subjects. AD, is seen in Fig, 1 to be 45 mm.
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Abstracts—-Measurements of pupil size and retinal rhodopsin in the dark after a full bleach
confirm the suggestion of Alpern and Campbell that pupil dia. is linearly related to the fraction
of unregenerated rhodopsin. This provides a transform [equation (1)] which can be used incon-
junction with current ideas of visual adaptation to infer the pupil diameter at any luminance
level (log 7<<5-0 scotopic td) in equilibrium viewing in a uniformly illuminated ganzfeld.
Experimental determinations of such values on three normal subjects are in reasonable accord
with expectation.

Résumé—Des mesures du diameétre pupillaire et de la rhodopsine rétinienne dans Pobscurité
aprés décoloration totale confirment la suggestion de Alpern et Campbell, & savoir que le
diamétre pupillaire est fonction linéaire de la fraction de rhodopsine non régénérée. On
obtient ainsi une équation (1) qui peut étre utilisée conjointement avec les idées classiques sur
Padaptation visuelle pour prédire le diamétre pupillaire & tout nivean de luminance (fog
1 < 5.0 trolands scotopigues), dans Péquilibre devant un champ total de luminance uniforme.
Les déterminations expérimentales sur trois sujets normaux sont en accord raisonnable avec
cette prédiction.
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Zusammenfassung—Messungen der PupillengrdBe und des retinalen Rhodopsins im Dunklen
nach einer vollkommenen Ausbleichung bestitigen die Vermutung von Alpern and Campbell,
daB der Pupillendurchmesser linear vom Bruchteil des nicht regenerierten Rhodopsins
abhingt. Dies fithrt zu einer Beziehung [Gleichung (1)], die in Verbindung mit neueren Vor-
stellungen iiber die visuelle Adaptation, den Pupillendurchmesser mit dem Leuchtdichteniveau
(log 1<5,0 scotopic td) in einem gleichmiBig beleuchteten Ganzfeld in Beziehung setzt. Die
experimentellen Werte dreier normaler Testpersonen stimmen gut mit den erwarteten {iberein.

Pesome—3MepeHns BeMMYAHBI 3payka M POAOIICHHA ceT4aTod 0GOJIOYKM, MOCIE MONHOro
ero obecupeyMBaHMA, MOATBEPKAACT HpeanoNokeHne Anbiepaa 1 Kemnbena, uTo maamerp
3pavKa JTHHEHHO CBA3aH ¢ ¢hpakuHell HepereHepEPOBAHHOTO POLOICHHA. DTO OIpelyCMAaTPHBAET
npeoGpa3osanne [yparuende (1)], koropoe MoXer ObITh HCIIOIB3OBAHO B CBSI3H C IICKTPHY-
€CKO¥ ranoTe30i 3pHTEeNILHON aJanTauyy, I8 TOro YTOOH CAeNaTh 3aKIIIOYeHHE O THAMETpe
3payka npe mo6oM yposHe ApkocTH (log 1< 5,0 ckorom. TPon.) mpu paBHOBeCHH, Babmonae-
MOM B OQHOPOOHO oceeiaeMoM none (ganzfeld). DxcmepmMeHTaNBHBIE H3MEPCHHS 3THX
BEJIHYHH y TPeX HOPMAJIbHAIX JIMI HAXOAWIACH B YIOBJIETBOPHTETHOM COIJIACHH ¢ OXHIae-
MEIMH Pe3y/IbTATaMH.
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