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Abstract. Deformation phosphenes are light sensations evoked by deformation of the eyeball
in total darkness. They were first reported in Western literature by Alcmaeon of Croton in the
fifth century B.C. The phenomenon of deformation phosphenes was instrumental in promp-
ting some pre-Socratic philosophers and Plato to conceive the idea that efferent light is emitted
from the eye for the purpose of vision and a ‘cone of vision’ is formed by interaction with the
external light. In the theories of vision this cone of vision played an important role as a
signal-transmitting structure and was also used by the Greek opticians as a geometrical
construction to explain optical properties of vision.

The impact of the deformation phosphene experiment on the ideas of visual sensation can
be followed from Greek antiquity through the period of Roman dominance and Galen’s
medical teaching on to medieval times and up to the late Renaissance when, based on the
anatomy of the eye as illustrated by Felix Platter, the image formation on the retina was
correctly described for the first time by Johannes Kepler. In the generations following,
deformation phosphenes were still employed as an important argument in defence of the
theories of vision. However, the idea of physical light generated by eyeball deformation was
rejected with increasing frequency during the 17th and 18th centuries. The literature on this
topic is discussed, comprising the contributions of the Arabic philosophers and physicians of
the 9th and 10th centuries A.D., the Franciscan and Dominican philosophers of the 13th
century, Nicolaus Cusanus of the 15th century, several anatomists of the 16th and 17th
centuries, Kepler, Plempius, Descartes, Boyle, Newton and others. After Kepler, the mechani-
cal interpretation of the deformation phosphene being caused by direct action of the eyeball
deformation onto the retina slowly became dominant, and the idea that physical light is
generated in the eye disappeared.

The experimentum crucis in this matter was performed by Giovanni Battista Morgagni
(1682-1771) and repeated and extended by Georg August Langguth (1711-1782). On the basis
of their results, the case for physical light being generated in the eye by deformation was
refuted definitively and slowly vanished thereafter from scientific literature. Deformation
phosphenes were used in the 19th and 20th centuries as an instructive example of the percepts
evoked by inadequate stimulation of a sense organ. J.E. Plrkyne in particular contributed to
the study of deformation phosphenes, and finally in 1978, F. Tyler devoted a careful study to
the differences between monocular and binocular deformation phosphenes. Finally some
remarks on the neurophysiological interpretation of deformation phosphenes, based on
microelectrode recordings of the activity of single retinal ganglion cells, are added to the
historical report.
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1. Introduction

When the eyeball is indented in total darkness, within less than 200 mil-
liseconds an oval or quarter-moon shaped spot of light is perceived in the
part of the visual field corresponding to the indented region of the retina. In
the seconds following, this phosphene extends across the whole visual field
and alters in structure during further eyeball indentation. It is then seen as
irregular large bright spots of light, finely structured moving light grains
(‘light nebula’) and stationary bright stars. Regular geometrical patterns
appear only when both eyes are indented simultaneously [1]. When the
eyeball deformation is released, part of the retina again lights up for another
one or two seconds and curved light lines are seen following the course of
the larger retinal vessels (Fig. 1). In the following we will review the history
of this phenomenon, which played an important role during the first 2200
years of vision theories and in the development of models to explain normal
vision.

2. Pre-Socratic philosophers, Plato and Aristotle

Alcmaeon of Croton (6-5th century B.C.), who was a member of the
Pythagoraean sect and one of the founders of Greek medicine, was the first
to describe mechanical deformation of the eyeball leading to light sensa-
tions. According to Aristotle’s pupil Theophrast of Eresos, Alcmaeon report-
ed that ‘the eye obviously has fire within, for when the eye is struck fire flashes
out’ [2, p.88]. This observation was included in the theory of vision by
another Greek physician, Empedocles (419-430 B.C.), who became famous
for his medical and political success in the Greek colony of Akragas
(Agrigente) in Sicily, but was later exiled by his countrymen. According to
the fragmentary reports on Empedocles’ deliberations, he also developed
distinct ideas on the function of the sense organs including vision [3, p. 342;
2, p. 7-24]. He believed the eye to be composed essentially of the ‘elements’
water and fire. From the observations of deformation phosphenes and the
lighting-up of animal eyes in the dark, he presumably deduced that internal
light generated in the eye is used for the purpose of vision and that the visual
percept is caused by an interaction of ‘external fire’ from the objects regarded
and ‘internal fire’ generated by the perceiving eye [4]. This interaction takes
place either somewhere within the eye or in the extrapersonal space (Fig. 2a),
and follows the general rule of sensory perception postulated by Empedocles
and some of the other pre-Socratic philosophers, that perception is only
possible when the physiological process in the sense organ is similar to the
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Fig. 1. Development of deformation phosphenes after indentation of the temporal side of the
right eyeball at different intervals following indentation (a—c) and after release of eyeball
deformation (d), as seen by one of the authors (O.-J. G.). (e) With simultaneous bilateral
indentation of both eyeballs on the temporal side of the eye a patterned deformation
phosphene is observed, flickering at about 10 Hz. The figure () represents the impression after
about 10 seconds of indentation.

physical signal in the outer world. Other Greek natural philosophers pos-
tulated just the opposite and assumed that perception occurs by contrast
between signal and sensory process [2].

A generation after Empedocles, Democritus of Abdera (460-370B.C.),
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Fig. 2. (a) Interaction-theory of Empedocles: Efferent light is generated in the eye, leaves it,
touches the object and is reflected back to the eye for the purpose of vision. (b) Democritus
modified this interaction theory: Efferent light interacts with the signals from the objects
somewhere in the extrapersonal space between object and eye, where small impressions of the
object are generated in the air [74].

who together with his teacher Leukippos founded Greek materialistic
philosophy, developed more explicit thoughts on the interaction of efferent
and afferent visual signal flow. He believed that the process of visual
perception uses small impressions, called in Greek ‘fypoi’, which are
generated in the air by fine material images (‘ediola’) composed of atoms,
travelling from the objects towards the eye and interacting with internal light
evoked in and leaving the eye of the perceiving subject (Fig. 2b). Thus,
Democritus assumed that perception occurs only when an extrapersonal
interaction of efferent and afferent light has taken place [2].

Although Plato (Athens, 427-347B.C.) disliked the materialistic
philosophy of Democritus, he seriously considered models of vision along
the same lines and developed a more specific theory of vision (Fig. 3) in his
most important book on natural philosophy, ‘Timaeus’ [S, 45b-d]. He
assumed that ‘visual rays’ are emitted from the eye and form by interaction
with the external light a signal-transmitting structure, the ‘body of vision’ or
‘cone of vision’, as it was later called by Euclid and Ptolemy [6). This body
of vision was believed to touch the objects and to be moved by this interac-
tion. The movement is reflected back to the eye, which receives and transmits
it to the brain, inducing mechanisms of visual cognition. In this model of
vision, which was later called ‘synaugia’, perception by touch became the
dominant principle in the models for sensory perception.
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Fig. 3. Plato’s interaction theory: Efferent visual rays are emitted from the eye and interact
with the external light to form the *body of vision’. This body of vision touches the objects.
The results of this interaction are reflected back to the eye [74].

Several generations later, Chrysippos (277-204 B.C.), one of the leading
philosophers of the early Stoa [7], on the basis of Plato’s theory, proposed
the existence of a spatially organized visual cone, having its base at the
objects, its pinnacle in the eye [8, 9]. Chrysippos assumed that perception is
always dependent on active movement directed towards the objects. Only
such an intentionally controlled movement releases ‘pneuma’ from the sense
organs. The idea of a visual cone composed of internal light (visual pneuma,
later called in Latin ‘Spiritus visibilis’) dominated the theories of vision
during Greek and Roman antiquity from the time of Plato to that of Galen
(129-199 A.D.). Aristotle (384-322B.C.) and his pupil Theophrastus of
Eresos (372-287B.C.) were not particularly impressed by the interaction
theory and believed that vision, as perception in general, is mainly a passive
process. In ‘De sensu et sensato’ Aristotle rejected the idea of physical light
generated within the eye and leaving the eye for the purpose of vision. He
was familiar with the phenomenon of deformation phosphenes, but ex-
plained them as ‘self-reflection’ within the eye, caused by its ‘smoothness and
its natural illuminating power’, which could be evoked by eyeball deforma-
tion in complete darkness [4, 437a-b]. From the accounts of soldiers, Aris-
totle also knew that injury to the eye produced the impression of a burning
lamp being blown out, followed by darkness [4, 438b]. This description
leaves open the possibility that Aristotle recognized that an eyeball injury
leads to a short transient increase in light sensation before the ‘darkness’,
just as an oil flame, when blown out, flares up before disappearing.
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Fig. 4. The eclectic modification of the interaction theory by Galen [75]: The spiritus animalis
(pneuma) generated in the brain reaches the eye and leaves it again, altering the air in front
of the eye. By this mechanism the image of the object is diminished (first interaction). This
reduced image reaches the crystalline body (lens), which is sensitized by the pneuma. There
a second interaction occurs, which is then transmitted back to the optic nerve and from there
to the brain [13].

A position similar to that of Aristotle was taken by the Epicureans. In his
‘Letter to Herodotus’ [10] the founder of this Athenean school of philosophy,
Epicurus (341-270 B.C.), wrote that perception is a passive process in its
initial stage, followed by an active recognition mechanism (‘prolepsis’),
which depends on the subject’s experience, but operates only within the
organism and not outside of it. Thus the Epicureans rejected the idea of
efferent pneuma leaving the eye for the purpose of vision.

As mentioned above, the idea of Plato’s ‘synaugia’ was accepted by the
great Greek mathematician Euclid (end of 3rd century B.C.) and the
astronomer Claudius Ptolemy (2nd century A.D.), but from their reports it
is not clear whether they thought that the efferent pneuma represented more
than just a geometrical construction of the ‘cone of vision’ [6]. The ancient
theories of vision, excluding those of the classical theory of optics, were
summarized and discussed by Galen, who thought that the illuminating
pneuma originates in the brain and reaches the eye via the optic nerves. In
‘De usu partium corporis’ he supported an interaction theory similar to that
proposed by Plato and Chrysippos. On the other hand, true to his eclectic
approach to science, Galen also conceded that vision is possible when only
the objects seen emit light directly to the eyes [11, 12, 13] (Fig. 4).

3. Medieval and Renaissance variations on the idea that light is generated
in the eye

The Greek concept of efferent and afferent light interaction as a primary
source in visual perception was still under discussion in medieval and
Renaissance theories of vision [14]. In the early Middle Ages the Arabian
physicians and scientists Hunain Ibn Ishag (808-873 A.D.) and Al-Kindi
(813-873 A.D.) supported the extrapersonal interaction theory but believed
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Fig. 5. (a) Alhazen’s modification of the interaction theory: Efferent signals, the spiritus
visibilis generated in the brain, reach the eye via the optic nerve and interact for the purpose
of vision with the images of the objects formed on the crystalline lens at the site of the pupil.
The modified spiritus visibilis is then sent back to the optic chiasm and from there to the brain.
(b) Nikolaus Cusanus modified the old external interaction theory: The spiritus visibilis leaves
the eye only when attention is cast upon certain objects. After interaction with the object, it
is reflected back to the eye and transmitted via the optic nerve to the cellula phantastica, where
the material spiritus visibilis interacts with the immaterial soul (‘mens’) [74].

that the emission of internal light is strictly dependent on eye movements
[15, 16]. In the next generation of Arab scientists, however, Ibn-al-Haytham
(in Latin Alhazen, 965-1040 A.D.) rejected the external interaction theory
[17]. He developed some new ideas based on the Optics of Ptolemy and the
anatomy of the eye as described by Galen [18, 19]. From the Latin transla-
tion of Alhazen’s main book on optics, one could infer that he believed the
interaction between efferent pneuma and the visual rays from the outside
world to take place in the crystalline lens of the eye. He assumed that the
spiritus visibilis is produced in the brain near the chiasm of the optic nerves
and flows in small vessels through the optic nerve to the retina and within
the retina to the crystalline lens, where it interacts with the object images
formed there by the light of the outside world. Subsequently, the spiritus
visibilis flows back to the optic nerve and through its channels to the chiasm,
where it mixes with the afferent spiritus visibilis of the other eye (Fig. 5a).
Alhazen was convinced of the necessity of this mechanism for correct
binocular fusion. Like Aristotle, he discarded the idea that internal light
leaves the eye. He also argued that efferent light inevitably would disturb the
process of seeing. Recently G.A. Russell [20] studied the Arabic manuscript
of Alhazen’s Optics, ‘Kitab al-Manazir’ and provided convincing evidence
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that Alhazen believed light to be refracted twice within the optics of the eye
and an image formed at the ‘funnel of the optic nerve’, from where the signal
is transmitted to the brain. This leads to the supposition that Alhazen
assumed an interaction of light and visual pneuma in the optic nerve.

Alhazen’s position was supported by Avicenna (Ibn Sina 980-1037 A.D.)
who put forward a simple argument against internal light leaving the eye. If
this theory were correct, he wrote, the presence of many observers would
improve the perception properties of the air surrounding them, since more
visual pneuma would be released into the extrapersonal space. Evidently,
this could be refuted empirically and Avicenna therefore rejected Plato’s
interaction theory [21, 22].

Among the famous philosophers of the 13th century, Robert Grosseteste
(ca. 1168-1253), Chancellor of the University of Oxford and later Bishop of
Lincoln, supported the idea of internal light leaving the eye for the purpose
of vision. Grosseteste wrote: ‘One should not assume that the emission of rays
from the eye is only apparent and without reality. This is the opinion of those,
who know parts, but do not consider the whole. One should understand that the
visual species emitted from the eye is a substance which illuminates similarly
as the sun. These emitted rays complete the act of vision when they join those
from the objects of the extrapersonal space’ [23, p. 72-73]. He considered light
to be the elementary substance of the world and consequently to have a
metaphysical function far beyond vision.

The most important follower of Robert Grosseteste within the next
generation of Oxford Franciscans was Roger Bacon (1214-1292). He was
not only interested in scientific experimentation but was also well-read in
Greek and Arabic medical texts. He rejected Alhazen’s model of vision, the
concept of higher activity with a physiological mechanism inside the eye, but
emphasized the Platonic teaching of pneuma and that a special vital ‘species’
i.e., a signal, is emitted by the eyes and reaches the objects of vision [24]. He
believed that “The species of the things of the world are not suited to act
immediately and fully on sight because of the nobility of the latter. Therefore
these species must be aided and excited by the species of the eye, which
proceeds through the locale of the visual pyramid, altering and ennobling the
medium and rendering it commensurate with sight, and thus it prepares for the
approach of the species of the visible object [itself], so that it is altogether
conformable and commensurate with the nobility of the animated body, i.e., the
eye.’ [24, p. 52].

Albertus Magnus (1197-1280), the great teacher of the Dominican order,
also reported that light is seen during eyeball deformation, but rejected the
idea of light leaving the eye. This was not the only scientific dissent regarding
the function of sense organs between the English Franciscans and the
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continental Dominicans of that time. Albert wrote: *. . . A certain sensation
appears in the eyes in darkness, either when they are compressed from outside
or suddenly beaten: then a lightening fire is generated in the eye and it would
not light up inside if it would not be inside’ (25, Quaestio XX, ad. 11). As a
possible interpretation of the deformation phosphenes Albert discussed:
‘... that the cause is the transluminance [claritas] of the spiritus visibilis,
which extends in itself by the bending or beating [of the eye]. Therefore a
luminous variation appears in the rear of the eye . . " [25, Quaestio, XX, ad.
11].

Albert conjectured furthermore that the spiritus visibilis interacts with the
form of the visual images inside the eye, most probably at the site of the
crystalline lens (Fig. 5a). Only in the case of some nocturnal animals, such
as cats and wolves, did he still believe that light is generated inside the eye
and might leave it for the purpose of vision [25, Quaestio XIX].

The Parisian Jean Buridan (1295-1358), one of the leading nominalistic
and aristotelian philosophers of his time, while commenting on Aristotle’s
book in his ‘Quaestiones super librum de sensu et sensato’, mentioned that the
appearance of phosphenes does not support the idea of efferent light and the
Platonic interaction theory. He argued, as Alhazen, that light generated in
the eye would be permanently visible for the observer and would therefore
interfere with normal vision. Buridan wrote on deformation phosphenes:
‘... but when the eye is struck it [the light] is bent inward and thus one part
reflects light into another part [of the eye] and vice versa; therefore one part
perceives ‘lux’ through ‘lumen’ reflected by the other part’ [14, p. 135].

Despite the strong arguments against emission of internal light, this
hypothesis still had supporters during the 15th century. Nicolaus Cusanus
(1401-1464), for example, a philosopher, mathematician and church
politician of great repute, presented a variant of the old interaction theory
in his books ‘Compendium’ [26] and ‘Liber de mente’ and a generalization
thereof for the other senses: ‘Because the spiritus is an instrument of the
senses, the eyes, the nose and the other sense organs can be considered to be
windows through which the spiritus has its exit for the purpose of perception’
[27, p.257].

Cusanus believed that two arteries transport a highly movable type of
spiritus visibilis to the eye, which then leaves the eye and hits the objects in
the extrapersonal space. Thereafter the spiritus visibilis is reflected back to
the eye and, after some refinement, reaches the cellula phantastica of the
brain via the optic nerve. Cellula phantastica was the name for the lateral
ventricles of the brain, the place where Cusanus believed the immaterial soul
‘mens’ to be aroused by an exchange of information ( phantasma) with the
very fine, but material spiritus visibilis from the eye. The result of this



66

exchange is transmitted to the third cerebral ventricle in the middle part of
the brain, the cellula rationis, thought to be the seat of the immaterial,
rational argumentation and insight. In accordance with ancient Stoic teach-
ing, Cusanus supported the idea that the generation of spiritus visibilis has
something to do with motor acts, i.e., the emission of the spiritus visibilis
depends on spatially selective attention being directed towards the object one
wishes to see (Fig. 5b).

4. Further modifications of Alcmaeon’s and Plato’s hypothesis on
deformation phosphenes and the development of a new theory of vision
based on Renaissance anatomy

Towards the second half of the 16th and the first half of the 17th centuries,
the field of anatomy advanced considerably and the body of information on
the structure of the sense organs gained in empirical foundation. Improved
knowledge of eye structures also led to gradual changes in their functional
interpretation. The anatomist Girolamo (Hieronymus) Fabricius ab Aquapen-
dente (1537-1619), who taught at the University of Padova, gave a fairly
correct description of the anatomy of the eye in his tractate ‘De actione
oculorum’ and rejected the idea of light emitted from the eye. He took the
cone of vision only as a geometrical construction to explain why vision with
one eye is restricted to a certain part of the extrapersonal space. He con-
sidered the retina to be the light-sensitive structure, but finally opted for the
old dogma that the crystalline lens is where the image is transformed into a
physiological process [28, p.203fT; 29].

The great clinician and anatomist from the University of Basel, Felix
Platter (Plater, 1536-1614), deeply impressed by the ‘new anatomy’ of
Andreas Vesalius, described the anatomy of the eye somewhat more realistic-
ally than Fabricius, depicted the lens in its proper position and drew the
curvature of its surfaces correctly [30, 31]. Platter’s anatomy of the eye was
adapted by Caspar Bauhin (1560-1624), who in 1589 became professor of
anatomy at the University of Basel, but in Bauhin’s books ‘De corporis
humani fabrica, libri IV’ [32] and ‘ Theatrum anatomicun’ [33, p. 706fT, Tab
XIX] the Galenic tradition, that the crystal lens is the sensitive organ for
vision, was still supported. The older Felix Platter, however, was more
progressive and attributed this function to the retina, but he still did not
understand the image formation on the retina correctly.

Based on the anatomical findings and speculations of Platter, the famous
Suebian astronomer Johannes Kepler (1571-1630) was finally able to reject
the age-old concept that the transductive mechanisms between external light
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and physiological processes are located in the crystal lens of the eye. In his
book ‘Paralipomena ad Vittelonem. . .’ in 1604 Kepler, applying the laws of
refraction by optical surfaces, proposed that an inverzed image of the object
is cast onto the inner surface of the retina and assumed that this structure
is also responsible for the transduction of external light into a physiological
process, which is then transmitted by the optic nerve to the brain [34, 35].
Kepler also deliberated over a new explanation for deformation
phosphenes. He maintained that the mechanical irritation of the iris by
eyeball deformation induces sparks which stimulate the retina. Thus, he still
believed that ‘physical’ light is generated in the eye during the perception of
deformation phosphenes, but as the source of this light he selected a struc-
ture in the eye not directly involved in the process of vision. His arguments
for light generation in the iris by eyeball deformation were rather indirect:
‘the light can impossibly have its seat in the moistures of the eye [i.e., crystal
lens and vitreous body], because then it would disturb the process of vision’
[35, 36, 37].

Kepler’s contemporary, the Jesuit Father Christoph Scheiner (1579-1650),
followed the idea that during the perception of deformation phosphenes
physical light is generated in the eye, but he believed it to be produced in the
crystal lens and normally too weak to be seen. Only when the mechanical
stimulation releases a large amount of this internal light, as in the case of
deformation phosphenes, can it be seen. Scheiner performed several impor-
tant experiments in visual psychophysics and also gave a detailed descrip-
tion of deformation phosphenes, observing the correlation between the
position of the phosphene in the visual field and the site of the retina
indented: ‘The appearance [of the phosphene] is round. But if the pressure is
stronger the perceived light extends and finally takes an elliptic form. One
always perceives it on the opposite side [in the visual field] to where the eye is
deformed. The spark is mainly to be seen in the darkness, independent of
whether the eyelids are closed or open. But one perceives it even by day and
with open eyes, especially near the angle of eye. The whole appearance consists
of a gleaming border, it is then in the middle dark and nearly black’ [38, p. 238].

Accordingly, Scheiner contributed three new ideas to the traditional
description of deformation phosphenes:

a) deformation phosphenes depend on the amount of pressure exerted onto
the eye;

b) phosphenes evoked in darkness differ from those seen in light;

¢) the initial phosphene is perceived opposite the site of deformation, an
observation corroborating Kepler’s concept of functional reversion of
the retina.

Scheiner believed that the internal light illuminates the crystal lens and

the age-old concept that the transductive mechanisms between external light
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this illumination is reflected to and perceived by the retina. Like Kepler, he
assumed that the phosphenes are a kind of real light and are caused by
mechanical processes within the eye. In the opinion of both, however,
intraocular light was a curiosity rather than anything of great importance to
the process of normal vision.

Kepler’s description of image formation in the eye only gained slow
acceptance among the anatomists of his time, despite the fact that he based
his theory on the anatomical figures of Felix Platter and had collaborated
with the anatomist Johannes Jessen (1566-1621) of Prague during his years
as Habsburg court astronomer and astrologer of Wallenstein. In 1632, for
example, the Dutch anatomist and physician Plempius (Plemp) published a
book ‘Ophthalmographia’, in which he mentioned Kepler’s ‘Dioptrice’ but
was hesitant to introduce the ‘teaching of the mathematicians’ into medicine.
He attributed the idea of the retina being the organ of light sensation to
Fabricius ab Aquapendente [39], but most likely did not understand the
constructions of the dioptrics of the eye published a quarter of a century
before by Johannes Kepler. Vopiscus Fortunatus Plempius (1601-1671) is
known to posterity as a correspondence partner of Descartes on the matter
of perception and on Harvey’s concept of blood circulation. He was trained
in Leyden, Padova and Bologna and taught from 1633 as professor at the
Faculty of Medicine at Loewen. Plempius was a convinced Aristotelian,
opposed heavily to the spread of Cartesian ideas at the university [40]. In his
‘Ophthalmographia’ he devoted a full chapter to phosphenes. Under the
heading ‘What is the cause for our incidental perception of flashes or moving
sparks in the eyes? he described phosphenes visible when the eye is pressed
or rubbed [39, p. 237-240]. He also mentioned phosphenes seen during fast
saccadic eye movements in the dark and was well acquainted with the
traditional ideas on phosphene generation. He rejected Scheiner’s
hypothesis that physical light is generated inside the eye and assumed that
the light sensations caused by eyeball deformation are evoked by a change
in the flow of the spiritus visibilis in the eye: Due to the mechanically
increased speed of the spiritus the latter is ‘inflamed’. He believed that the
same phenomenon also occurred by a chemical process caused by additional
gases (‘vapores’) mixed to the spiritus by the mechanical forces during
eyeball deformation. Thus Plempius favoured a mechano-chemical
hypothesis of phosphene generation. He emphasized that this internal ‘ig-
nition’ is relatively mild. Therefore phosphenes are not seen when the
deformed eye looks simultaneously at a bright external light, which is then
believed to mask the ‘glare of the spiritus’ in a similar manner as the light of
the sun masks the light of the stars during the daytime.

Kepler’sidea on the dioptrics of the eye and vision in general undoubtedly
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had some impact on René Descartes (1596-1650). In his books ‘Dioptrique’
[41] and *Tractatus de homine’ [42] Descartes accepted Kepler’s construction
of the inverted retinal image. He believed that light acting on the retina
exerts a direct mechanical influence on the optic nerve, being transmitted
according to the laws of mechanics by means of small fibers located inside
the tubular nerve channels to the central projection regions of the optic
nerve. As Leonardo da Vinci (1452-1519) a century before [43, Codex D,
folio 5 recto], he assumed the latter to be located along the walls of the
lateral ventricles of the brain and explained the deformation phosphenes
according to this mechanical model:

‘.. . remember those whose eyes will be beaten. They believed to see light
flashes, although their eyelids are closed or they are in a dark room.
Therefore the origin of this sensation can only be the power or the blow on
the eye, which moves the small fibers of the optic nerves equally as light does’
[41, p.31].

With these remarks Descartes clearly rejected, as Plempius at that time,
the idea that physical light was generated within the eye. A similar position
was taken by the English chemist Robert Boyle (1627-1691), who described
deformation phosphenes in his book ‘ Experiments and considerations touch-
ing colours’ [44]. He also believed that external light acts on the retina by
means of mechanical interaction:

‘But I will rather observe that not only when a man receives a great stroke
upon his eye or a very great one upon some other part of his head, he is wont
to see, as it were, flashes of lightning, and little vivid, but vanishing flames,
though perhaps his eyes be shut; but the like apparitions may happen, when
the motion proceeds not from something without, but from something within
the body, provided the unwanted fumes that wander up and down in the head,
or the propagated concussion of any internal part in the body, to cause about
the inward extremities of the optic nerve, such a motion as is wont to be there
produced, when the stroke of the light upon the retina makes us conclude,
that we see either light or such and such a colour’ [44, p. 671-672].

It is not clear what Boyle meant precisely by ‘fumes’, but it is evident that
he followed, in general, the mechanistic concepts of Plempius and Descartes
and did not support the old hypothesis of physical light evoked by mechani-
cal eyeball irritation. As another example of visual sensations evoked by
mechanical irritation of the eye, Boyle mentioned phosphenes seen during
a fit of coughing.
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Similarly, the Cartesians of the generation following Descartes usually
explained the deformation phosphenes by mechanical irritation of the
retina. Johannes Clauberg (1622-1665), for example, who was the most
active promotor of Cartesian thought in Germany and as professor of
philosophy taught at the University of Duisburg during the last decade of
his life (45), assumed that the light perceived on mechanical irritation or
injury of the eye is caused by a mechanical activation of the spiritus visibilis
inside the retina, which is then transmitted into the brain. There, he believed,
the essential mechanisms of perception occur. Since Clauberg was a strict
occasionalist who postulated psychophysical parallelism without any causal
connections between body and soul (‘mens’), he believed that the unusual
activation of spiritus visibilis by eyeball deformation is automatically paral-
leled by a corresponding light sensation of the immaterial soul. He com-
pared the activation of the spiritus visibilis in the eye by mechanical irrita-
tion with the similar ‘turbulence’ of the spiritus occurring inside the brain
during the state of vertigo [46, p. 196].

The French Cartesian Nicolas Malebranche (1638-1715) discussed defor-
mation phosphenes, applying a strict occasionalistic interpretation: ‘Due to
the pressure exerted onto the eye, one perceives light, despite no illuminated
body being present. This is caused by the pressure exerted by the finger onto
the eye and therefore also onto the brain . . . The light one perceives, is a
property of mental activity and as a consequence is only found in this
sphere. . .’ [47, p. 94-95]. Malebranche pointed out that the light is not seen
at the site where the eyeball is indented, but in the extrapersonal space
opposite. He explained this by the assumption that ‘the pressure of the finger
on the left [indented] side of the eyeball has the same effect as an illuminated
body seen on the right side . ..’ [47, p.95]. Malebranche applied Kepler’s
idea of the inverted retinal image to explain the localisation of the deforma-
tion phosphenes, whereby his arguments were deduced from the ‘divine
laws’, ‘which were arranged by God to save in his design (of the organism)
complete unity’ [47, p.95].

Thomas Bartholinus (1616-1680), professor of anatomy at the University
of Copenhagen, wrote a comprehensive monograph on the importance of
light in men and animals [48]. He discussed extensively older reports on light
believed to be emitted from the eyes of men, especially those of great
political repute, such as the Roman emperors Augustus or Tiberius, and
described meticulously ways of eliciting deformation phosphenes: ‘It is true
without doubt that when the eyes are pressed near the angle of the orbit that
even in total darkness, whenever the indenting finger moves, a real light lights
up. It disappears when the eyelids are moved away and reappears when the
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eyelids are pressed [towards the eyeball]. I can confirm from my own experi-
ence that everybody can perceive this light in his eyes when he follows this
procedure. It is certain that by slight compression [of the eyes] only mild light
is evoked. Yet the stronger one presses, the stronger the fist is moved to the
eyes, the stronger light scintillations appear, in the same manner as sparks are
evoked when flintstones are struck against each other. . .’ [48, p. 109]. Bart-
holinus, however, still believed that some animal eyes, like those of cats, can
emit real light in the dark for the purpose of vision [48, p.249-250].

In the second half of the 17th century in his book ‘Ophthalmographia’ [49]
the English physician and ophthalmologist William Briggs (1642-1704)
continued to defend the old idea of ‘real’ internal light generated in the
eyeball by deformation. He believed that the spiritus visibilis acts within the
retina, begins to gleam when the eyeball is deformed and stimulates the
retina in a way similar to natural light projected from the oustide world.
With this hypothesis Briggs contradicted Kepler and Scheiner, as he could
not understand how a liquid structure such as the lens could generate light
when pressure acted on it.

Towards the end of the 17th century the mechanical model of deforma-
tion phosphenes became clearly dominant. Isaac Newton (1643-1727) also
rejected the idea that physical light is generated by eyeball deformation. In
book 3, part I of his ‘Opticks’ he wrote in Quaerie 16:

‘When a man in the dark presses either corner of his eye with his finger, and
turns his eye away from his finger, he will see a circle of colours like those
in the feather of a peacock’s tail. If the eye and the finger remain quiet these
colours vanish in a second minute of time, but if the finger be moved with a
quavering motion they appear again. Do not these colours arise from such
motions, excited in the bottom of the eye by the pressure and motion of the
finger, as, at other times are excited there by light for causing vision? And
do not these motions once excited continue about a second of time before
they cease? And when a man by a stroke upon his eyes sees a flash of light,
are not the like motions excited in the retina by the stroke? ... And
considering the lastingness of the motions excited in the bottom of the eye
by light, are they not of a vibrating nature? [50, p.347].

Accordingly Newton’s explanation of deformation phosphenes avoided
the hypothesis of gleaming animal spirits. He preferred to defend the direct
transduction from mechanical vibration of the retina into sensation rather
than to follow Brigg’s speculations.
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5. The experimental refutation of the idea that physical light is generated
in the deformed eye

It is evident that with Kepler’s concept of the inverted image which is
transformed in the retina into a physiological process, a theory of vision no
longer required the hypothesis of light generated in the eye. Nevertheless,
the deformation phosphenes remained an interesting phenomenon for those
discussing the elementary mechanisms of vision. The phosphene was still
interpreted as a kind of ‘activated’ internal light and thus became a link
between new theories of vision in the 17th century and the traditional
interpretations. The reason for this was the limited use of Kepler’s theory of
vision by himself, by Scheiner and by Briggs. A consistent application of
Kepler’s image formation theory was performed by Descartes and his
successors and by Newton. Their concept of a mechanical process underly-
ing all sensation, applied to the theory of vision, became a plausible explana-
tion for the phosphene, replacing the older theories.

The final experimental refutation of the age-old postulate that physical
light is generated in the eye by eyeball deformation or blows to the eyeball
did not come about until the beginning of the 18th century. It was Giovanni
Battista Morgagni (1682-1771), one of the leading Italian anatomists of his
time, who furnished the experimental evidence to directly reject the genera-
tion of physical light within the deformed eye. In his ‘Adversaria anatomica
omnia’ [51] he devoted one chapter to ophthalmology in which he also
discussed the deformation phosphenes. He sided with William Briggs
against Christoph Scheiner and pointed out that pressure exerted on the
cornea and transmitted directly to the crystal lens could not be the cause of
any light sensation. Similarly, he opposed Kepler’s view that the iris could
generate light. Morgagni also observed that deformation of the eyeball on
two sides leads to two phosphenes:

As I observed repeatedly it is certain that no light appears when the cornea
is pressed. When, however, the region near the cornea is deformed, light
appears immediately in the shape of half an annulus. Deformation a little
Sfurther away produces a light annulus. If during the same time two regions
of the eyeball are deformed, two light rings appear immediately. When,
however, the pressure is exerted not only with the finger tips but with the
whole finger, the light takes on an elliptic form. Applying instead of the
finger a much smaller round body, such as the head of a needle, the light ring
is much smaller. It always appears on the side [of the visual field] opposite
that indented’ [51, p.92].

Morgagni believed that the phosphenes are caused by ‘stretch of the fibers
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of the tunica retiformis’ [i.e., the retina] and assumed that by these ‘vibra-
tions, the animal spirit is affected as it is by the rays of light.’ Finally with the
help of an assistant he performed a simple and elegant experiment in a dark
room, demonstrating that no light is generated by mechanical irritation of
the eyeball. When Morgagni deformed his eye with his finger and perceived
bright phosphenes, the other person was asked to see whether light leaves
Morgagni’s eye, but ‘even when he observed extremely carefully and very
bright light appeared to me [Morgagni], he could never observe any light by
himself® [51, p.93]. From the outcome of this expeirment and his previous
experimental observations, Morgagni concluded that deformation in excised
eyes did not produce any light and that the phosphenes are entirely subjec-
tive. As an explanation for their existence he assumed a mechanical irritation
of the spiritus visibilis. Morgagni performed his deformation phosphene
experiments not only out of theoretical interest but also with practical goals
in mind. He believed that the apparition of the light cycle caused by eyeball
deformation in the dark can be taken as an indication of normal retinal
function. Thus he argued that a pressure phosphene seen by patients suffer-
ing from cataract of the lens is a positive prognostic criterion for the
ophthalmic surgeon: when he removes the opaque crystal lens, the patient’s
chances of regaining his vision are fairly good [51, p.94].

Morgagni’s publication came into the hands of Georg August Langguth
(1711-1782), a German physician working at that time at the famous
University of Wittenberg. He had taught anatomy and botany there since
1742 and held a chair in both since 1747. His bibliography contains nearly
70 papers, dealing mainly with surgical topics. His dissertation ‘De luce ex
pressione oculi’ [52] was published in 1742 when he became a member of the
medical faculty.* This paper seems to be Langguth’s only contribution to
sensory physiology.

In the introduction to his essay, Langguth wrote that he perceived the
phosphene for the first time by chance, but before setting up his experiments,
he was evidently also acquainted with Morgagni’s description of the
phosphenes in ‘Adversaria anatomica omnia’. Langguth performed his ex-
periments in an absolutely dark room and deformed his eyeball with a finger
or an ivory ball the size of a pea mounted on a small stick. He described how
the phosphene ‘always appears opposite the deformation site’ [52, p.1V]. To
find out whether physical light is generated in the eyeball by the deforma-
tion, he observed his deformed eye in a mirror in the dark and tried to see
whether in addition to the phosphene he could discover light appearing at

* One copy of Langguths ‘De luce ex pressione oculi’ is extant at the Herzog August
Bibliothek, Wolfenbiittel.
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the spot where he believed he should see his pupil. Finally he repeated
Morgagni’s experiment:

‘A friend, who became curious about these phenomena . . . visited me in the
dark room. I briefly explained to him what I was doing. The doors were
closed and 1 asked him to observe my eyes very closely. While I was
perceiving the small lights [i.e., the deformation phosphenes] he was not
able to observe any small flashes or oscillating lights. Thereafter he per-
Sformed the same experiment by himself according to the same rules, ex-
perimental procedure and design. He was asked to confirm whether light
appears to him immediately by pressure on the eye. I, however, could not
discover any light leaving his eyes. Later I performed this experiment
repeatedly, always with the same result; in the middle of the night or when
I was lying horizontally, early in the morning when I awoke from sleep
before sunrise. Even when I covered one eye for the whole day and occluded
[during the experiment] the other eye with the hand, the described pressure
on the eye led to the same effect. Similarly, when I opened one eye, observed
the normally illuminated objects, closed the other eye and pressed on it, the
same light sensations appeared, but somewhat weaker’ [52, p. VI].*

Langguth explained his observations by a rather traditional model of
vision: the image of the object affects the retina and alters immediately the
spiritus animalis. This alteration is transmitted to the brain by the spiritus
flow and activates the immaterial mind within the brain, which directs its
attention to the object. The action of the spiritus animalis in the retina is
governed by certain chemical processes. He applied the same idea to explain
the appearance of the deformation phosphenes:

‘The particles at hand [of the animal spirit] are gathered together and
somehow mingled with the liquid, oily, most subtle fluids. The eyelid is held
very slightly away from the eyeball by mechanical pressure, when the eyelids
are firmly closed and a vacuum is generated. This causes the flash of light
to appear’ [52, p. XII1].

Langguth’s physico-chemical hypothesis of the deformation phosphenes
is not very clear. Apparently he thought that mechanical pressure would
lead to an interaction of the retina and the vitreous body at their contiguous
surfaces. This would change some properties of the vitreous body, which are
transmitted to the spiritus animalis in the retina.

* German translation of Langguth’s ‘dissertatio’ in Hagner 1987, p. 132-142.
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Morgagni’s and Langguth’s observations and explanations could be con-
sidered a modification of Plempius’ and Decartes’ mechanical theory on
pressure phosphenes, although both did not mention either of them. Lang-
guth only referred to those authors whose names he had read in Morgagni’s
book. Somewhat unjustly he criticized the theory of Kepler, Scheiner and
Briggs, mentioned above, and was convinced that their explanations of the
pressure phosphenes had not advanced the comprehension of this
phenomenon [52, p.XIV]. On the other hand, he developed a stringent
mechano-chemical theory, whereby he was aware of the fact that his
theoretical assumptions were rather speculative.

In a quite amicable manner Morgagni mentioned Langguth’s experiments
in his major opus ‘De sedibus et causis morborum’ [53, 54]:

‘My profound wish was to read the thoughts of the most admirable Mr.
Georg August Langguth. In his dissertation on the light apparition, he not
only affirmed my statements but also confirmed them with his own experi-
ments. Accordingly, when one would explain in particular and not in general
that which we both observed in the same question and especially that which
he performed with a friend, one would easily recognize which of the two
premises are most suitable’ [54, p. 598].

Comparing Langguth’s and Morgagni’s studies on the deformation
phosphenes, one empirical step forward has been made in the report of the
former: He refers to the fact that in principle, pressure phosphenes do not
change during the course of dark adaptation. We repeated these dark
adaptation experiments and could confirm Langguth’s observation: The
pressure phosphenes appear to be about the same, whether in a photopic-
adapted retina within the first minute after the light is turned off or under
scotopic adaptation conditions after the subject has remained for one hour
in a totally dark room [55].

6. The discussion of deformation phosphenes in the physiological literature
of the 18th, 19th and early 20th centuries

Morgagni’s and Langguth’s explanation of the deformation phosphenes and
their rejection of the idea of physical light generated in the eye were accepted
by the physiologists of following generations. Soon their names no longer
appeared in the textbooks, only their experiments and results. Herman
Boerhaave (1668-1738), the eminent clinician from the University of
Leyden, mentioned the deformation phosphenes in his textbooks on vision
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and the disease of the eye [56]. He described phosphenes on different
occasions, attributed them to mechanical irritation of the optic nerve, and
observed light sensations not only when the eye was directly indented but
also affected by other mechanical forces: ‘Whenever we sneeze in darkness or
cough, we can perceive light sparks, and the same is true when someone hits
against our head or the eye . . . This is no real light but only a change in the
shape of the eye together with the compression of the optic nerve or the retina,
and these changes produce the same sensation of light, which normally are
evoked by the refracted light beams. Whenever the optic nerve is moved as it
is moved by the light, independent of which cause moves it, the same impression
of light is evoked . . .’ [56, p.121]. Boerhaave mentioned that when infec-
tions or other diseases affect the eye, light sensations are particularly easy to
evoke by pressure on the eye in total darkness. He considered this
phenomenon as a bad sign for the prognosis of the disease, indicating the
danger of total blindness. Boerhaave rejected the traditional idea that cats,
horses or other animals emit light from their eyes in the dark for the purpose
of vision. It was evident to him that in total darkness the only advantage
these animals had over man was that their pupils could dilate more so that
the retina could catch more light from the surroundings [56, p. 193].

Boerhaaves pupil, the Swiss-born A/brecht von Haller (1708-1777), pro-
fessor of anatomy and physiology at the University of Gottingen, who
became famous in the neurosciences because of his intensive discussion on
the sensibility (sensibilitas) of the nerve and the irritability (irritabilitas) of
the muscles, devoted a small chapter of his eight-volume Physiology Hand-
book to the phosphenes [57]. He followed Boerhaave in emphasizing the
effect of mechanical pressure exerted on the retina by eyeball deformation
and conjectured that physical light also causes mechanical pressure on the
retina. Therefore the same percept, namely light is evoked: ‘Iz is . . . a useful
dogma that our soul cannot discriminate equal percepts and attributes the
[perceptual] consequences of an unknown cause to another, better known
cause, as soon as the effects are identical. Therefore the pressure on the retina,
which is generated by external light, seems to us more familiar than the
pressure caused by a hard, non-luminous object. Since pressure is pressure the
soul believes [when perceiving deformation phosphenes] that light is acting on
the retina . . .’ [57, p. 1041]. Haller mentioned the experiments of Morgagni
and Langguth and supported the idea that no physical light is generated
when the eyeball is deformed [57].

As an example of the discussion on phosphenes in the textbooks of
physiology of the early 19th century, we wish to mention Johann Heinrich
Ferdinand Autenrieth’s ‘Handbuch der empirischen Physiologie’ [58]. Auten-
rieth (1772-1835) taught as professor of medicine at the University of
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Fig. 6. Serre d’Uzéz published this figure in his ‘Essai sur les phosphenes’ [59]. This illustration
demonstrates the quarter-moon phosphene which appears at the contralateral side to the
indentation site. Serre d’Uzez summarized his observations schematically: The central part of
the figure represents the pupil and the iris, the filled circles the site of indentation, the size of
these filled circles the strength of local eyeball deformation, and the quarter-moons the
phosphene seen in the visual field opposite the respective indentation site.

Tiibingen and was one of the protagonists of empirical medicine during the
outgoing period of enlightenment and the beginning of romanticism in
Germany. In his handbook chapter on vision he also described phosphenes
and analysed the light and dark (‘black-bluish’) components of the deforma-
tion phosphenes, arguing that the bright parts are caused by retinal excita-
tion, while the dark parts indicate retinal suppression (‘ Lihmung’). Without
mentioning Morgagni and Langguth he reported the results of their experi-
ments as proof that no physical light is generated during eyeball deforma-
tion [58, Vol. II, p. 191].

The name ‘phosphene’ was first coined in 1838 by the French physician
Savigny [13], and the first extensive review on deformation phosphenes was
published in 1853 by the French physiologist Serre d’Uzéz [59]. He had also
performed detailed experiments on pressure phosphenes in which the
relationship between site and strength of eyeball deformation, on the one
hand, was carefully determined and on the other, the shape and localization
of the phosphene in the visual field. In Fig. 6 his findings are summarized.

One of the leading sensory physiologists of the first half of the 19th
century, the Bohemian Jan Evangelista Pirkyne (1787-1864), professor of
physiology at the Prussian University of Breslau (now Wroclaw, Poland)
and later at the University of Prague, also conducted extensive investiga-
tions on deformation phosphenes [60]. The first study of Pirkyne on the
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Fig. 7. Selection of deformation phosphenes as observed by J.E. Purkyne [61, 68]. For further
explanation see text.

‘Druckfigur des Auges’, as he called them, was published in his doctoral
thesis [61]. He described the subjective light sensations evoked by deforma-
tion of the eyeball on the side of the cornea. Immediately after the onset of
pressure he observed a ring of light consisting of small light or dark squares
and a round dark hole in the middle. When the pressure was maintained, the
hole became filled with bright lines and the size of the ring increased (Fig.
7a-d). Within a few seconds the phenomenon was transformed into a larger
ring of light, whereby a luminous central structure became visible (Fig. 7e).
As soon as the deforming pressure was released, the central structure disap-
peared, but the ring was still visible for a few seconds (Fig. 7f). Purkyne
noted the variability of the ‘Druckfigur’ when he repeated the experiment. In
some cases he also observed patterned visual structures as shown in Fig. 7g
and k and light nebula superimposed by bright stars (Fig. 7h). When the
pressure was relieved, he noted fragments of the figure of retinal vessels (Fig.
7).

In addition to the deformation phosphenes Purkyne also observed short
phosphenes during large saccades:
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If I cover the eye well and move it fast and with some force towards the outer
corners of the orbit, a large luminous ring appears on the outer side of the
dark field of vision’ [61, p.26] (Fig. 7i). He concluded that this light is
caused by the sudden stretch of the optic nerve, which produces ‘in the
substance of the nerve electrical antagonistic processes causing the develop-
ment of light . . " [61, p.27].

In his second book on vision in 1825 Purkyne extended these studies. He
described how he could observe weakly illuminated phosphenes of al elliptic
shape in a totally dark room when he pressed his eyelids tightly together and
then suddenly relaxed them. In contrast to most reports, Plirkyne, who was
an extremely careful and skilled observer, repeatedly saw patterned
phosphenes during the deformation of one eye (Fig. 7g and k). Such pat-
terned phosphenes normally are only visible when both eyeballs are
deformed simultaneously [1]: A few seconds after binocular eyeball deforma-
tion, in addition to the phenomena known from monocular deformation,
the patterned phosphene appears. Square-shaped or rhomboid structures in
a regular formation and increasing in size from the center of the field of
vision to the periphery appear to flicker at about 10 Hz. In between these
flickering patterns very bright non-flickering small stars of a slight bluish
colour appear together with some small dark bands extending from the
center of the visual field radially to the periphery. These binocular deforma-
tion phosphenes are shown in Fig. le as they appeared to one of the authors
(O.-J. G.). We explored this phenomenon in many subjects, most of them
inexperienced and uninformed with regard to phosphenes. In all subjects
periodic geometrical patterns as shown in Fig. le were described but the
details of the light-dark patterns varied from subject to subject [62].

We became curious of course as to why Puirkyne’s reports should deviate
from those of most subjects, in which pattern phosphenes only appeared
during binocular eyeball deformation. The hypothesis was put forward that
Purkyne had an amblyopic eye and poor binocular integration [60]. Indeed
we could find some biographic evidence that this was the case [63]. Purkyne
was therefore very cautious in describing binocular phenomena of vision.

Despite the fact that all physiologists towards the end of the 18th century
were in agreement that eyeball deformation only evokes subjective light and
not physical light, the belief that efferent light from the eye could illuminate
the extrapersonal space lived on in the public mind as well as in the concep-
tions of some medical doctors. In 1834 Johannes Miiller reported on such
a case, which was analysed by a Hofrath Seiler, specialist in forensic
medicine: ‘The question whether the human eye can see in the dark due to
emission of subjective light was analysed in a forensic medical examination. A
dignified priest had been robbed on a dark night by two men and his right eye
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hit by a stone. “In the same moment light similar to electrical glare or the
illumination caused by summer lightning was emitted from his eyes. He
could therefore distinctly recognize the culprit.” Hofrath Seiler, who was
asked to decide on the question, did not directly support this statement, since
analogous cases were lacking. However he considered it as a possible argu-
ment, because some men and animals can see in the dark (which only proves
that they have a sensitive retina). He mentioned by name Kaspar Hauser, who
could see at dawn much better than in the daylight. Furthermore, he argued
that by pressure on the eye, light sensations are evoked and finally, that in
many animals and some men light was observed in the eyes. Seiler himself
claimed to have seen the glare in eyes of cats in totally dark cellars, all the
brighter, the more excited the animals were by an affect, hunting the prey
etc . . .

Miiller, of course, contradicted this opinion and wrote that Seiler could
easily have refuted his hypothesis by going into a dark room, deforming his
eye till the deformation phosphenes appeared and then trying to read by the
light of these phosphenes. Finally Miiller ‘regretted that such an illustrious
and commendable scholar had in this case supported medical superstition’ [64,
p. 140-42].

With the exception of Tyler’s study [1] on binocular deformation
phosphenes, no new essential discoveries on phosphenes were made after
Purkyne, but the mechanisms leading to this curious percept were discussed
anew by each generation of physiologists [65, p.236-241]. During the first
decades of the 20th century some sensory physiologists believed deforma-
tion phosphenes to be caused by the increased intraocular pressure accom-
panying eyeball deformation and leading to retinal ischemia [66]. Others,
such as Stigler [67], maintained the hypothesis that it is primarily the retinal
stretch which leads to the phenomenon. This idea was also supported by the
appearance of accommodation phosphenes [68, 69, 70]: When one looks at
an imaginary distant object in total darkness and then directs the eyes as
quickly as possible to the tip of the nose, the strong accommodation changes
the force transmitted from the ciliary muscle and the elastic lens via the
Zonula Zinnii fibers to the retina. This stretch leads to a ring-shaped
phosphene of mild intensity seen in the outer periphery of the field of vision.
Since the intraocular pressure is not essentially changed by such accom-
modative processes, the retinal stretch hypothesis seemed to be more plaus-
ible than that of retinal ischemia or hypoxia. The stretch hypothesis is also
supported by the appearance of saccadic phosphenes, repeatedly mentioned
above. Saccadic phosphenes are circular or semicircular light sensations
located around the projection of the optic nerve in the visual field (observa-
tion in total darkness). When the eyes are moved by horizontal saccades to
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the right, this light ring is seen excentrically on the left side, and when the
eyes perform a saccade to the left, the light ring appears on the right side.
From this it is concluded that inward movement of the eye stretches the
retina near the optic papilla and thus evokes the ring-shaped or half-ring-
shaped phosphene. Patients suffering from optic neuritis frequently report
seeing rather bright saccadic phosphenes. This is presumably caused by the
increased sensibility of the swollen optic nerve to retinal stretch and the
edema of the papilla.

7. Neurophysiology of deformation phosphenes, a postscript

During the last 15 years we became interested in the neurophysiological
basis of deformation phosphenes and consequently performed experiments
in anaesthetized cats [S1, 71, 72, 73]. By means of tungsten microelectrodes
the activity of single on-center or off-center ganglion cells was recorded from
optic tract fibers. These essential results can be summarized in one sentence:
The great majority of on-center ganglion cells, normally activated when the
retina is illuminated by light and inhibited when the light is turned off,
increased their neuronal activity after a latency of 0.2 to 3 seconds during
constant eyeball deformation in total darkness, while the off-center ganglion
cells, which normally are transiently inhibited by illumination of the retina,
were inhibited with a delay of 0.2 to 4 seconds by eyeball deformation. This
response scheme and the explanation of deformation activation are shown
in Fig. 8.

We interpreted our neurophysiological results by the hypothesis that
eyeball deformation leads to retinal stretch, which in turn increases the
surface of horizontal cells. This surface increase leads to depolarization of
the membrane potential of horizontal cells, which then is transmitted to the
bipolar cells connected with the horizontal cells. Hereby (as is normally the
case when the horizontal cell membrane potential is depolarized), the on-
bipolars, i.e., the cone on-bipolars in the light-adapted retina and the rod-
bipolars in the dark-adapted retina, are depolarized and the off-bipolars are
hyperpolarized by the depolarization of the synaptic contacts between
horizontal cells and bipolar cells. This mechanism induces the activation of
on-center ganglion cells and the inhibition of off-center ganglion cells, which
corresponds nicely to what the observer perceives in his visual field, pro-
vided that one accepts the idea that the information ‘brighter’ is conveyed
by on-center ganglion cell activity and ‘darker’ by off-center [for details see
55, 73].
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Fig. 8. Scheme of the effect of eyeball deformation on the activity of retinal neurons. The
deformation stretches and increases the retinal surface, whereby the horizontal elements in
particular (horizontal cells and amacrines) are affected. This leads to an increase in cell surface
of these structures and to a depolarization of the horizontal cells (H), which in turn causes a
depolarization of on-bipolars (BP,,) and a hyperpolarization of off-bipolars (BP,;). These
changes are transmitted to the corresponding ganglion cells (G), which are activated (on-
center ganglion cells) or inhibited (off-center ganglion cells). A similar depolarization of the
amacrine cells (AII) could also lead to a modification of the ganglion cell responses. Due to
their antagonistic innervation of on- and off-ganglion cells, the amacrine type II is a candidate
for the mediation of direct stretch responses. The responses of retinal ganglion cells during and
after eyeball deformation, however, are dominated by the horizontal cell depolarization. In
the dark-adapted retina, the horizontal cell depolarization is mediated through the rod bipolar
cells (RB), which activate All-amacrines, activating in turn on-ganglion cells and inhibiting
off-ganglion cells. Excitatory (‘sign-conserving’) synapses are drawn as arrows, inhibitory
(‘sign-reversing’) synapses as bars. When the rod-amacrine cell is directly depolarized by
deformation, this depolarization would also lead to an activation of on-ganglion cells and an
inhibition of off-ganglion cells, since the synaptic endings of the rod-amacrine cell are func-
tionally not uniform and have a ‘polar’ organisation.

Acknowledgement

The work was supported in part by grants of the Deutsche Forschungs-
gemeinschaft (Gr 161, Ha 1499-1). We thank Mrs. Elisabeth Vesper for her
help in searching out literature and Mrs. Judith Dames for the correction of
the English text. The senior author (O.-J.G.) gratefully acknowledges the
support by an Akademiestipendium of the Volkswagen Foundation.

References

1. Tyler Ch. Some new entoptic phenomena. Vision Res 1978; 18: 1633-1639.

2. Theophrast of Eresos. Theophrastus and the Greek physiological psychology before
Aristotle. ‘De sensu’ transl. by Stratton GM, London: G. Allen and Unwin, 1917. Reprint
Amsterdam: E.J. Bonset 1964; 227 p; quoted in text as DS.

3. Diels H, Kranz W. Die Fragmente der Vorsokratiker, Vol. I. Basel: Weidmann, 1951;
504 p.

4. Aristoteles. Uber die Sinneswahrnehmung und ihre Gegenstiinde (‘De sensu et sensato’).
In: Gohlke P, ed. and transl. Die Lehrschriften, Vol. VI/2: Kleine Schriften zur Seelen-
kunde, 2nd edn. Paderborn: Schoningh, 1953; 22-61.

12.
13.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

83

. Platon. Timaios. In: Loewenthal E, ed. Platon, Simtliche Werke, Vol. III. K&ln, Olten:

Hegner, 1969; 93-191.

. Hirschberg J. Geschichte der Augenheilkunde. I: Geschichte der Augenheilkunde im

Altertum. In: Graefe-Saemisch, Handbuch der gesammten Augenheilkunde, Vol. XII/2.
Leipzig: Engelmann, 1899; 419p.

. Diogenes Laertius. Leben und Meinungen berithmter Philosophen. Transl. by Appelt O.

Reich K, ed. 2nd edn. Hamburg: Meiner, 1967; 411 p.

. Arnold EV. Roman Stoicism. (Reprint Freeport, New York: Books for Libraries Press,

1971; 478 p.) 1911.

. Watson G. The Stoic theory of knowledge. Oxford: Vincent Baxter, 1966; 106 p.
10.
11.

Epikur. Philosophie der Freude. Mewaldt J, ed. Stuttgart: Kréner, 1973; 95p.

Katz O. Die Augenanatomie des Galenos. Erster (theoretischer) Teil: Uber Anatomie und
Physiologie des Sehorgans. Medical Dissertation, University of Berlin, 1890; 126 p.
Siegel RE. Galen on Sense Perception. Basel: Karger, 1970; 216 p.

Hagner M. Zur Geschichte vom Licht im Auge und der Physiologie des Druckphosphens
im Verhiltnis zu den jeweils zeitgendssischen Sehtheorien. Medical Dissertation, Freie
Universitat Berlin, 1987; 164 p.

. Lindberg DC. Theories of Vision from Al-Kindi to Kepler. Chicago: The University of

Chicago Press, 1976; 304 p.

. Meyerhof M, Priifer C. Die Augenanatomie des Hunain b. Ishaq. Sudhoffs Arch Gesch

Med 1910; 4: 163-90.

. Meyerhof M, Priifer C. Die Lehre von Sehen bei Humain b. Ishaq. Sudhoffs Arch. Gesch.

Med. 1911; 5: 21-38.

Alhazen. De Aspectibus. In: Risner F, ed. Opticae thesaurus Alhazeni arabis libri septem.
1572 Basel: Per Episcopios. Reprint with an introduction by D. Lindberg. New York:
Johnson Reprint Corporation, 1972; 288 p.

Bauer H. Die Psychologie Alhazens auf Grund von Alhazens Optik. Beitrige zur
Geschichte der Philosophie des Mittelalters, Vol. X, Fasc. 5. Minster: Aschendorff, 1911;
72p.

. Schramm M. Zur Entwicklung der physiologischen Optik in der arabischen Literatur.

Sudhoffs Arch Gesch Med 1959; 43: 289-316.

Russell GA. The emergence of physiological optics. In: Morelon R, Rashed R, eds.
Science in Islamic Civilisation. London: Crom Helm, 1990 (in press).

Wiedemann E. Ibn Sinas Anschauung vom Sehvorgang. Arch Gesch Naturw u Technik
1913; 4: 239-241.

Hirschberg J, Lippert J. Die Augenheilkunde des Avicenna. Translation from the arabic
text. Leipzig: Engelmann, 1902.

Baur L. Die philosophischen Werke des Robert Grosseteste. Beitridge zur Geschichte der
Philosophie des Mittelalters, Vol. IX. Miinster: Aschendorff, 1912.

Bacon R. The opus majus of Roger Bacon, Vol II. Bridges JH, ed. London (Reprint
Frankfurt: Minerva, 1964) 1900.

Albertus Magnus. Summae de creaturis. In: Borgnet A, ed. Opera omnia, Vol XXXV.
Paris, 1890-1899.

Cusanus N. Compendium (Kurze Darstellung der philosophisch-theologischen Lehre).
Lateinisch-Deutsch. Hamburg: F. Meiner, 1982; 110 p.

Cusanus N. Schrift vom Geist (Liber de mente). Transl. by H. Cassirer. In: Cassirer E.
Individuum und Kosmos in der Philosophie der Renaissance. Darmstadt: Wissenschaft-
liche Buchgesellschaft, 1977; 202-300.

Fabricius ab Aquapendente H. ‘De actione oculorum, pars secunda’. In: Opera omnia
anatomica et physiologica. Leipzig: J.F. Gleditsch, 1687; 452p.



84

29.

30.
. Koelbing H. Renassance der Augenheilkunde 1540-1630. Bern, Stuttgart: Huber, 1967;

32.
33.
34.
35.

36.

37.

38.

39.

40.
41.

42.

43.
. Boyle R. The experimental history of colours begun, 1st edn. In: The Works of Robert

45.
46.
47.
48.
49.
50.
51.
52.
53.
54.

55.

Koelbing H. Il Trattato ‘De visione’ di Girolamo Fabrici d’Acquapendente (Venezia
1600). Atti del XXXIII Congresso nazionale della Societa Italiana de Storia della
Medicina. Padua: La Garangola, 1985; 29-33.

Plater F. De corporis humani structura et usu. Base!l: Froben, 1583; 197 p.

198 p.

Bauhin C. Deo corporis humani fabrica, Libri IV. Basel: Frobenius, 1590.

Bauhin C. Theatrum anatomicum. Frankfurt a.M.: Becker, 1605; 1340 p.

Koelbing H. Kepler und die physiologische Optik. Sein Beitrag und seine Wirkung. In:
Krafft F, Meyer K, Sticker B, eds. Internationales Kepler-Symposion. Weil der Stadt
1971. Hildesheim: Gerstenberg, 1973; 229-45.

Kepler J. Ad Vitelloni paralipomena, quibus astronomiae pars optica traditur. Frankfurt
1604. In: Hammer F, ed. Gesammelte Werke, Vol. II. Miinchen: Beck, 1939.

Kepler J. Dioptrice. Augsburg: Frank, 1611. In: von Dyck W, Casper M, eds. Gesammelte
Werke, Vol IV, Miinchen: Beck, 1937-1964.

Kepler J. Johannes Keplers Behandlung des Sehens. Trans. by Plehn F. Zeitschrift fiir
ophthalmologische Optik mit EinschluB der Instrumentenkunde, 1920-21; 8: 154-57; 9:
13-26, 40-54, 73-87, 103-09, 143-52, 177-82.

Scheiner C. Oculus: Hoc est: Fundamentum opticum. Ist edn. (1619); Innsbruck:
Agricola, 1648.

Plempius VF. Ophthalmographia sive tractatio de oculi fabrica, actione et usu. Amster-
dam: Laurentius, 1632; 340 p.

Lindeboom GA. Descartes and Medicine. Amsterdam: Rodopi, 1978; 134 p.

Descartes R. Dioptrique. In: Adam C, Tannery P, eds. Oeuvres de Descartes, Vol. VI.
Paris, 1897-1913.

Descartes R. Trait¢ de I’homme, 1664. Germ. transl. by: Rothschuh K, ‘Uber den
Menschen’ (1632) sowie ‘Beschreibung des menschlichen Korpers (1648). Heidelberg:
Schneider, 1969; 202 p.

Ferrero N. Leonardo da Vinci: of the eye. Amer J Ophthalmol 1952; 35: 507-521.

Boyle, Vol. 1. (Reprint Hildesheim: Olms 1965) London, 1664; p. 668 fI.

Henninius HCh. Johannis Claubergi Vita. In: Clauberg J. Opera omnia philosophica, Vol
I. Amsterdam: Janson-Waesberg, 1691; 1-15.

Clauberg J. Theoria corporum viventium. In: Opera omnia philosophica, Vol I. (Reprint
Hildesheim: Olms, 1968) Amsterdam: Janson-Waesberg, 1664; 163-208.

Malebranche N. Entretiens sur la métaphysique et sur la religion. In: Robinet A, ed.
Oeuvres de Malebranche. Vol. XIII. Paris: J. Vrin, Librairie Philosophique, 1965.
Bartholinus Th. De luce hominum et brutorum, Libri IT1I. Copenhagen: Godiccaen, 1669;
531p.

Briggs W. Ophthalmo-graphia sive oculi eiusque partium descriptio anatomica. Cam-
bridge: Hyes, 1676; 80 p.

Newton I. Opticks. Or, a treatise of the reflections, refractions, inflections and colours of
light. London, 1730. Reprint New York: Dover Edition, 4th edn, 1952; 406 p.
Morgagni GB. Adversaria Anatomica Omnia. Padua, 1719; 2nd edn. Leyden 1741.
Langguth GA. De luce ex pressione oculi. Wittenberg: E.G. Eichsfeld, 1742; 16 p.
Morgagni GB. De sedibus et causis morborum. 2 Vol. Venice: Remondian, 1761.
Morgagni GB. Von dem Sitze und den Ursachen der Krankheiten. Vol. I: Krankheiten
des Kopfes. Altenburg, 1771.

Griisser O-J, Hagner M, Przybyszewski A. The effect of dark adaptation on the responses
of cat retinal ganglion cells to eyeball deformation. Vision Res 1989; 29: 1059-1068.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

85

Boerhaave H. Kurze, doch griindliche Abhandlungen von Augenkrankheiten und dersel-
ben Cur. Transl. by Clauder GF. Niirnberg: Schwarzkopf, 1759; 310 p.

Haller A von. Anfangsgriinde der Physiologie des menschlichen Kérpers, Vol. V. Transl.
from the Latin by J.S. Hallen. 1768; Berlin: Voss.

Autenrieth JHF. Handbuch der empirischen menschlichen Physiologie, 3 Vols. Tiibingen:
Heerbrandt, 1802/1803; 396 p.

Serre d’Uzéz. Essai sur les phosphénes ou anneaux lumineux de la rétine. Paris: Masson,
1853.

Griisser O-J. Purkyne’s contribution to the physiology of the visual, vestibular and the
oculomotor system. Hum Neurobiol 1984; 3: 129-144.

Purkinje JE. Beytrige zur Kenntniss des Sehens in subjectiver Hinsicht. Prag: Calve, 1819;
109 p.

Miiller J. Psychologische Diplomarbeit, Physiologisches Institut, Freie Universitit Berlin,
1985.

Tschermak-Seyssenegg A von. Joh. Ev. Purkyne als ein Begriinder des exakten Subjec-
tivismus. In: In Memoriam Joh. Ev. Purkyne 1787-1937. Prag, 1937; 76-96.

Miiller J. Jahresbericht iiber die Fortschritte der anatomisch-physiologischen Wis-
senschaften im Jahre 1833. Archiv fiir Anatomie, Physiologie und Wissenschaftliche
Medicin, Berlin, 1834.

Helmholtz H von. Handbuch der physiologischen Optik. Hamburg und Leipzig: Voss,
1896; 1334 p.

Ebbecke U. Entoptische Versuche iiber Netzhautdurchblutung. Pfliigers Arch 1921; 186:
220-237.

Stigler R. Beitridge zur Kenntnis des Druckphosphens. Pfliigers Arch 1906; 115: 248-272.
Purkinje JE. Beobachtungen und Versuche zur Physiologie der Sinne. II. Neue Beytrige
zur Kenntniss des Sehens in subjectiver Hinsicht. Berlin: Reimer, 1825; 191 p.

Czermak J. Ueber das Accommodationsphosphen. Graefes Arch ges Ophthalmol 1858;
7: 147-154.

Berlin E. Ueber das Accommodationsphosphen. Graefes Arch ges Ophthalmol 1874; 20:
89-97.

Griisser O-J, Griisser-Cornehls U, Miiller J. Neurophysiologische Grundlagen des
Druckphosphens. In: Herzau V ed. Pathophysiologie des Sehens, Stuttgart: Enke, 1984;
21-37.

Griisser O-J, Griisser-Cornehls U, Schreiter U. Responses of cat retinal ganglion cells to
eyeball deformation. A neurophysiological basis for pressure phosphenes. In: Maffei L ed.
Pathophysiology of the Visual System, The Hague: Junk, 1981; 36-52.

Griisser O-J, Griisser-Cornehls U, Kusel R, Przybyszewski A. Responses of retinal
ganglion cells to eyeball deformation: A neurophysiological basis for pressure
phosphenes. Vision Res 1989; 29: 181-194.

Griisser O-J. Interaction of efferent and afferent signals in visual perception. A history of
ideas and experimental paradigms. Acta Psychol 1986; 63: 3-21.

Galen C. On the Usefulness of the Parts, 2 Vol. May MT, ed. and transl. Ithaca, 1968.

Address for correspondence: Dr O.J. Griisser, Dept. of Physiology, Arnimallee 22, 1 Berlin 33
(West), FRG.



