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Abstract: The pulvinar is the key to the largely unknown high acuity analytical mode of the
visual system.  It is key to the ability of humans to read and examine items in great detail.  It is
arguably the most important portion of the visual modality in Primates (including humans),
surpassing the role of the visual cortex.  This argument is particularly relevant in subjects who
have lost their entire occipital lobe and can continue a successful life, reading newspapers, etc. 
The case of B.I., such a subject, is reviewed at the end of this discussion.

Substantial evidence is reviewed that indicates information presented to the foveola is processed
through the pulvinar to the association areas prior to the arrival of similar information via the 
foveola/LGN/striated cortex pathway.

In conjunction with the perigeniculate nuclei, PGN, and the precision optical servo system,
POSS, which includes the eyes and the eye muscles, the pulvinar is the source of stereoscopic
vision.  A key confirmation of the critical role of the pulvinar is its role in “blindsight:” A human
is known to be able to see following complete destruction of the occipital lobes.  The result is
keyhole vision, encountered by physicians following such disasters, where the subject insists he
can still read a newspaper within a 1.2° to 3° diameter quasi-instantaneous field of view.  In the
neonates suffering the loss of their occipital lobe, plasticity in the brain has allowed these
patients to expand the limits of their keyhole vision. as in the case of B.I. 

The observed behavioral phenomenon of attention is a manifestation of the analytical mode of
the physiological visual modality. 

Keywords: biological vision, human vision, pulvinar, blindsight, keyhole vision, foveola,
perigeniculate nucleus, attention, analytical mode 

Excerpted from “Processes in Biological Vision,” 2008 and updated continuously,   
http://neuronresearch.net/vision 

1.0 Introduction

Quoting Adams et al1., “Over the course of evolution, there has been a disproportionate enlargement of the thalamus
and of the association cortices.  A major contribution to this increase in the size of the thalamus  is  due  to  the 
pulvinar  nucleus,  a  well-differentiated nucleus in the posterior thalamus.   In the macaque monkey, the pulvinar is
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divided into four main cytoarchitectonic subdivisions: the inferior pulvinar (PI), the lateral pulvinar (PL), the medial
pulvinar (PM), and the oral pulvinar (PO) (Olszewski, 1952).  Stepniewska (cited below) has made a similar
assertion in 2004.

“The pulvinar nuclear complex in the posterior thalamus is one of the regions that contributed most to the
enlarement of the thaamus.  Not identifiable in rodents and other small mammals, the pulvinar became
proportionally larger in advanced mammals, accountinf for a quarter of the total mass in primates, and
reachits greatest dimension in the human brain Thus, the evolution of the pulvinar appears to parallel the
evolution of higher brain function (multiple citations).”

In humans, the pulvinar makes up roughly 40% of the thalamus (Wikipedia).

The comments related to evolution are substantive and appear to relate well to the primates, including humans.  The
comments related to cytoarchitectonics provide a degree of continuity with the recent histological literature of
monkeys.  Stepniewska continued her remarks, but they have become archaic in the light of an accumulation of
recent work (Section 3.3.7.1).

The following material relies upon the more extensive material in Part 1 of Chapter 15  of the online text2,
“Processes in Biological Vision ” (PBV). 

The experimental team led by Benevento during the 1980 was extremely successful in determining the features and
capabilities of the pulvinar, and particularly the first portion of the lateral pulvinar which they labeled, PL(α).  With
a more adequate schematic of the complete visual modality, it is now possible to interpret their data more effectively.

The location of the pulvinar within the middle brain of animals, part of the brain stem, has made it extremely
difficult to study until the recent advent of magnetic imaging technology of the in-vivo brain.  These technologies
have provided extensive new information relating to the inter-connectivity and the activity of the pulvinar.
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 2.0 Placing the pulvinar in context within the neural system

Placing the role of the pulvinar in context with the neural system of animals requires establishing a framework of
that system.  Without such a physiological framework, much of the previously gathered histologicalnad
psychophysical  data lacks coherence.

It has recently been found that some lower animals, even some other primates are not adequate models for visual
research relatable to humans.  While it is now generally accepted that all but a few animals share color vision, many
do not have a foveal pit or streak like humans.  Without such a foveal pit, it will become clear that the pulvinar,
described morphologically in Section 2.3, may not incorporate a major volume devoted to high acuity vision.

2.1 The block diagram of the visual modality 

Figure 2.1.1-1 provides a block diagram for the neural system devoted to the visual modality.  The visual modality
is generally accepted as the premier modality of the sensory portion of the neural system.

The complete visual modality consists of three major histological portions; the optical elements associated with the
ocular, the neural elements beginning with the retina and comprising the peripheral neural system, PNS outside of
the blood brain barrier, BBB, of the central nervous system, CNS, and the neural components inside the BBB
focused on information extraction, cogitation, memory and command generation.  These areas are clarified in the
following,

Figure 2.1.1-1 Block Diagram of the animal visual system.  This figure is used to orient the reader to the complexity
of the visual modality.  This paper will focus on the stage #4 information extraction function within the Central
Nervous System, CNS.  Stages 0, 1 & 2 all occur within the two oculars.  The oculomotor elements of stage 6 are the
muscles controlling the poining of the oculars.  Modified from Fulton, 2008.
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The following functional stages relate to the figure.
  
Stage 0 Optics and the ocular unique to the visual modality
Stage 1 Signal detection: the photoreceptor layer of the retina
Stage 2  Signal manipulation: the analog signal processing within the retina
Stage 3  Signal projection: pulse signaling from the ganglion neurons of the retina
Stage 4  Signal manipulation and perception: analog information extraction within the brain, CNS
Stage 5 Cognition within the CNS (both the cerebrum and the cerebellum plus memory
Stage 6  Oculomotor servomechanisms & other control operators

Stages 1, 2 & 3 constitute the input components of the peripheral neural system, PNS, of the vision modality.  Stages
4 & 5 constitute the components of the central neural system, CNS.  Stage 3A constitutes the output signaling paths
associated with the command mode of the neural system.  Stage 6 constitutes the myriad of operators providing a
variety of functions in support of the overall physiology of the species.

The visual modality supports multiple internal operating modes that are crucial to understanding the role of the
pulvinar in vision (Section 3.3.5.2).  These operating modes include,

Awareness mode– The major function of the wide area visual field supported by the optical system, fovea &
occipital lobe.

Alarm mode– A mode closely related to the Awareness mode, sensitive primarily to local changes in light intensity,
which are a primary element in any motion within the visual field.  The Alarm mode provides high priority
information to the cognitive elements of the CNS and is semi-automatic in causing the attention, and the point of
fixation to be diverted to the location of the change in light intensity.

Analytical mode– The mode offers several sub-modes.  (1) Its highest responsibility is to determine the meaning
and threat to the organism of changes in the visual field that are brought to its attention.  (2) to analyze at maximum
acuity, items of interest, specifically the characteristics of potential foods, identifying other species as to their
similarity to the organism. (3) In the human context specifically, to analyze symbols of communications between
other humans to determine their value to the reader.  This mode is the exclusive responsibility of the pulvinar and its
closely associated foveola and perigeniculate nucleus, PGN.

Standby mode– A quiescent condition relative to vision that includes, sleeping, day dreaming, and concentration on
internal thought.  The mode is easily terminated by the Alarm mode reporting changes in luminance anywhere in the
visual field or at the direction of the mind (stage 5).

The pulvinar and its closely associated perigeniculate nucleus, PGN, are initial components of the morphologically
defined diencephalon (middle brain).  They form an operational pair described as the PGN/pulvinar couple.  The
PGN/pulvinar couple are counterparts of the better known lateral geniculate nucleus, LGN, and the visual cortex of
the occipital lobe of the cerebrum.  They also form an operational pair described as the LGN/occipital couple.

It will be developed below that the superior colliculus, SC, based on its signal inputs and outputs is a
functional part of stage 6 Command Projection and is not involved directly with stages 1 through 4 of the
visual modality or of stage 5 Cognition. 

 
2.1.1 The morphology of the pulvinar within the thalamus

The pulvinar is a major portion of the thalamus in humans as discussed in Section 2.5.3.4.  The details shown in the
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caricature of Brodal, Figure 2.1.1-2, form a good reference for further discussion3.  However, Stepniewska4 has
noted, 

“In humans and Old World monkeys the lateral pulvinar is greatly expanded, so it extends ventrally to the
edge of the pulvinar complex and caudally to form the caudolaeral border of the thalamus. . .Moreover, the
connectional differences within classical PL make it appear unlikely that PL is a single coherent thalamic
nucleus (2004, pg 58).” 

The 2004 chapter by Stepniewska, when reinterpreted based on the material in this Appendix, is a goldmine.  The
rest of the volume by Kaas & Collins is also a goldmine for exploitation in this work, but it is not relevant to this
Appendix.  Her section 3.5.3, after the first sentence which needs updating, provides much important material related
to behavior.  It even makes comments about the phenomenon of attention as it relates to the pulvinar. 

 “Monkeys and humans with pulvinar damage can no longer determine what is important in a visual scene,
that is, what is visually salient. . .Involvement of the pulvinar in the control of eye movements, the selection
of salient stimuli, and the modulation of attention, suggests that the pulvinar may act to gate incoming
information to the cortex” Many citations are provided supporting these statements.

  The situation is more complex than described.  When the Awareness and Alarm modes are defined and described, it
becomes clear the cortex feeds the pulvinar rather than the other way around (Section 3.3.5.2).

Further details, based on sectioning of the structure, are shown in Figure 16-16 and Table 16-2 of Nolte &
Angevine5.  Nolte also describes many input/output paths relative to the TRN of the thalamus as a control center.
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Figure 2.1.1-2 Three dimensional view of the right human thalamus seen from the dorsolateral aspect. The original
figure has been extended to incorporate the superior colliculus, SC, and the pregeniculate nucleus, PGN along the
brachium of the superior colliculus, BrSC.   Abbreviations for thalamic nuelei: A, anterior; CM, centromedian; Int.
lam., intralaminar; LD. LP., lateralis dorsalis and posterior; LG, lateral geniculate body; MD, dorsomedial; Ml.
midline; P, pulvinar; R. reticular; VA, ventralis anterior; VL, ventralis lateralis; VPI, VPM, ventralis posterior
lateralis and medialis.  Other abbreviations: ac. acoustic input through brachium of interior colliculus (aka, through
medial geniculate nucleus, MG, and perigeniculate nucleus, PGN-not shown); cereb., cerebellar input; med. l.,
medial lemniscus; opt., optic tract; pall., pallidal inputs; sp. th., spinothalamic tract; trig., trigeminal input.   From
Brodal, 1981.

While all of the elements in the above figure are identified as separate morphologically, this work will continue to
consider them all (except the MG and LG) as part of the stage 4 elements of the pulvinar.  Not shown in this figure is
the thalamic reticular nucleus, TRN, forming an outer shell covering virtually all of the elements shown and acting
as the supervisory and switching engine controlling most interconnections between the thalamus and the cerebrum,
and probably the cerebellum as well.

Schall has made a multiple year study of the saccades of the eyes.  His figure 2 of the 1995 paper6 clearly shows a
path to the pulvinar, along with the LGN and SC via the optic nerve.  Schall7 defines the pulvinar as consisting of
four nuclei, the medial, lateral, inferior and anterior–that are distinguishable based on their connectivity and
functional parameters.
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2.2 The schematic diagram of the visual modality 

Figure 2.2.1-1 describes in greater detail the relationships of the PGN/ pulvinar couple and the LGN/occipital
couple to the larger visual subsystem of the neural system.  These two channels are operating in parallel.  Parallel
operation has been traditionally assumed during the last half of the 20th Century by the behavioralist community8. 
However, there has not been a schematic indicating how such parallel operation was accomplished until now.
Individual features of this complex figure will be addressed explicitly below.  

It is critical to highlight a variety of features not addressed in introductory texts related to vision.  Starting on the left,

Figure 2.2.1-1 Schematic of the PGN/pulvinar couple in their operating context.  The highlighted portion includes
the elements of stage 4 information extraction of primary interest.  The elements of stages 0, 1 & 2 prepare the
signals for the process of information extraction.  Stage 3, signal projection, includes the nerve paths critical to
understanding the operation of the pulvinar in the larger context. The frame at lower right indicates how little of the
occipital lobes are dedicated to the foveola (high resolution analytical vision).  See text for additional annotation. 
From Fulton, 2008.
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1.  The well known chiasm in the optic nerves originating at the oculars is accompanied by a second pair ov chiasms
not well documented because of their obscure location.  They occur at two additional points along the optic nerves
beyond the first chiasm at a point along the brachium of the superior colliculus.  The location of these points is not
obvious without an understanding of what is happening.  Historically, these points have been ignored as a bulge in
each superior colliculus.  This bulge in the superior colliculus is defined as a functionally distinct engine of the
visual modality.  It is the perigeniculate nucleus, PGN.

2.  It has been well known that the optic nerves before and after the first chiasm are highly organized in their cross
section.   However, there has been little effort to describe where the neurons within the nerves beyond the first
chiasm actually terminate.  Prior to the recent development of the advanced functional MRI imaging technique,
known as dtMRI, it was not possible to ascertain the direction of signal flow along the brachium of the superior
colliculus.  This can now be done, see Zhukov & Barr at the end of this section.. 

3.  At the top of the shaded area are a row of caricatures describing the nature of the signals carried by stage 3 signal
projection neurons within the optic nerve.  The signals are delivered to stage 4 information extraction engines.  The
first frame shows the nerve cross section of each eye prior to the chiasm.  It includes a central core of about 23,000
or less photoreceptor neurons forming the foveola (a small area within the foveal pit).  These photoreceptors are
connected to individual retinal ganglion neurons (RGN, or RGC in older papers) within the retina. 

As Stone has specifically noted (page 305), some comment seems necessary on “a persistent problem of
terminology raised by the term area centralis or fovea centralis, and equally by visual streak.”  The same
problem swirls around fovea, foveal pit and macula.  These words are used differently in academic versus
clinical papers, as well as within these categories.   In addition, it is now clear the foveal pit is defined by
multiple spatial parameters.  These parameters are the same for the foveal pit and the visual streak, only the
values of these parameters change.  Appendix L of this work presents a nominal set of values for a long list
of parameters applicable to the human Standard Eye.  It includes specific nominal dimensions for the fovea,
parafovea, macula, etc. along with similar parameters for other elements of the ocular.

Behind the foveal pit, there are a group of unique photoreceptor neurons as defined above.  This group of
photoreceptors is uniquely labeled the foveola throughout this work. 

 The surrounding approximately 1,000,000 neurons represent the over 90 million photoreceptors of the rest of the
retina (Section 3.4.1.2).  These neurons are associated with a variety of signaling paths, including both brightness
and chrominance information.  As a coarse rule of thumb, awaiting further definition of these paths, it is possible to
assign signals from at least 10 to 90 photoreceptors within the ex-foveola region of the fovea to each neuron in the
surrounding portion of the optic nerve from each optic nerve.

The additional astronomical number of stage 3 signal projection neurons and commissure (projecting action
potential streams) found between various information extraction engines within the brain are not shown to
avoid complexity.
 

 4.  Following the first chiasm, the signaling paths within the optic nerves are rearranged.  All of the signals from the
fovea of the retina in the surrounding portion are redirected at the second pair of chiasms, with all of the signals from
the left visual field of each retina proceeding to the left lateral geniculate nucleus, LGN.  The signals in the right
surrounding portion are directed to the right LGN.  The high acuity signals from the individual photoreceptors of the
foveola of each eye in the core portion of the original optic nerves are directed after the second chiasm to the
perigeniculate nucleus.  The circular symbols, containing a star burst, describing these signals are shown in the upper
and lower areas of the highlighted area because of their significance.  They are aligned with the PGN vertically.

5.  It is not totally clear whether the signals from the left and right foveola are merged within the PGN or are merged
within the pulvinar proper.  Following the signaling architecture of the LGNs, it is logical, but not demonstrated, that
these signals would be merged within the PGN.  During the course of this merging, like in the LGN, information is
extracted and directed to the precision optical servo system, POSS, as the “fine” information used in the two-step
operation of that servo system.  It is also likely that the PGN is the source of the meta data passed to the pulvinar to
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begin the process of creating a stereoscopic image of the external visual field within the neural system.

6.  The pulvinar will be described more fully in the next section, but is is worth noting that the pulvinar is a massive
volume of neurons unlike the limited number of neurons associated with the occipital lobe of the cerebrum.  The
occipital lobe is a thin sheet of neurons, on the order of 10 neurons thick, including those not visible by light
microscopy, and covering an area measured in tens of millimeters.  7.  The signals from the low acuity output of the
two LGN are passed to the two hemispheres of the occipital lobe where the signals are processed in support of the
Awareness and Alarm modes of the visual system.  There are many neurons and bundles of neurons, known as
commissure, traveling between the two hemispheres.  There are also many commissure traveling back from the
occipital lobe to a feature of the middle brain forming a cocoon surrounding the pulvinar and labeled the thalamic
reticular nucleus, TRN.  While given the name nucleus historically, it is actually a thin layer surrounding the
pulvinar except in the area of the PGN, the LGN and a similar structure used in the auditory sensory modality.
known as the medial geniculate nucleus, MGN.  The tasks of the TRN are basically two,  it plays a role as a non-
conscious minibrain, controlling many non-declarative functions, expanding on the terminology of Fuster9 and
popularized subsequently by Squire, and on routing (controlling the switching of) signals between different portions
of the CNS.  Squire used the term declarative memory to define what information could be recalled and expressed;
here the term declarative vision refers to what imagery a subject can perceive and describe.

8. The pulvinar is tasked with evaluating the high acuity output signals of the PGN.  It accomplishes this task in
cooperation with the cerebellum shown in the above block diagram but omitted from the schematic diagram.  The
basic task is to compare the current neural image of the environment in front of the eyes with a wide range of images
stored in memory within the pulvinar or the cerebellum.  The cerebellum is shared between the stage 4 sensory
inputs and the results of the cognitive activity of stage 5 as passed to it on their way to controlling the activities of
the complete physiological system via the command neurons of stage 6.  The principle activity is believed to involve
a rapid comparison of many images stored in neural form with the current image presented to it in neural form.  Its
task is to establish the best possible match and communicate the properties of that match along with the associated
meta data to the saliency map where it can be accessed by the stage 5 cognitive neural engines of the prefrontal
cortex, PFC.   The signals from the pulvinar are passes to the saliency map via the routing task of the TRN.

9.  If the pulvinar is not able to ascertain the specific properties of objects in the external scene, there is a default
path where the neural signals are passed in two steps to the cerebellum and the PFC for additional detailed study and
the development of new neural images to be stored in the stage 6 portion of the cerebellum for future use.

Looking at the above figure, two distinct signaling paths become obvious; the foveola/PGN/pulvinar pathway and
the fovea/LGN/occipital pathway.  The focus of the remainder of this paper will be on the foveola/PGN/pulvinar
path.  This path is of supreme importance in the human visual modality.  It answers the question asked over the
decades but clearly by Bender as late as 1981 (Section 3.3.7.1).

‘For both cortex and thalamus, then, we are confronted with an unanswered but crucial puzzle: what is the
functional significance of multiple visual areas?  In cortex, it has been suggested that different visual areas
may be specialized for the analysis of different stimulus features within the visual field (citing Zeki).”

Is is now known that the occipital lobe supports multiple representations of the visual field in the process of
extracting information concerning that field.

It appears the thalamus supports multiple representations of the visual field to extract, information related to
fine version and vergence along with other vital tasks like stereopsis, recognition of objects within the central
field of view and the identification of those objects where possible.  Identification is frequently discussed in
terms of the “Grandmother syndrome;” after recognizing a familiar face, can you identify the face as that of
your Grandmother.
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 Wong-Riley10 confirmed the parallel character of the two visual paths in the above figure in 1977 using the label
PuL rather than PL,

“Thus PuL, besides PuI, can be considered as an important subcortical visual center which establishes a
thalamoprestriate pathway that is parallel to and coextensive with the primary visual pathway from the LGN
to the striate cortex.” 

 
Substantial evidence is now available insinuating that the foveola/PGN/pulvinar pathway provides information to the
association areas of vision in less time than required by the fovea/LGN/occipital pathway, even for information
presented to the foveola in both cases (Section 3.3.9). The paper of Benevento & Port is particularly clear in this
regard.  They also show and assert that the information flow is from the pulvinar to the association areas and not
from the association areas (labeled IT areas) to the pulvinar.

Zhukov & Barr11 have provided an early example of dtMRI applied to the visual modality.  Figure 2.2.1-2
reproduces their figure 10(right).   They note, “The DT-MRI data set we used has 121 x 88 x 60 voxels which pro-
vides  resolution  of  roughly 1 mm.”  Their description of the color coding used was very brief.  The field of brain
mapping with dtMRI is progressing rapidly and further mining of the literature is recommended.  Further dtMRI
investigations at higher resolution are needed to confirm the direction of flow of optic nerve signals to the
perigeniculate nuclei and stage 6 signals from the SC along the brachium.  
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2.2.1 The relative morphological significance of the pulvinar versus the occipital lobe

The frame at lower right is reproduced from Section 15.2.5 of the online text cited earlier, and is modified from
Tootel, 1988.  It shows how little area of the occipital lobes of the cerebrum is dedicated to the central area of the
fovea assigned to the foveola.  This central area of the fovea has a diameter of only 0.6° radius.  Because of the
routing of signals via the fovea/LGN/occipital path, the foveola is represented at two separate and remote regions of
the two occipital hemispheres.  Note also that these dedicated regions straddle the calcarine sulcus.  The area
dedicated to the foveola is a thin area of the cerebrum surface.  Alternately, the area of the pulvinar dedicated to the
foveola is a large volume formed from many folded layers of the thin sheet of the basic cerebrum.  The net result is
much more of the cerebral cortex is dedicated to the foveola in the pulvinar than in the two occipital lobes of the
cerebrum combined.  The pulvinar is the seat of analytical mode (high resolution) vision.

As noted in the inset at lower right, the calcarine sulcus is congruent with the horizontal meridian in each
hemisphere of the visual field.  The top of the visual field corresponds to the bottom line enclosing the grid for each
hemisphere.  The bottom of the visual field corresponds to the top line enclosing the grid for each hemisphere.

Figure 2.2.1-2 dtMRI image of the visual modality ca. 2002.  It clearly shows the physical configuration of the 1st

chiasm and the pair of 2nd chiasma (arrow) of the pathways. “Color coding indicates orthogonal directions in the
amount of RGB (XYZ).  See text.  From Zhukov & Barr, 2002.
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The numbers along the top edge of the inset illustration indicate the radius of the visual field; 1, 2 & 3 degrees.  The
dashed vertical line indicates the limit of the 0.6 degree radius of the foveola in each lobe.  Beyond about 3 degrees
radius, the rest of the field of view is represented within the side walls of the occipital lobes within the longitudinal
fissure.

2.2.2 The neurological significance of the pulvinar path versus the occipital lobe path

Both the occipital lobe path and the pulvinar path are now known to deliver vast quantities of neural signals back to
the TRN leading to the creation of the saliency map.  The grouping of these neurons and the neural code used to
encode the signals are not currently understood.  However, recent fMRI data is suggesting that small groups of stage
3 (action potential generating neurons) may be originating from the same functional location.  If true, this fact would
suggest the information is projected using multiple neurons operating in parallel.  If this parallel operation is in-turn
true, then it is highly likely that the encoding of the basic analog information is encoded into streams of monophasic
pulses (action potentials) using the same code used in the PNS.  This code is well known in engineering disciplines
and is discussed in Section 14.2.5.2 of the previously cited online text presented by this author.  It is described in
detail in Standard 106-96 of the Inter Range Instrumentation Group ( IRIG, a for-runner of NASA).

The neurological importance of the pulvinar path versus the occipital path has a lot to do with the acuity of the
signals delivered and the attention mechanism within the stage 5 cognition engines, specifically the prefrontal cortex,
PFC.  While the Awareness and Alarm modes of the visual modality were, and is of, critically importance to other
primates, they are of lesser relative importance in modern man than is the analytical mode.  The analytical mode
provided by the pulvinar path is critical to reading and other activities involving studying small objects in detail. The
pulvinar path is the only path delivering an image acuity better than 20/100 under photopic luminance conditions
(Section 2.4.8.2).  The occipital path generally provides images at poorer than 20/100 acuity to the stage 4 saliency
map.  It is noteworthy that the saliency map accepts low acuity image information from the occipital path to
complete an awareness map of the entire external visual environment, including outside the instantaneous field of
view (i.e., behind the subjects head) over time.  The high acuity information from the pulvinar path is used to update
and raise the acuity of the information stored in localized regions of the saliency map.  As the ocular scan a broader
range of the external environment, larger regions of the saliency map are raised in quality using the pulvinar path
signals.  The scanning of the external scene is performed largely sub-consciously.  This sub-conscious scanning is
well documented in the academic literature (see Chapter 19 of the cited text). 

2.2.3 The Precision Optical Servo System

While not critical to understanding the functional role of the pulvinar, the precision optical servo system, POSS, is
key to the detailed operation of the pulvinar, but outside the scope of this paper.  The primary knot of neurons in the
primary servo loop was known as the auxiliary optical nucleus, AON or similar, before the recent turn of the
century.  It is now recognized as the optical neural engine, ONE, of the POSS.  In the following figure, the ONE is
labeled the oculomotor nuclei.  The POSS has primary responsibility for pointing (version), converging (vergence)
the eyes and adjusting the focus (accommodation) in response to (1) commands provided through the neurons of
stage 6, (2) coarse and fine instructions from the LGN and PGN respectively and (3) generating the tremor signals. 
The resultant signals drive a complex of muscles whose activity is readily recorded.  Currently the blink response is
the nemesis of investigators studying the operation of the POSS and the the fundamental tremor of the eyes is
usually describe as noise.  The tremor is actually key to the detailed analysis of small items in the visual field and in
reading.

The primate POSS supports precision pointing of the eyes in those animals with a foveola (retinal pit or retinal
streak) and introduces a level of precision in acuity not found in animals lacking a foveola. 

2.3 The local structure and operation of the pulvinar

The pulvinar (from Latin pulvinar, “a cushion”) is a major portion of the thalamus ( from Greek thálamos, “an inner
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chamber”) of the midbrain (diencephalon) near the top of the spinal chord.  The thalamus is a highly protected by
means of its central position within the skull, because of its critical role in the survival of its host animal.  The
thalamus contains the pulvinar and the TRN defined above and is closely connected to the quadrigemina (an archaic
label) at its posterior surface.  As in most elements of a bisymmetrical creature, there are two similarly shaped
pulvinar connected by a significant collar supporting the passage of a large number of commissure between the two
pulvinar.

2.3.1 The histological view of the pulvinar & TRN
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 Figure 2.3.1-1 shows an annotated view of the morphology of the left lobe of the thalamus incorporating the human
pulvinar in a local context.  In many lower species, not exhibiting a significant foveal pit of streak, no pulvinar or
PGN, or only a primitive equivalent, is specifically identified.  The areas listed at the top of the figure refer to the
Brodmann areas.  The label P-O-T refers to a critical area of the cerebrum described as the junction of the perital,
occipital and temporal lobes of the cerebrum.  The area is extremely involved in sensory signal processing and may
be the location of the saliency map, or be feeding signals such a map located elsewhere in the perital lobe.  The
neurons seen radiating from the corona of the thalamus connect with every conceivable region of the cerebrum.  The
signals from area 6 are arriving at the thalamus (more specifically the TRN in this figure).  Note the coronal
radiation is not shown passing through the TRN.  The TRN, in its routing responsibility, is able to control the
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ultimate destination of origin of many of the neural paths it encounters. 

2.3.2 Morphological view of the posterior region adjacent to the human pulvinar.

This region has historically and morphologically been described as the quadrigemina.

Figure 2.3.1-1 The morphology of the left pulvinar within the human thalamus from the lateral perspective.  The
reticular nucleus of this figure is labeled the thalamic reticular nucleus, TRN, in this work.  The TRN is believed to
not enclose the PGN or LGN as shown.  In some lower species, no pulvinar or PGN are identified in the equivalent
figure.  The pulvinar may be rudimentary.  See text for additional identification of components.  Modified from
Fulton, J, 2008.
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12Noback, C. (1967) The Human Nervous System.  NY: McGraw-Hill page 9

Demarest, the medical illustrator for Noback12 has provided an exceptional figure of the dorsal surface of the human
brain stem.  However, the so-called quadrigemina was not labeled specifically and it is partly obscured. Figure
2.3.2-1 identifies what has historically been defined as the quadrigemina.  The modern description of this region is
more complex and a new name for it is probably justified. 

 

Figure 2.3.2-1 The expansion of the morphological quadrigemina into a more functional group ADD. The
quadrigemina consists of only the two SC and two IC. The quadrigemina cannot be associated with either lobe of
the thalamus individually. The two PGN, the first serving the visual modality and the second serving the auditory
modality, are shown as morphological structures along the Brachium of the SC and the Brachium of the IC
respectively. The result is an important set of six functionally important elements of the neural system on the
posterior portion of each lobe of the thalamus. Each group of six consists of the two PGN, an LGN and an MGN,
and an SC and an IC. See text for additional annotation. From Fulton, 2008.
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13Grieve, K. Acuña, C. & Cudeiro, J. (2000) The primate pulvinar nuclei: vision and action TINS vol. 23(1),
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15Benevento, L. Rezak, M. & Santos-Anderson, R. (1977) An autoradiographic study of the projections of
the pretectum in the rhesus Monkey (Macaca Mulatta); Evidence for sensorimotor links to the thalamus and
oculomotor nuclei Brain Res vol 127, pp 197-218

Grieve et al13. has presented a large paper on the pulvinar of the macaque  family  of  Old-World  monkeys, asserting
that the pulvinar of this species is probably closest to that of humans.  After a detailed overview of the anatomy of
the pulvinar within the thalamus, Grieve et al. note, “the  pulvinar  complex   expands   to   include   approximately  
eight   to   ten   anatomically   defined   subdivisions!   The  physiological properties and inter- relationships of these
multiple regions are as yet unclear, and it seems  likely  that  future  studies  should  be  directe d  towards  a  more-
detailed  examination  of  this  complex  organization (citing a review by Robinson et al14).  Their figure 1 is a
conceptual schematic, the labels are ephemeral and do not terminate in specific circuits or engines.  It interestingly
inserts the label “Brachium” in a path from the superficial superior colliculus to the inferior pulvinar.  This work
defines a peri-geniculate nucleus, PGN, in this region that appears to be called the superficial SC in this figure.  This
engine would be the principle source of signals from
the retina as shown in Figure 2.2.1-1.

While Grieve defines a superficial SC connecting to
the inferior pulvinar, Kwan et al. labels their section
4.2, “The SC does not project to the medial inferior
pulvinar.”  Although the terminology is marginally
different, this author sides with Grieve under the
assumption that his superficial SC, sGs, and the SubG
of Kwan et al. are both referring to the PGN of this
work.

Benevento et al15 provided a conceptual schematic of
the pulvinar complex in 1977 (their fig 7) that has not
appeared in subsequent papers from that team.  Of
more enduring value was their figure 1 which appears
here as Figure 2.3.2-2  

Figure 2.3.2-2Transverse sections illustrating the major
pretectal nuclei of Rhesus monkey.
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 2.3.3 The block diagram of the Analytical Mode incorporating the pulvinar  

The Analytical Mode of the visual system is arguably the most important mode among the Primates and even more
so among humans.  This mode is built around the pulvinar of the thalamus.  It is responsible for all aspects of
precision visionalong with the foveola of the retina.  Precision vision includes the recognition of objects and their
further identification if feasible.  It also includes achieving a 3D representation of the environment surrounding the
subject via stereopsis .

Tp preclude any doubts concerning the Top Block Diagram of the analytical mode, Figure 2.3.3-1 presents an
overview of the mode along with critical elements in the etiology of this block diagram.  The individual cited papers
will be discussed in greater detail within Section 3.3.7 of this paper.

The Benevento team (Section 3.3.8.1) introduced abbreviated acronyms for portions of the lateral pulvinar; PL(α),
for the portion adjoining the inferior pulvinar– PL(β), for the portion adjoining PL(α) –and PL(γ) for the caudal
portion of the lateral pulvinar in 1981.  

As will become apparent here, it is the lateral pulvinar, specifically area PLα , that is key to the recognition and
identification of objects and the beginning of the stereopsis process.  The inferior pulvinar, PI, has the principle task
of developing the fine version and vergence signals required to support optimum performance of the lateral pulvinar.

Kwan et al. uses the label, subgeniculate, SubG, to describe what is here called the PGN.  It has also been called the
stratum griseum superficiale, sGs, by Benevento, Rezak & Santos-Anderson (1977, page 202).

The reference to Petersen in the figure will be addressed in Section 3.3.7.3.
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Additional information concerning the operation of the Analytical Mode will be presented in the next figure.

Figure 2.3.3-1 Top Block of the Analytical Mode focused on the pulvinar with etiology of major elements shown. 
Left of the dashed line, the elements focus on supporting the precision optical servomechanism system, POSS.  Right
of the dashed line, the elements focus on the image information extraction tasks assigned to the pulvinar.
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 Figure 2.3.3-2 expands on the Analytical Mode.  Below the brachium of the SC, the left side of the figure relates to
the extraction of fine version and vergence commands to be directed to the POSS, with a projection to the forward
eye fields, FEF, of undetermined purpose.  The right side has many responsibilities; 

1. It merges the two foveola representations
2. In the course of merging, it extracts depth of field
information for multiple features within this small
instantaneous field of view
3.In collaboration with the PEEP procedure (Section
3.3.6.1), it assembles the above features into a neural
image of each object within a larger field of up to
several degrees.
4. It recognizes the individual objects (with respect to
their category–a dog–a human female–etc.) within this
broader field based on previous knowledge.
5. Where possible, it identifies the specific object (my
dog–my grandmother) based on previous knowledge.
6. If necessary or important, it transitions to a learning
mode to establish a new identified neural
representation and stores that neural representation for
future reference.

The tasks performed within the later portions,  PL(β)
& PL(γ) of the lateral pulvinar have not been analyzed
up to this point and the role of the medial pulvinar,
PM is largely undefined.  

PL(γ) is believed to interface primarily with the
medial pulvinar, PM, which then distributes its
outputs to a wide variety of engines within the CNS as
appropriate.  Note, many of the histologically
identified neural paths may only carry infrequent
messages over these paths.  Thus, many of these paths
may not be significant from a traffic volume
perspective.

As noted by the symbol, “/n,” it is more than likely
that information produced by the lateral pulvinar is
distributed in a word serial/bit parallel format that requires more than one neural path to project a word of
information to subsequent neural engines.  While this complicates the protocols of laboratory investigators, it is the
only possible means of achieving the information transfer rates found within the CNS.  Single point electrode
probing can still trace a signal from point to point but it cannot acquire a full word of information.

There is a problem of nomenclature between pre-geniculate nucleus, assigned by Kwan et al. and peri-geniculate
nucleus in this work for separate but closely related stage 2 signal processing engines.  In the absence of any
geniculate nucleus orthodromic to the engine labeled pregeniculate nucleus appears less than appropriate.

The textual designations below the medial pulvinar and the inferior pulvinar were contributed by Crawford &

Figure 2.3.3-2 Block Diagram of Analytic Mode of vision
 centered on the pulvinar.  The function of each element
shown will be addressed in the text.  The medial pulvinar
is in communications with many regions of the CNS.  The
bottom row shows the various names found in the
literature for ostensibly the same association area.  The
anterior pole of the temporal lobe is alternately the
inferotemporal lobe in some writings.
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Espinoza16.   After noting, “The pulvinar complex of the primate brain, by sheer mass alone, is the major nucleus
of the thalamus having visual input. The evolution of the pulvinar appears to culminate in primates where the
nucleus is largest and becomes most differentiated.” they concluded a short paper with,

“the anatomical evidence places the pulvinar complex in a prominent position between virtually ali of the known
structures of the cortical mantie purporting to deal with color analysis, spatial pattern vision, visual memory, etc.”

Mizuno et al17. have documented a direct path from the fovea of the macaque monkey to the region of the PI/PL
interface.  Whether it followed the route including the BrSC was difficult to determine.

Benevento et al. of 1977 trace neural paths from the retina to the PrG and PGN.  They also expand their conceptual
neural paths of the POSS to three individual command channels controlling the muscles of the ocular via theEdinger-
Westphal nucleus; the lateral terminal nuclei, the medial terminal nuclei and the dorsal terminal nuclei (Section
15.2.4).  Using the old morphological nomenclature for the pretectum, they also note, “any consideration of
accommodative and pupillary reflexes must view the pretectum as an obligatory link through which various
structures can influence the intrinsic musculature of the eye.”

They also noted, “Thus the SC can be divided into a superficial visual afferent zone and a deeper polysensory
afferent zone, each of which forms both sensory and sensorimotor links.

Benevento & Davis18 provided parietopulvinar data in 1977. 

“It was found that the prestriate cortex projected to the entire inferior pulvinar (PI), lateral pulvinar (PL), dorsolateral
nucleus, the lateral posterior nucleus, the reticular nucleus, a portion of the medial pulvinar, superior colliculus, and
caudate nucleus but not to the dorsal lateral geniculate nucleus.” 

This early paper did not define their prestriate cortex (areas 18 and 19 of Brodmann) as well as later papers.  DeVito19

documented some of the parietopulvinar connections in the squirrel monkey, Saimiri sciureus in 1978. 

“The experimental results confirm the accepted view of projections from parieto-temporo-occipital
"association" cortex to PuM, PuL and PuI. . . In addition, reciprocal connections of rostral parietal cortex
with PuO and PuM were demonstrated.” 

 Bos & Benevento20 presented data on pulvinar connections to the frontal eye field and orbital cortex, 

“Only the results demonstrating the projections of the medial pulvinar to the frontal lobes will be presented. 
They indicate that there are two projections from the medial pulvinar to frontal cortex; one is to a portion of
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the frontal eye fields, the second is to orbital cortex.”

“The caudal portion of the anterior half of the medial pulvinar projects to the anterior bank of the inferior
arcuate sulcus (area 8), while the rostra1 half of the anterior medial pulvinar projects to the posterior bank of
the inferior arcuate sulcus (area 6).”

 The projection to the frontal eye fields is likely to consist of fine version and vergence commands.  The projection
to the orbital cortex is likely to be “located within and lateral to the orbital sulcus (of rhesus monkey).”

Rezak & Benevento21 noted Brodmann’s areas 5 and 7 in a 1979 paper but the region of injection may have been
marginally different (page 28).  The paper focused on the layer of termination in the receiving tissue.

In 1983, Benevento & Standage22 provide an extensive, but to a degree, complicating discussion of the neural paths
from the pulvinar to other areas.

“These results suggest that direct retinal influences can be relayed to visually responsive association cortex
via retino-tectal-lateral pulvinar, retino-pretectal-lateral pulvinar, and retino-tecto-parabigeminal-lateral
pulvinar routes in addition to the retino-tectal-geniculate and retino-tectal-inferior pulvinar routes.” 

 It is time to move beyond channel identification in traffic analyses and develop message intensity along these
channels.  It is the only way to determine the relative significance of these channels.

2.3.4 Color performance of the lateral pulvinar–Felsten et al., 1983

Felsten et al23. provided comprehensive data on the color performance of only a few neurons within the lateral
pulvinar.  As they noted, “We did not have time or materials necessary to determine spectral sensitivities with
closely spaced monochromatic lights, or to perform tests using selective chromatic adaptation.  Accordingly, our
results are regarded as preliminary.”  They did use four 10 nm (FWHM) filters at 460, 505, 577 & 650 nm as well as
an undefined “white light.”  Their figure 2 is reproduced here as Figure 2.3.4-1.
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Their receptive field measurements, RF, were not well calibrated but are suggestive.

Their observations relating to color sensitivity can only be understood in the context of the Electrolytic Thoery of the
Neuron and this work.  This work has taken the foveola to consist of 23,000 photoreceptors with each having its own
dedicated ganglion neuron connecting it to the pulvinar via the PGN.  No specification has been developed
concerning the chromatic sensitivity of these photoreceptors, although it is expected that they will exhibit the normal
distribution of spectrally sensitive photoreceptors within the foveal pit.  For the photoreceptors supporting the ex-
foveola, they are known to support the differencing of spectral signals prior to the retinal ganglion neurons, RGN. 
These difference signals typically consist of a  P-channel = LnS - LnM and a Q-channel = LnM - LnL.  There is also
a brightness channel given by R = LnS + LnM + LnL There is a null in the P-channel at 494 nm and a null in the Q
channel at 572 nm (Section 15.3).

It is not unexpected that differencing of the spectral signals from the photoreceptors in the foveola may occur in
stage 2 and add additional neural paths to the above 23,000 within the optic nerve.  Alternately, the differencing
could occur in the stage 4 PGN or the pulvinar.

In the above context, the observations of Felsten et al. can be interpreted.  They initially stated, “of several hundred
lateral pulvinar neurons tested for visual response properties, 41 were tested for color-opponency.  Thirty-three

Figure 2.3.4-1 Coronal sections showing probe locations in color tests.  Felsten is the earliest paper asserting the
presence of spectral difference signals in the lateral pulvinar.  Whether the differencing function occurred in the
pulvinar or in the retina is “to be determined.”   From Felsten et al., 1983.
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responded with excitation or inhibition to all flashes regardless of wavelength, 6 responded with clear color-
opponency and 2 were excited by white light, but inhibited by colored lights.”  Each of the four cell types reported
by them will be quoted and then interpreted.  

“Cell  A  discharged  vigorously  to  red  (650  nm)  light  and  was  inhibited  by  green  (505  nm)  light.  White. 
yellow  (577  nm)  and  blue  (460  nm)  lights  produced  little  or  no  change  from  baseline  activity.  This  type 
of  neuron  can  be  labeled  red-green  or  + R-G  (classification  scheme  of  DeValois  et  al.),  where  +  indicates 
ex- citation  and- indicates  inhibition.  One  + R-G  neuron  was  found  and  one  cell  that  responded  with 
excitation  to  green  and  inhibition  to  red  (-R+G)  was  found.”  The first signal described was found in the
pulvinar.  It was clearly a Q-channel signal.  The second signal was an inverted copy of a Q-channel signal.  

“Cell  B  was  excited  by  blue,  green  and  white  lights,  and  inhibited  by  red  light.  Yellow  light  produced 
little  or  no  response.  Due  to  the  noisy  responses  of  this  cell,  it  was  not  clear  exactly  when  the  inhibition 
to  red  light  began. . .It  is  possible  that  the  blue  as  well  as  the  green  cone  mechanism  was  contributing  to 
the  short  wavelength  sensitivity  of  this  cell,  as  in  red-cyan  (RC)  neurons  reported  in  the macaque  retinas, 
LGN, and  striate  cortex (with several citation). . .perhaps  this  RC-Iike  neuron  should  be  tentatively  classified 
as  -R+G  until  chromatic  adaptation  tests  are  applied  to  color-sensitive  PL  neurons.”  This cell type is
exhibiting an inverted Q-channel signal.  If the blue stimulus at 460 nm was sufficiently strong, it could influence the
M-channel photoreceptors.  The comment about a red-cyan neuron is the purest type of Q-channel signal.  It is best
captured in the absence of any P-channel signal.  This is illustrated in Section 15.3 where the red-cyan axis is one of
the two primary axes of the New Chromaticity Diagram (2016).

 “Cell  C  was  one  of  3  neurons  that  had  increased  spike  activity  when  stimulated  with  red  or  blue  lights 
and  decreased  activity  when  green  light  was  presented.  Responses  to  yellow  light  were  intermediate 
between those  to  red  and  green  lights.  The  chromatic  properties  of  these  cells  may  have  been  due  to  op~ 
sition  of  the  green  cone  mechanism  by  both  the  red  and  blue  cone  mechanisms.  as  in  green-magenta  (GM) 
neurons  found  in  the  retina,  LGN,  and  striate  cortex (same citations as above). . . It  is  possible,  then,  that  our 
GM-like  neurons  might  actually be  +R– G  cells.”   Their green light at 505 nm is not very green, here it would be
described as cyan, close to the null value for the P-channel at 494 nm.  Magenta is not a spectral color and is
created by combining their blue at 460 nm and their red at 650 nm simultaneously.  More data would probably
confirm their last sentence is most likely the actual case.  Otherwise they have encountered one P-channel signal
and one inverted Q-channel signal.

“Cell  D was  1 of  2 neurons  that  responded  briskly  to  white  light,  but  was  inhibited  (followed  by 
off-responses)  by  narrow-band  lights.  These  cells  were  considered  color-dependent,  but  not  color-opponent. 
Cells  with  similar  response  properties  have  been  reported  in  extrastriate  areas but  not  in  striate  cortex  or 
subcortical  areas.”  The color temperature of their white light was not provided.  Therefore, it is difficult to describe
their 1 of 2 signals of this type precisely.

The important conclusion from their experimental work is that there are P– and Q–channel signals present in the
lateral pulvinar.  Whether they (1)originate in the pulvinar, (2) are created in the PGN, or (3) are projected from the
stage 2 circuits of stage 2 in the retina has not been determined.

“In  addition  to  the  chromatic  properties  of  the  color-opponent  and  color-dependent  neurons  reported  here,  a
number  of  other  properties  were  studied.  All color-sensitive  neurons  were  binocular, sometimes  (but  not 
always)  showing  some  degree  of  ocular  dominance.  Binocular  responses  were  larger  than  monocular 
responses,  but  usually  not  as  large  as  the  sum  of  the  monocular  responses.  All  of  these  units  had  response 
latencies  (measured  to  the  first  clear  change  relative  to  baseline)  ranging  from  30  to  60  ms,  averaging  47 
ms.”  This is a valuable paragraph.  It suggests the binocular phenomenon, and probably the stereopsis mechanism
is observed in the lateral pulvinar.  It also suggests these signals are being processed within the pulvinar even
before similar signals have even arrived at the visual cortex.

An additional important paragraph followed.  “Color-sensitive  pulvinar  units  responded  equally well to all 
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directions of  moving  stimuli  and  showed  no  orientation  preferences.  Receptive  field  boundaries  were  at 
times  difficult  to  determine,  as  has  been  reported  for  lateral pulvinar  neuronsl.  We  were  able  to  precisely 
determine  the  RF  boundaries  for  4  of  the  8 color-sensitive  pulvinar  units  reported  here,  shown  in  Fig.  2B
[above].  RFs  were  large  (greater  than  10"  arc),  usually  centered  at  or  near  the  fovea,  and  had  no  obvious 
antagonistic  surrounds  or  flanks.  The  RF  labeled  D  (corresponding  to  cell D)  was  the  only  one  that  did  not 
include  the  fovea.  Color-sensitive  neurons  were  found  in  all  subdivisions  of  the  lateral  pulvinar,  including 
PL(α),  PL(β)  and  PL(γ).  The  locations  of  our  color-sensitive  PL neurons  are  shown  in  Fig.  2A.  There  was 
no  apparent  retinotopic  organization  in  this  small  sample  of  neurons,  nor  within  the  larger  populations  of 
PL  neurons  tested  for  other  visual  properties.”  There method of measuring RF’s was rudimentary.

The paper of Felsten et al. was truly valuable in understanding the foveola/PGN/pulvinar pathway of the visual
modality!  See Section 3.3.8. for additional analyses.

2.4 The cytoarchitecture of many elements of the human visual modality

Knowing the precise location of the engines of the visual modality in humans is becoming ever more important in
determining the functional roles of these engines.  Celeghin et al24. have provided a consistent set of Talairach
coordinates of great value in this regard, even though they in many cases show a precision of only one digit.  Their
paper will be reviewed in Section 3.3.4 but a figure will be reproduced here for orientation purposes.

Figure 2.4.1-1 presents their figure 2, apparently based on fMRI technology.   The areas labeled SC/PULV,
hMT/V5, LG and AMG are particularly relevant to this discussion.  In this paper, SC/Pulv will be identified as the
PGN/Pulv of the foveola/PGN/Pulv pathway.



26  Processes in Animal Vision

Figure 2.4.1-2 presents their Table 2 showing the Talairach coordinates of these engines of the neural system. 
While all of the coordinates are not relevant to this paper, they are included for their value to other investigations.  It
is important that these coordinates are based on the functional location of the engines labeled and do not necessarily
agree with the morphological coordinates.  This is especially true in the case of the PGN/Pulv coordinates since a
large part of the SC previously labeled the SC/Pulv may not be stimulated in this situation.  Such differences may
call for an alternative set of functional Talairach Coordinates as time moves forward.

Figure 2.4.1-1 “Anatomical 3-D rendering of the ALE maps, collectively carving the functional neuroanatomy of
blindsight (p < 0.05 corrected for FDR).” Note the large and highly illuminated portion labeled SC/Pulv and more
clearly defined as the PGN/Pulv in this work.  Note also the region labeled the hMT/V5 is well buried within the
sulci of the cerebrum.  Many of the other illuminated regions are peripheral to the actual visual modality.  See text. 
From Caleghin et al., 2018.
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 2.5 Attention is a manifestation of the Analytic mode of operations

Although not a focus of this Appendix, a complete reading makes it clear; The behavioral phenomenon of Attention
is largely a manifestation of the operation of the Analytic Mode of the physiological visual system.

2.6 An expanded model of macaque pulvinar structure–Lysakowski, 1985

Lysakowski & Benevento25 presented a new model of the macaque pulvinar based on the work of their team in 1985.

“Our model subdivides the classical divisions of the pulvinar complex--medial pulvinar (PM) , lateral
pulvinar (PL), and inferior pulvinar (PI),--into subunits which  have unique connections with the midbrain or
cortex. In corona1 sections, the subunits are viewed as bands or other configurations of groups of cells which
interdigitate and sometimes overlap with each other and which lie within or across classic nuclear boundaries.
Three subunits are found wholly within PL. One dorsoventral band is found along the lateral edge, receives 
input from superficial  layers of superior coliculus (SCs) and is reciprocally connected to cortical areas V1
and V4.  The adjacent parallel band does not receive tectal input, but is connected to cortical areas V1, V2,
V4 and MT.  A band in the dorsal 1/4 of PL overlies these two, receives from the retinorecipient pretectum,
and projects to parietal cortex.  A fourth band overlaps the mutual border of PM and PL and receives input
from both SCs and deep layers of SC (SCd). PI has at least 6 subunits, 2 of which cross its boundaries with
PL and PM. There are 3  bands of input from SCs and a zone of reciprocal prestriate cortical connections
which are confined to PI. The prestriate projection  overlaps with one SCs band. Another band spans dorsal
PI and ventra1 PM and is reciprocally connected to area 22 rostra1 to MT. A final band or "crescent" spans

Figure 2.4.1-2 “Human brain areas significantly active in the ALE meta-analysis (p < 0.05, FDR) and cluster size (1
voxel = 8 mm3). Local maxima are reported in Talairach coordinates.” While all of these coordinates are not relevant
to this work, they are included because of their rarity in the literature.  See text.  From Caleghin et al., 2018.
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dorsal PI and ventral PL and has reciprocal connections with MT.  While PL and PI consist of rather
vertically-oriented subunits, PM consists of as many as eleven horizontal and vertical bands and other
configurations.  For example, the first of these is a wheel-shaped area in the dorsomedial corner of PM which
is reciprocally connected to polysensory cortical areas TG, 13, and 32. Interdigitating with the "spokes" of the
wheel are other subunits reciprocally connected to cortical areas in the temporal, parietal, limbic and frontal
lobes. Near the "hub" of the wheel, there is a region which receives input from SCd and thus  overlaps with
pulvinar sub- units projecting to the frontal eye fields, and to  the parietal and limbic areas. This pulvinar
model should serve as a guide to physiological studies in the localization of specific functions.” 

Without any figures or description of the message traffic along this wide range of connections between the pulvinar
and other neural locations, there is little that can be said about this material.  Apparently it did not endure following
the verbal presentation.  The extensive bibliography of Benevento & Miller paper of 1981did not cite this paper
specifically.  The superficial layers of the SC, SCs, are described as part of the pretectal group; They are shared
between the PrG of Kwan et al, 2009, and the PGN of this work.  The PGN is generally equivalent to the undefined
SubG of the Kwan et al. paper.

It is possible the purpose of the bands described would be clearer if the projection used by Bender was used.  It is
possible these bands are similar to those within the LGN.  When observed orthogonally, the LGN bands are found to
be retinotopic spatial representations used for combining the left or right visual fields of the two eyes. The lateral
pulvinar has a similar responsibility for the visual fields provided by the foveola of the two eyes. 

3.0 What is the role of the pulvinar in human vision?  

It can be argued that the pulvinar is more important than the visual cortex in human vision.  While the cortex is
highly involved in the Awareness and Alarm modes of human vision, it is the pulvinar, in conjunction with the
foveola/PGN/pulvinar pathway, that performs the functions of the Analytical mode so important to humans.  

C The pulvinar merges the high acuity images from the foveola of each eye.
C The pulvinar extracts depth of field information for each significant object within a few degree field of view, based
on the inherent instantaneous field of view of the foveola as well as a larger field based on the PEEP procedure
(Section 3.3.6.1).
C The pulvinar prepares the high acuity 3D neural representation of the external environment, including the updating
of the saliency map with high acuity information to replace the low acuity information from the cortex.
C The pulvinar is responsible for recognizing the category of objects in its field of view based on the PEEP
procedure.  It may rely on its own stored memory or rely upon the memory incorporated in the nearby cerebellum.
C The pulvinar is responsible for identifying, precisely, objects already recognized, again using its internal memory
or that of the cerebellum.
C The pulvinar is responsible for distributing its neural representations to other engines of the CNS as appropriate.

The sixth edition of a widely used textbook26 originating in 1967, “The Human Nervous System” of 475 pages,
devotes less than one paragraph to the pulvinar in a chapter on the thalamus.  The 1400 page tomb, using the same
title and in its 2nd Edition, by Paxinos & Mai27 devotes 2.5 pages to the pulvinar.  Chapter 20 on the Thalamus, by
Gerard Percheron,  does not address the functional role of the pulvinar.  He only refers to the pulvinar as part of the
histological designation, Regio posterior.  Most of the 2.5 pages are a listing of reports on the histology of the
pulvinar.  The text between the citation is very condensed and leaves many concepts inadequately addressed.  Many
of the cited papers are in conflict or use alternative terminology.  Percheron does summarize a common problem in
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the neurosciences,

“Two problems concerning pulvinar-cortical connections remain to be solved.  The first is the determination
of exactly which neurons from what source are really mixed in islands or separated.  The second concerns the
distribution in the cortex.  A single injection indeed leads to a discontinuous ribbon in the frontal, anterior
cingulate, insular, polar, superior temporal, posterior cingulate, and parahippocampal cortex. (with two
specific citations)”

This quotation must temper any investigators tendency to suggest only two terminals to any neural signal pathway. 
The most recent citation, Romanski et al28.,1997, strongly supports the assertions of Percheron.

The tomb entitled “The Human Nervous System,” by Paxinos & Mai is so focused on the histology and
morphology of the neural system, it does not have a single standalone entry in the index for either the
neuron or the synapse.

The tomb only devotes 20 pages to the entire visual modality and presents primarily an overview of the
conventional wisdom of the 20th Century using very simple graphics.

3.1 The major roles of the foveola in human vision

The role of the foveola is quite unique and, in turn, complex.  It is an integral part of both the stage 0 optical system
of the human eye and the stage 1 neural signal generation.  Section 2.4 of “Processes in Biological Vision,” cited
earlier,  describe two mutually exclusive types of foveola within the animal kingdom, one used by the higher
primates and one used by “birds of prey.”  The human foveola is typical of the anthropoids and only appears in a few
species outside of this group.

Each human foveola consists of about 23,000 closely packed photoreceptors, each of about 2 microns diameter and
connected by individual ganglion neurons to the PGN of the thalamus as part of stage 4 information extraction.  The
spectral sensitivity of these individual photoreceptors is not of major concern at this point.  The foveola, diameter
1.2°,  is located at the point of fixation within the foveal pit which is effectively wider by a factor of 3 to 5.

3.2 The major roles of the perigeniculate nucleus, PGN

 There are nominally 23,000 neurons in each foveola.  The PGN receives this number of neural signals from each
retina via the optic nerve; 23,000 neurons constitutes about 2.3% of the neurons in this conduit.

The precise delineation of responsibilities between the PGN and the pulvinar are not resolved in the literature.  It has
been assumed in this work that the PGN was analogous to the LGN.  In the resulting role, it was responsible for the
merging of the images from the two foveola and extracting fine version and vergence information to pass to the
POSS.  However, it may be that the PGN is in fact a simple relay point and these other roles fall to separate portions
of the pulvinar.

Assuming the analogous role, the PGN has three primary functions; 

1. to compare the foveola data from each retina and extract any fine error in the convergence between the two
patterns and forward that error information to the primary optical servo system, POSS, controlling the vergence of
each eye.

The LGN performs a similar coarse data extraction from the signals from the fovea in order to verge and
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converge the two eyes with the point of fixation within the 1.2° diameter foveola.  However, since large
numbers of signals from some 90 million photoreceptors are combined within stage 2 operations into less
than 1 million neurons within each optic nerve, the signal data provided to the LGN via the
fovea/LGN/occipital path is necessarily of lower acuity than that available via the foveola/PGN/pulvinar
path.   The median geniculate nucleus, MGN of the auditory modality, and possibly the stage 1 through 4
engines of other modalities may also contribute coarse information to the POSS, particularly relating to
Alarm mode operations. 

2. to compare the data from each retina following fine convergence and extract stereo cues from this data that can be
attached to the information extracted from the signal data prior to forwarding the data to the saliency map

Under the analogy assumption, the extraction of stereo cues appears to be an exclusive responsibility of the
PGN.
 

 3. to provide a merged image, using an unknown method of coding, to the pulvinar for identification of the elements
of the external scene represented by the signal information it received from the foveola of the two eyes.

The alternate role of the PGN, as a simple relay, leaves these three roles to the pulvinar–as described below.

3.3 The major roles of the pulvinar

The important role of the pulvinar in vision is becoming abundantly clear to any one active in the field of vision,
based on information scattered throughout the academic literature.  As this paper develops, there are two principle
parts of the pulvinar; 

1. the inferior pulvinar (tasked primarily with activities related to fine version and vergence) and 
2. the lateral pulvinar (tasked primarily with convergence of the images from the two foveola, depth perception, and
object recognition & identification).

The lateral pulvinar cooperates closely with the caudal pulvinar.  Our understanding of that cooperation is at the
forefront of science in this area.

Arguably, the most important task of the pulvinar is in the identification of objects imaged on the foveola.  Also
arguably this is one of the most important functions of the visual modality of humans.

Knowledge of how the pulvinar extracts information from individual images projected onto the representation of the
foveola created in the lateral pulvinar remains unknown as of 2019.  This is due to several facts.

1. Until the arrival of real time, non-invasive imaging of the brain arrived at the turn of the last century, the histology
of the pulvinar was primitive.

2. It is currently not known how the signals arriving at the pulvinar are encoded.  It is likely that much of the
arriving information remains retinotopic (more specifically foveola-topic) but may be accompanied by metadata. 
The overall format may involved multiple neurons projecting signals in a word serial/bit parallel format (indicated
by the symbol, “/n”.

3. It is currently not known how the signals departing from the pulvinar are encoded.  It is likely that all of the
departing information is object centered, include a complex metadata file, and is totally independent of any spatial
characteristics related to the original imagery.

4. It is presumed that the pulvinar employs image matching techniques to compare new images with previously
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stored patterns.  These reference patterns may be stored within the pulvinar, or recalled from other memory storage
locations, such as the cerebellum. 5. The reference patterns are presumed to be relatively small in area (number of
pixels in each dimension) because of the size of the foveola.  The reference patterns are likely to have attached
metadata.

The role of the pulvinar is to extract information from the neural signals delivered to it via the foveola/PGN/pulvinar
path and deliver that information to the saliency map at the output of stage 4.  The high acuity information from the
foveola replaces the lower acuity information in the map received via the fovea/LGN/occipital path in a specific
location representing a small fraction of the external visual environment.  Through redirection of the oculars, it is
able to place high acuity information in multiple locations within the saliency map. 

The neural code used to transport the analog information garnered in stage 4 & stage 5, over the stage 3 neurons
using action potentials, is currently unknown.  The information forwarded to the saliency map is known to represent
the external field in stereographic detail and probably contains additional metadata including that from other sensory
modalities.

Based on Bender (Section 3.3.7.1) and the schematic presented in Section 2.2), the lateral pulvinar has the daunting
responsibility of extracting image information from the signals received from the PGN via the foveola/PGN/pulvinar
path.  Again based on Bender and the confirmatory work of Ungerlieder et al. (Section 3.3.7.2), the role of the PGN
may be shared, or transferred, to the inferior pulvinar,PI, one of several regions of the pulvinar.  It accomplishes this
by comparing the signals with previously received similar signals that are stored in either working or permanent
memory.  If it fails to achieve an acceptable interpretation of the scene presented to the foveola, it has the ability to
pass the signal data to an alternate image extraction mechanism present within the cerebellum.

The signals provided to the pulvinar appear to be in relatively virgin form–containing color, transient and
stereographic information.

3.3.1 Principle role is analysis and identification of detailed scenes

Ward et al29. (2005) present data on a patient following loss of one lobe of his pulvinar in a visual scenario.  After
introducing the role of the amygdala, they note, “Traditionally, two routes to amygdala activation have been
distinguished: a ‘slow cortical’ route through visual and association cortex and a ‘fast’ route through the thalamus. . .
We tested this possibility in patient SM, who suffered complete loss of the left pulvinar.”   Their figure 3 shows
significant delays in recognizing threatening scenes in the right (contra) visual field.  The description of their
protocols was brief but citations were provided.  In general, the response of the subject took nearly twice as long as
the average for a control group of ten.  They did not address whether the fixation point was varied to more efficiently
analyze the target scene.  In their interference experiments, they noted,

 ”Interference did eventually emerge even in the absence of the pulvinar, consistent with either slowed transmission
in the degraded channel or the influence of a slower alternative route for response to threat, perhaps through cortical
pathways to the amygdala.”

Although their experiments were primarily psychophysical, they did offer a set of MRI images showing the precise
location of the left pulvinar.  “the figure shows complete destruction of the pulvinar nucleus, with lateral extension
of the lesion into the periventricular white matter.”

They made an additional comment that may be open to clarification.

“Although the pulvinar is a subcortical structure with connections to many other subcortical structures, its
most distinguishing feature is its vast, reciprocal connectivity throughout all major divisions of the cortex. 
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This connectivity leaves the pulvinar well placed to modulate cortico-cortical communications. Thus, the
pulvinar may be a crucial locus of contact between the ‘fast subcortical’ and ‘slow cortical’ routes to the
amygdala.”

 In general, it is the role of the thalamic reticular nucleus, TRN, surrounding nearly 90% of the pulvinar (except for
the posterior extremity) to provide a nexus between a vast array of cortico-cortico communications.

Their more notable conclusion in the current context is, “our results demonstrate a functional distinction showing
that, even given the presence of an intact cortex, rapid (<300 ms) processing of visual threat requires an intact
subcortical processing stream” [via the pulvinar.]

Ward et al30. (2007a) have asserted in their Abstract, “Our results suggest that the cortex in isolation from the entire
pulvinar is incapable of recognizing fearful expressions.”  A broader investigation is clearly needed to determine the
role of the pulvinar in recognizing other imagery in its primary role in stage 4 information extraction. B.I., a subject
lacking an occipital lobe has identified the gender along with the emotions of test images ostensibly using his
pulvinar alone (Section 3.3.5.2.6).

In a separate broader paper, Ward & Arend31 (2007), additional MRI images are shown for several subjects.  They
noted, “Inspection  of  Table  1  shows  that  for  both  patients, performance is not well described as continuous
gradient from ipsi to contralesional space.  The spatial separation between the ipsi and contralesional columns within
a search array was only 1°, while the separation across the vertical meridian  between  the  innermost  columns  was 
3.5°.”   Another important assertion is,

 “These results demonstrate for the first time a spatial coding within the pulvinar that is defined in terms of an
object-based frame. The only previous indication of non-retinotopic coding in the pulvinar maps have been
reports showing that the firing rate of some PI cells could be modulated by the position of the eye in its orbit
(Robinson et al., 1990).”  This assertion is consistent with the output of the pulvinar being coded for the
object present and not for where the eyes are fixated. Whether the coding includes metadata was not
discussed. 

 Robinson et al32. focused on individual neuron responses within the pulvinar related to the saccadic movement of
the eyes, not on the role of the pulvinar in analyzing the field.  This early exploratory work relating to the pulvinar
did not describe the detailed location of their selected neurons within the pulvinar.  Their data can be interpreted in
many ways based on more recent experiments.  Their results do support the presence of differential input neurons
resulting in modulated output signals.  Their movement measurements did not extend to the level of mini-saccades or
tremor (micro-saccades).  Most related to saccades of less than 20° required to bring a target to the line of fixation. 
The paper included a wide list of references.  The references included many that broadly surround the actions of the
pulvinar.   Ward & Arend go on,

“Strong  versions  of  object-based  coding  suggest  that spatial coding may be tied to the object even as it
rotates (e.g. Behrmann and Tipper, 1999). In the extreme case of an upside-down object, space on the
retinotopic left would be coded as rightwards in the object frame. We make no such strong claim. To be clear,
we have demonstrated that the visual space impaired by pulvinar lesion is not defined exclusively by
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retinotopic space, but in part by a coordinate system based on the location, not necessarily the rotation, of an
object (the search array).  Finally, the object-based frame we observe suggests that the pulvinar may be
sensitive to both contralateral and ipsilateral stimulation. Such a bilateral response would be indicated by
object-based modulation in both retinotopic fields. The response to stimulation that is retinotopically
ipsilateral, but contralateral within an object frame, may be mediated through subcortical commissures, or by
cortical communication, across the corpus callosum. These are interesting possibilities to assess in future
neurophysiological and brain imaging work.” 

 In their Abstract, Ward & Arend cite the important paper by Grieve et al. in 2000.  The Grieve paper focusses on the
inputs and outputs of the pulvinar in a more global context.

Arend et al33. (2008) expand on the Ward & Arend (2007) paper describing two distinct mappings in the pulvinar. 
They note,

“The inferior pulvinar,PuI, and the lateral pulvinar,PuL, contain spatial maps, organized so that the inferior
field is represented dorsally and the superior field ventrally.  PuI and PuL are located in the ventral and
anterior part of the pulvinar.” 

 Arend et al. make another assertion that may deserve expansion.

“Indeed, the three patients discussed here, and other patients we have observed, even with complete unilateral loss of
the pulvinar (Ward et al., 2005, 2007) have not tended to complain about their vision.“

No information about the acuity of any of these patients was provided.  It is possible their best corrected visual
acuity (BCVA) is only on the order of 20/60 suggesting they have not perceived the loss of acuity in at least the
foveola field associated with their pulvinar damage.  They may routinely optimize their fixation point as a
compensation.

The papers of 2007 and 2008 of the Ward/Arend team support the position that the pulvinar receive input signals
that are retinotopically oriented (ostensibly within the field of the foveola with potentially additional metadata) and
provide output information that is object oriented (again potentially accompanied with metadata).

3.3.2 Binocular vision, stereopsis & depth perception  

The terms binocular vision, stereopsis and depth perception are poorly understood and frequently used
interchangeably.  Binocular vision refers to a simple fact, when the two eyes of a species share at least some degree
of common field of view.  Animals with flat faces are likely to have a maximum degree of binocular vision. 
Binocular vision is a prerequisite for but not indicative of stereopsis.  Stereopsis is an operating mechanism within
the visual modality that is designed to create a three-dimensional representation in neural space of the exterior
environment.  Once that representation, along with its metadata, is stored in the spherical space surrounding the
subject maintained within the saliency map, that representation is totally separate from the concept of binocular
vision.  

The stored data allows humans to reach behind themselves for a nearby object without turning their head. 
 The perception of the distance from an absolute reference point, usually taken as the center of the head, relies on
binocular vision and the mechanism of stereopsis,  This phenomenon of depth perception is a limited by the
geometry of the eyes, the signal processing capability within the neural system and the metadata created in the LGN
and PGN.  It will be shown that much of the signal processing is accomplished within the pulvinar of stage 4 during
one of its information extraction task.

“A review of recent papers related to stereopsis is available (Section 7.4.1.4), but these papers are primarily
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conceptual.  Tyler34 went out of his way to develop the reasons a new special mechanism is needed to result in a
clear understanding of stereopsis.  There are virtually no academic papers on the mechanisms of stereographic vision
in the literature beyond the development of the framework associated with the horopter.  This has long been true
because of the reliance of the community on the assumption that the eyes in animals operate like framing (imaging)
cameras instead of the more sophisticated scanning cameras (Section 17.8.7 of Fulton, 2008).”

A scanning camera converts spatial positions into temporal positions.  Operating in the time domain, the
visual modality is able to perform mathematical manipulations without employing cross-correlations, Fourier
Transforms or virtually any other transcendental manipulation.  Such manipulations, involving multiplication,
are not known to occur within the CNS.  The major manipulations used within the visual modality are
summing, differencing and simple integration (using RC circuits).

 The horopter is the principle tool used to explore stereopsis.  Unfortunately, all of the definitions of the horopter in
the literature (and that are repeated endlessly in Wikipedia) are based on the framing camera concept and are Wrong.
As an example of this incorrect wording, 

“In studies of binocular vision the horopter is the locus of points in space that have the same disparity as
fixation. This can be defined theoretically as the points in space which project on corresponding points in the
two retinas, that is, on anatomically identical points. Wikipedia”

 
When using a model based on the scanning camera concept, the situation is totally different.  Using this concept,
time plays and important role.  Once a point of fine convergence is obtained by the POSS, that “fixation” point
becomes a reference point within the neural system.  This reference point defines the distance from the eyes to the
point of convergence and it defines an angle with respect to the perpendicular bisecting the distance between the
nodal point of the optical system of each eye. This is frequently taken as the centers of rotation of the eyes, but the
two locations are not the same.  In precise analyses, it is the first nodal point of the immersed optical system that is
relevant.  This nodal point occurs within the crystalline lens of the eye (17 mm from the retina), not at the center of
rotation of the eye (11 mm from the retina).  These values are from Turski, 2016.  It is the nodal point that is used to
determine the Vieth-Muller circle in Figure 3.3.3-1. 
 
3.3.2.1 The recent analysis of stereopsis based on a framing camera–Turski, 2016

Turski35 has provided the most recent geometrical description of the horopter in its relation to binocular vision, not to
stereopsis and depth perception..  He starts off highlighting the confusion that has reigned for many decades due to
the assumption that the eyes are framing cameras,

“In the primate visual system, basic concepts of binocular projection include the horopter and the Cyclopean
eye. The horopter is the locus of points in space seen singly by the two eyes. The Cyclopean eye is an
abstract eye that represents the visual axes of the two eyes by a single axis of perceived direction.  An eye
model that still influences theoretical developments in binocular vision assumes that the optical nodal point
coincides with the center of rotation for eye movements. This anatomically incorrect assumption was
originally made about two centuries ago in the construction of Müller’s horopter, known as the Vieth–Müller
circle (V–MC). The primary goal of our study is to derive the precise geometry of binocular projections when
the nodal point is placed at the anatomically correct location.  It should be noted that there is no single
horopter. The shape and form of the horopter depends on its definition and the procedure used to measure it.
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Turski does provide a clear definition; “Binocular disparity (or stereopsis) refers to the small differences in the
perspective projections on the right and left eyes that result from the eyes’ lateral separation.”  However, this
definition does not suffice when the eye is recognized as a scanning rather than a framing device.  As will be shown
in Figure 3.3.3-5, it is the time differentials between the appearance of edges in “corresponding photoreceptors” that
is the determining parameter.  Time differentials are much easier for the neural circuitry of the visual modality to
process than complex spatial relationships.  Turski also stops short of defining a unique Vieth-Muller horopter.  As
cited above, Figure 3.3.3-1 defines the unique Vieth-Muller circle using his parameter of H set to 0.0.

Turski gives examples of how to calculate the positions in object space based on the framing camera assumption in
the text supporting his figures 6 & 7.  Figure 6 does not reference the fixation point.  Both figures involve complex
transcendental mathematical calculations that the neural system is not known to be capable of performing. 
Turski does not address the practical ranges of depth perception achievable by the human eye.

His Discussion opens with the assertion,

“Conventional theory of binocular projection based on the V–MC incorrectly assumes the eye’s nodal point
and rotation center share the same location. The precise, but simple, binocular projection geometry presented
here corrects this conventional theory. It is well known that, when the eyes fixate on the points of the V–MC,
the vergence and the circle remain unchanged. This property is not shared by the anatomically correct
geometric horopters, Ghs.” 

Turski does make a brief comment about a vertical horopter when discussing the horopter related to the plain of the
eyes, “Apart from that, for each constant vergence, there is a ver-tical horopter consisting of a straight line that is
perpendicular to the visual plane and passes through the point of symmetric convergence.”  This is marginally
correct but in humans the vertical horopter is known to differ from vertical by 0 to 2 degrees (Section 17.8.7).

Turski does make some brief remarks about the phenomenon of depth perception based on obsolete, but unstated,
dimensions relating to the photoreceptors of the fovea and empoying the frame camera concept, “Given that the
spacing between cones in the fovea is on the order of 30 arc sec, human discrimination of 5 arc sec of retinal
disparity is extraordinary and termed a hyperacuity. Visual computations that make use of fine-scale binocular
disparity information include ‘breaking camouflage’ when the outline of an object with pattern matching
surroundings ‘pops out’ from the background because the object and the background are at slightly different depth.
This figure-ground segmentation’s use of disparity processing is vividly demonstrated in the ‘Magic Eye’ images
invented by Christopher Tyler in 1979, a postdoc of Bela Julesz.”

Using the scanning camera to measure the signal change at a high contrast step change in illumination, and 2 micron
diameter photoreceptors in a foveal pit offering a 250 micron radius concave field lens, the measured 5 arc seconds
acuity is understandable (Section 3.3.3.4) and not extraordinary!  When pursuing the scanning camera approach
with a field lens, the nodal point must be calculated for the optical system including the field lens to obtain a
realistic Vieth-Muller horopter.

Turski does not address the neural mechanisms involved in creating a 3D image within the visual modality, nor does
he address the phenomenon of depth perception!

3.3.3 The stereopsis mechanism and depth of vision based on scanning motions  

The key to understanding the stereopsis mechanism is to appreciate it is an extension of the fine convergence
mechanism.  Both mechanisms rely on the scanning characteristics of the oculars within the vision modality.  In both
cases, the mechanisms rely upon edge detection.  In edge detection the higher the contrast of the local scene, at the
minutes of arc level, the higher the performance of the mechanisms.
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Stereopsis is fundamentally a two-step process.  In the first step, the POSS controls the mapping of the imagery
projected onto the foveola in order to achieve a 3D neural map of that external environment.  After some cogitation
within stage 5, the second step is undertaken, the attention is directed to individual points of interest for more
detailed analysis.  This second step results in identification of individual features, such as letters and syllables in the
case of reading (Section 19.8).

To understand the operations involved in step one, some background is needed.  The first is achieving familiarity
with the horopter.  The horopter is defined as the locus of fixation points shared by the two eyes.  These fixation
points are defined by the ability of the two eyes to establish minimal time difference between the signals from the
two eyes as they sweep across edges within the fixation field.  This minimal time difference measured within the
PGN is used to signal the POSS that fixation has been achieved.  Once this level of fixation has been achieved, the
point of optimum fixation is taken as the reference point within 3D space.   Within the above framework, it is easy to
extend the concept of the stereopsis mechanism to regions away from the horopter.   The goal is to determine the
distance and angle from the reference point to other points in the visual field (Section 17.8.7).

The pulvinar is the major participant, along with the POSS, in developing the 3-dimensional characteristics of the
scene presented to the foveola of the retina.  Stereopsis has not been associated with the cerebrum or the cerebellum. 
The mechanics and mechanisms involved in stereopsis are beyond the scope of this paper but can be reviewed in
Section 7.4.1 of Chapter 7 of “Processes in Biological Vision36.”

The question remains, what parameter can the empirical horopter display that will best describe the depth perception
performance of the visual system?  One answer would be to describe the angular precision obtained by measuring
the stereo-acuity of the subject.  This would produce a grossly different empirical horopter from the conventional
caricature.  It would focus specifically on the difference between qualitative depth perception and stereopsis.  Figure
3.3.3-1 shows a caricature of an empirical horopter that can illustrate two criteria.  First, when based on the best
available data and the criteria of stereo-acuity, the tube drawn along the Z-axis has a length approximately 100 times
the diameter of the empirical horopter drawn along the ellipse or the vertical axis.  The range is similar when based
on the criteria of maximum distance from the point of fixation to the edge of the perceived field of depth perception.  
The depth of perceived depth perception is much greater within the field of the foveola than outside it.  This figure
provides a clear representation of the difference between the region of stereopsis and the region of qualitative depth
perception.  The variation in depth perception outside the foveola using these criteria are so small, compared with
that of the foveola, they cannot be shown easily on the same graph.  Held et al37. have provided background on the
narrowness of the cone providing significant depth perception in human eyes.  “Disparity is commonly regarded as
the best visual cue for determining 3D layout.  But depth from disparity is only precise near where one is looking; it
is quite imprecise elsewhere. . .The just-noticeable change in disparity is very small (~10 arcseconds) at fixation but
increases dramatically in front of and behind fixation.  They provide several citations supporting the narrowness of
the cone.  However, they have not addressed the neural mechanisms that create depth perception.
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Figure 3.3.3-1 Caricature of an empirical horopter based
on stereoacuity or on maximum to minimum distance of
perceived depth perception, relative to the point of
fixation.  See text.  From Fulton, 2008.

 Second, the figure provides a framework for
displaying a range of empirical horopter data.  It also
shows the great differences involved in discussing
stereopsis and qualitative depth perception.  It clearly
shows the fronto-parallel plane plays no role in
qualitative depth perception for fields beyond the
foveola.  It also shows, along with [Figure 7.4.1-7],
the importance of selecting distances to the point of
fixation compatible with the depth of focus of the lens
group.”

This horoptor addresses Turski’s observation that the
V-MC ellipse is actually a series of ellipses with a
common point at the fixation point.  By extending his
and similar earlier geometric studies, it is seen that
only a specific V-MC ellipse is coincident with the
ellipse of the Cyclopedean eye.  If H = 2a/b, where a is
the inter-pupillary distance and b is the distance to the
point of fixation from the mid point of the inter-
pupillary line, the horizontal axis is obtained. 
Intermediary values of H equate to intermediate ellipses as shown.  One of these ellipses is particularly important
because it corresponds to the surface of best focus for an equivalent “cyclopean eye,” or the actual eyes where a is
much smaller than b.   

3.3.3.1 The concept applied in stereopsis and depth perception

Section 7.3 reviews th overall pointing and focus systems of human vision.  Section 7.4 addresses these systems
individually and Section 7.4.5 addresses the concept and geometry of stereopsis in detail.

Stereopsis is a feature of the foveola/PGN/pulvinar pathway38 and relies upon the scanning motion of the
eyes.  Stereopsis can not be understood by assuming the eyes operate as framing cameras.  It must be
recognized that the animal eye is a scanning camera and going further, the photoreceptors of the animal
eye are fundamentally edge detectors with other features introduced to simulate a framing camera. 

 To understand the concept used in stereopsis, exploring the geometry of a bowling alley provides an exceptionally
good starting point.  It turns out a bowling alley challenges a wide variety of human operating mechanisms.  Figure
3.3.3-2 provides an overall view of a bowling alley.
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Figure 3.3.3-2 Caricature of depth perception at a
bowling alley.   Left; a full view of four adjacent lanes. 
Center; a single lane shown with angles related to the
foveola of human vision.  LF; line of fixation.  Right; a
single lane marked to show it takes three glimpses of the
human eye to perceive the complete field of pins.

It contains three views.  The left view represents an
overhead view of a four-lane bowling alley with the
subject playing in lane C.  Each lane is sixty feet long
and 42 inches wide.  The pins are 4.75 inches in
diameter and arranged in an equilateral triangle with
the closest pin to the subject spotted 34.73 inches from
the farthest edge of the lane. The size of the pins
causes considerable overlap in their images.  This aids
the subject greatly in perceiving their relative position
in depth.  To allow for gutter lanes, the lanes are on
seventy two-inch centers.  The head and eyes of the
subject are shown seven times actual size to be
identifiable at this scale.  When the line of fixation of
the eyes is convergent on pin #1 in lane C, the lane
width extends over an angle of 3.35 degrees.  When the
line of fixation of the eyes is convergent on pin #1 in
lane C, the principal rays passing through the center of
the far end of lane B, and lane D, are at an angle of
5.73 degrees to the line of fixation.

Several propositions are offered.  The typical subject
cannot see the individual pins in lanes A, B & D when
fixated on pin #1 in lane C.  Each pin group could be
replaced by a triangular cardboard box and the subject
could not tell the difference if his line of fixation is
restricted to pin #1 in lane C.  This is due to the significant aberrations in the physiological optics of the eyes.  

Figure 3.3.3-3 is an expansion of the right frame of Figure 3.3.3-2.  It shows an instantaneous field of view  similar
to that labeled “α” of a bowling alley in that figure.  However, the instantaneous field of view has been rotated
slightly to be centered on pin #4.  The resulting figure shows the detailed geometry involved in stereo-optically
imaging and evaluating an instantaneous scene of 1.2 degrees width (requiring a total of few hundred milliseconds). 
The exquisite precision of the stereopsis mechanism makes it difficult to represent the true geometry of the situation. 
Therefore, the distance between the eyes has been expanded in the figure to represent a convergence angle for each
eye of four degrees.  The dashed sector represents the instantaneous field of view of the left foveola.  It consists of
an array of about 175 photoreceptors arranged in a one-dimensional fan that is symmetrical about the left line of
fixation.  The dotted sector represents a similar situation for the right foveola.  The two lines of fixation are shown
intersecting at the instantaneous point of fixation established a priori by the visual system.  Note that the two
nominal foveola are unable to image the four bowling pins simultaneously.  Pin #1 is unknown to the instantaneous
stereopsis process.  Of course it can be covered by a subsequent version and convergence.
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Figure 3.3.3-3 The geometry of the stereopsis mechanism in object space.  Left; same as in previous figure. Center;
frame expanded 7:1  to show optical paths when subject fixates on pin 4.  The figure shows a residual error in fine
convergence.  The actual point of fixation is in front of pin 4 and adjacent to pin 2.  Pins 2, 4 &7 remains within the
view of both foveola.  The Null Locus will be described more fully in Section 3.3.3.3.  Right; An expansion in the
pin area of the bowling lane showing the lines of fixation, LF, for each eye.  To visualize the complete pin set at high
acuity, the eye must employ mini-saccades to scan the alleyway.  See text. 
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In the evaluation of depth perception, thin vertical rods or threads are used rather than bulky pins (Figure
7.4.1-13 in Section 7.4.1.5.2). 

The first step in the stereopsis process begins with the two eyes rotating synchronously by 1.2° and possible up to 3°
or 4° in order to develop a 3D neural map of the external environment near the point of fixation.  The scope of such
motion is consistent with a mini-saccade (sometimes labeled a flick) according to Section 7.3.2.  For purposes of
discussion, let the motion be represented by a one dimensional linear sawtooth motion (assumed for the moment to
be in the horizontal plane). The same analysis can be applied to the vertical plane. This motion will convert the
spatial positions within object space into a time series of electrotonic (analog) signals that can be passed to the
midbrain.   The translation for a linear sawtooth is simple, f(t) = (1/v)Cf(x). On arrival at the midbrain, the pair of
signals are applied to the differential inputs of a neuron (not unlike the difference taking function of other neurons
forming the chrominance signals within stage 2 of the retina.).  This process is believed to take place in the PGN in
analogy to the similar process performed in the LGN for different purposes (to develop the coarse version and
vergence signals for projection to the POSS.  Continuing the analogy, the differential input neurons would be similar
to the K-neurons of the LGN.

Section 15.4.1 addresses the mechanisms of stereopsis in greater detail. 

As noted in Section 2.2 of this paper, the foveola of the two eyes are unique.  Each photoreceptor enjoys an
exclusive and direct neural path to the PGN, and on to the pulvinar.   The diameter of each foveola is small enough
that the array of photoreceptors within the foveola can be considered linear by invoking the sin x . x approximation. 
Thus, it is possible to match pairs of photoreceptors relative to the point of fixation at the retina.

Frames A and B of the right panel of the figure illustrate the analog signals defined by matching pairs of
photoreceptors in the two foveola.  The grey areas are outside the scanning window of the saccade.  In frame A, the
small area marked “a” is not scanned.  The small area marked “b” is scanned and its brightness is forwarded to the
PGN over its dedicated neural path.

The signals from the matched pair of photoreceptor neurons are applied to a differential input neuron within the
PGN.  Signals from the the left foveola are applied to the positive-going input of the differential input neuron.  The
signals from the right foveola are applied to the negative-going input.  The result is an analog differential waveform
at the axon of the neuron suitable for further processing.  By repeating this procedure in other matched pairs of
photoreceptor neurons in rows adjacent to the horizontal meridian, the axonal signals can be correlated to provide a
more robust indication of stereoptic convergence.  McKee39 discussed the value and limits on correlation between
data pairs in the foveola.

3.3.3.2 Framework for defining step one stereopsis

Attention to detail is mandatory when considering the complex relationships in stereopsis. Much of the
historical work has been at the conceptual level.  This has led to the conceptual, and frequently imprecise,
definition of many terms.  When later investigators have attempted to use these terms, they have replaced
them with their own similarly (but not identically) defined terms.  The result has frequently been similar to
that found in translating a foreign language.  The nuances intended by the original author are lost.  The
serious reader is encouraged to seek out original articles whenever possible to avoid being misled.

 
Figure 3.3.3-4,  reproduces from Section 7.4.1 defines the geometry of vision frequently found in the pedagogical
literature.  It is based on an early concept associated with Vieth & Muller.  This concept was in turn based on earlier
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Figure 3.3.3-4 Geometry of horizontal disparity.  Note the Gaussian optics approximation.  For large angles from
the line of fixation, the rays do not pass through the lens without bending.  The fronto-parallel plane (or tangent
plane) is shown for discussion. It does not represent a useful concept. Dashed vertical lines represent the collimated
condition for the real eyes and the Cyclopedian eye.  See text.

ideas of Maddox and Fechner.  It originated with Aguilonius in 1613.  The Vieth-Muller circle is defined by the
nodal points of the two eyes and the natural fixation point located along a perpendicular bisecting the line drawn
between the two nodal points (on the surface of the sagittal plane).  Three major problems with this concept appear
at the research level.  First, the “natural fixation point” is a variable with a high standard deviation among the
population.  This makes it awkward to define the diameter of the circle with any precision.  Second, the angles
associated with horizontal disparity are usually defined with reference to the lines of fixation leading to the “natural
fixation point.”  Since the fixation point is poorly defined, the angles associated with the lines of fixation are also
poorly defined.  Jones discusses this difficulty in Schor & Ciuffreda but proceeds with it for pedagogical purposes40.

“Finally, the Vieth-Muller circle does not represent actual performance well.  The Hering-Hillebrand deviation from
this geometric horopter is found in nearly every individual (See Records, pg 649 and the more extensive analysis in
Ogle, pp 24-49). [The Ogle material is now archaic from a variety of perspectives.]  The deviation is so pervasive
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that the Vieth-Muller circle can only be considered a first order approximation of the fundamental performance of
the human visual system.”

While pedagogical discussion of vergence are frequently couched in terms of two or more points, it is
critically important to recognize that stereopsis and fine vergence rely on features rather than points at
the locations highlighted.  These features are generally larger than a few times the diameter of a single
photoreceptor of the retina.  It is the scanning of this feature by the saccade of the eye that results in
time correlatable signals from multiple photoreceptors in each eye.  When correlated, they provide
higher signal-to-noise ratios. 

As noted in Section 3.3.2.1, when calculating the locus of the Vieth-Muller horopter, it is necessary to include the
field lens provided by the foveal pit when calculating the nodal point of the optical system precisely.

3.3.3.3 The actual mechanism of stereopsis

The fully implemented mechanisms of stereopsis, both step one (depth perception) and step two (recognition
and identification), employ high levels of area correlation that are not fully understood at this time.  This
section will only describe the mechanism using small numbers of photoreceptors associated with horizontal
saccades along the horizontal meridian.

Section 7.4.1 develops the mathematical model applicable to stereopsis.

The most precise definition of the fixaton point would be given by (βL + αL) + (αR + βR ) = γL + γR where the values
of beta and gamma are measured from the collimated condition.

The terms in these equations can be summarized as,

α = vergence to point A with reference to the physiological (resting) condition. β = physiological (resting) condition
with reference to the collimated condition. γ = vergence to point A with reference to collimated condition. δ =
anatomical (morbid) vergence with reference to collimated condition.

The angle between the two lines of fixation, 2β, is usually described as the target vergence (or sometimes simply as
the eye vergence).

Jones uses these equations to support two measurement regimes.  He relates the terms disjunctive and conjunctive as
descriptors referring to eye position in terms of the signals applied to the pointing system.  He then uses the terms
vergence and version as referring to the physiological responses of that system.  
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 To provide a better illustration of the phenomenon of
stereopsis, Figure 3.3.3-5 is not to scale.  The ocular
are shown significantly separated, and the 1.2° ray
bundle associated with each ocular has been expanded
to 48°.  Simplifying assumptions include;  (1) the
saccade can be represented in the horizontal plane by a
simple sawtooth waveform as a function of time. (2)
The conjunctive motion of the oculars are represented
by fans beginning at the left of the field imaged onto
the foveola following successful convergence of the
oculars the point marked by the center of the cross.

(3) A Null Locus representing positions perceived to
be at the same distance as the point of fixation.  

The Null Locus, with a center where the two edges of
the projected foveola first cross, would be nearly a
straight line at scale as indicated in the bowling alley
analogy.   The Table presented at the bottom of the
figure  shows how elementary logic can be used to
determine the quadrant of the four points, A through
D, relative to the Null Locus using only the
instantaneous angles of the two ocular as a function of
angle relative to the fixation point.  and the sign of
their difference in in angle.  

With the sign of the four values in the upper left
dashed box all negative (occurring before fixation the
fixation point is reached during the mini-saccade
(flick), points A and B are clearly to the left of the
fixation point.  With the sign of the four values in the
lower left dashed box all positive (occurring after
fixation is reached), points C and D are clearly to the
right of the point of fixation.  If the differences,  αL –
αR, are positive, the points B and C are clearly nearer
the subject than the Null Locus through the fixation
point.  Points A and D, with negative difference
values, are clearly farther from the subject than the
Null Locus through the fixation point.

Once the quadrant of a point is known, the relative
distance of the point from the Null Locus, or the point
of fixation can be determined by additional algebra or
a lookup table.

Alternately, the time scale can be used to represent
both the instantaneous angles and their difference, αL – αR.   The representations using the time scale are actually
used in neural computation.  Based on Becker, 1991 (Section 7.3.4), The mini-saccade (flick) could traverse the
foveola in 3 ms at 400 m/sec.  The system may prefer a flick traveling at a slower rate to accommodate the
bandwidth limit of the neural circuits.  

No transcendental mathematics are required to locate points, in both angle and relative depth, within the external
field under the assumption that a saccade is used to drive the two ocular in conjunctive rotation following
convergence on a point of fixation.

Figure 3.3.3-5 Stereopsis based on a linearized mini-
saccade model.  Top; an expanded view of the exterior
space imaged on the foveola.  The fixation point is at the
center of the cross.  Targets are shown in the four
quadrants of this plan view.  The angles related to the two
lines of fixation are expanded.  The oculars are shown
separated excessively for purposes of illustration.  See
text.
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3.3.3.4 Measured stereopsis performance  

Section 7.3.2.3 describes the protocols and instrumentation used to study version and vergence disparities.  Section
7.4.1.4 reviews the available empirical data on the performance level of various phenomena used to explain the
depth perception of human vision.  The graphs do not include any data points and lack any theoretical foundation for
the mechanism of stereopsis.  The discussion cited marginalize the most important region of stereopsis in human
vision, 0.5 to 1.5 meters.

Figure 3.3.3-6 from Section 7.4.5  illustrates the best available data representing human stereopsis along the
horizontal meridian.  The square data points and the dashed lines represent measurements made by Rawlings &
Shipley using point light sources with a diameter of one minute of arc41.  They employed a mirror haploscope
adjusted for a fixation point at infinity.  The large diameter of their sources obviously limited the threshold
stereoacuity they could measure.  They specifically noted, “There is a specific binocular function, a central process,
without which stereopsis simply does not exist.”  The data point at fixation was obtained using pairs of vertical lines
as a target.

Note the clear demarcation of the performance within the foveola compared to ex-foveola.  Performance is reduced
by a factor of ten at the margins of the foveola.  Measurements at 0.1° intervals within the foveola would provide
additional precision to this graph. 
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Figure 3.3.3-6 Stereoacuity as a function of horizontal offset. The best acuity from Rawlings & Shipley was limited
by their target size.  The triangular data point is a consensus value.  MD; mean deviation among measurements.  See
text for details.  From Rawlings & Shipley, 1969, with triangular data point from McKee, 1983.

Benevento & Miller presented data underlying stereopsis in Section 3.3.8.1 below.

3.3.4 Keyhole vision and “blind-sight”

Keyhole vision is a term arising in clinical medicine following serious damage to the occipital lobe when the
physician confronted a patient with the announcement that he would be blind for life and the patient insisted he
could still see and proceeded to read a newspaper.  The patients field of view was found to be less than a few
degrees in diameter.  This repeated factual situation is direct evidence (verging on proof) from the literature that the
foveola/PGN/Pulvinar Path supports vision in the total absence of the occipital cortex.  

Blindsight is a similar condition encountered in the clinical setting.  It has been a quandary for medical personnel on
the assumption that all visual information is extracted in the occipital lobe.  In fact, the alarm mode of vision only
requires a functioning retina, a functioning LGN and functioning optic nerve tract between them along with the rest
of the POSS.  See Figure 3.5.5-6.  Such blind-sight continues to provide information (velocity, flashing, incremental
movement but no imagery) relating to the total field of view by using the remaining fovea/LGN path in the absence
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of a functional occipital cortex.

3.3.4.1 Details related to keyhole vision

As noted by referring to Figure 2.2.1-1, the foveola/PGN/pulvinar pathway is totally independent of the occipital
lobe. This pathway may operate satisfactorily in the absence of the coarse version and vergence signals provided by
the two LGN. As noted below, if the LGN are operational, their contribution of coarse version and vergence signals
would be of value to the subject.   

As long as the foveola of at least one ocular, the engines within the highlighted area of Figure 2.2.1-1 and
the engines of the POSS operate normally, the subject is capable of perceiving the imagery projected onto
his foveola (keyhole vision).  He may also exhibit normal stereopsis within his limited field of view. 

 
3.3.4.2 Details related to blindsight 

 Section 18.8.11 of the cited online text contains a wealth of background on the literature of blindsight with two
recent (2017 or newer) papers.  The recent papers demonstrate that without a schematic like that found in Section
2.2 of this paper, unwieldy and frequently implausible deductions are easily reached and frequently published. 
Celeghin et al42. have noted in their 2018 Abstract,

“. . . , the functional neuroanatomy of blindsight remains elusive and alternative proposals have been put forth. To
tackle this issue from a novel perspective, we performed a quantitative Activation Likelihood Estimation (ALE)
meta-analysis on the neuro-imaging literature available on blindsight. Significant activity was reported in subcortical
structures, such as the superior colliculus [PGN], pulvinar and amygdala, as well as in cortical extrastriate areas
along the dorsal and ventral visual stream.  This data-driven functional network collectively defines the extant neural
fingerprint of blindsight.”

Referencing Figure 3.4.2-1 below, a person with substantial damage to their occipital lobe is frequently found to
have sensitivity to contrast changes (related to motions or flashing lights) within the field of view of his retina but
not be able to perceive any imagery related to such contrast changes.  It is apparent from this figure that a majority of
his visual modality remains functional.  Specifically, his two lateral geniculate nuclei, LGN, remain completely
functional, as do other engines of the POSS.  It is the task of the LGN to merge the two left and two right fields of
view, pass the merged fields to the occipital lobe, and extract version and vergence information in support of the
Alarm Mode of operations.  While passing information to the occipital lobe may no longer be possible, passing
version and vergence information to the engines of the POSS is completely possible.  As a result, the subject may
perceive motions and/or flashing lights virtually anywhere in the visual field.  The subject may even be observed to
rotate his eyes to bring the source of changes in local contrast  within the field of view of his foveola (if he maintains
a keyhole vision capability) using the coarse version signal path.  The motions associated with convergence and
accommodation may be more difficult to observe.

The sensing of changes in contrast within the ex-foveola area of the retina does not depend on the visual
areas of the occipital lobe.  Sensing such changes is a major task of the LGN in its role as part of the POSS. 

 
3.3.5 Critical role of pulvinar in the Alarm/Response servomechanism  

The Alarm/Response mode in higher animals involves a complex signal path from the ex-foveola via the LGN to the
POSS, which moves the image of the perceived threat within the field of the foveola.  The signal path then continues
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to the PGN and pulvinar.  Following recognition and identification of the threat by the stage 4 pulvinar, two distinct
paths can be followed.  For a benign threat, the first path is to place the information into the saliency map for further
analysis by stage 5 Cognition and then the engines of stage 5 causing instructions to be sent via stage 6 neurons to
the muscular/glandular response elements to respond.  For a dangerous threat, the second path is for the stage 4
pulvinar to alert the reflex loop represented by the stage 4 portion of the cerebellum to communicate with the stage 6
portion of the cerebellum to instruct the stage 6 neurons to command the muscular/glandular response elements
immediately.  

All of the above activity can, and frequently does, occur before signals from the LGN have reached the
visual cortex of the occipital lobe, much less returned from their to the thalamus for action  The close
proximity of the retina, LGN, PGN, POSS, pulvinar and cerebellum make this possible.   

3.3.5.1 State Diagram of the Alarm/Response mode leading to action EMPTY

3.3.5.2 Schematic of the Alarm/Response mode leading to action EMPTY

Figure 3.3.5-1 is  reproduced from Section 15.2.5.4 and describes the operating modes of the human visual
modality.  This figure is expanded further in Section 15.2.5.4.  At this level, it shows the principle signaling paths
found in the human visual system and their relationships.  It also illustrates the major delays involved in the system
related to the projection of signals over long distances by the Stage 3 circuits.  When quantified, these delays
highlight the importance of the foveola/PGN/pulvinar pathway compared to the ex-foveola/LGN/occipital pathway.
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Figure 3.3.5-1 Top level functional diagram of the CNS portion of the visual system.  The emphasis is on those
elements subsequent to the optic nerve.

In the upper left, the signals from the retina, divide into portions related to the foveola and those ex-foveola.  The ex-
foveola portion proceed through the upper awareness path to the LGN and onto the neo-cortex (area 17).  The
foveola portion proceeds to the PGN of the POS where they participate in a large variety of critical functions besides
passing onto the neo-cortex via the analytical path (area 7).

3.3.5.3 Interface of pulvinar and limbic system

The interconnections between the pulvinar and limbic system are so extensive, that only block diagrams based on
traffic analyses have appeared to date (Section 15.8).  Additional material related to portions of the Limbic system
are addressed in Section 15.7.

3.3.6 Critical role of pulvinar in identification of objects in the visual field

As noted in Section 3.0; Arguably, the most important function of the pulvinar is in the recognition and identification
of objects imaged on the foveola.  Also arguably this is one of the most important functions of the visual modality of
humans.  Arriving at such an identification typically involves the relative size of object, its relative motion, its
surface features, and possibly its orientation and stereographic features
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Knowledge of how the pulvinar extracts information from individual images projected onto the foveola remains
unknown as of 2019.  This is due to several facts.

1. Until the arrival of real time, non-invasive imaging of the brain arrived at the turn of the last century, the histology
of the pulvinar was primitive.

2. It is currently not known how the signals arriving at the pulvinar are encoded.  It is likely that much of the
arriving information remains retinotopic (more specifically foveola-topic) but may be accompanied by metadata. 
The overall format may involved multiple neurons projecting signals in a word serial/bit parallel format.

3. It is currently not known how the signals departing from the pulvinar are encoded.  It is likely that all of the
departing information is object centered, include a complex metadata file, and is totally independent of any spatial
characteristics related to the original imagery.

4. It is presumed that the pulvinar employs image matching techniques to compare new images with previously
stored patterns.  These reference patterns may be stored within the pulvinar, or recalled from other memory storage
locations, such as the cerebellum. 

5. The reference patterns are presumed to be relatively small in area (number of pixels in each dimension) because of
the size of the foveola (Figure in the next Section).  The reference patterns are likely to have attached metadata.

3.3.6.1 The retinotopic size of the instantaneous images presented to the pulvinar

Section 19.10 presents generic concepts of stage 4 information extraction leading to object and face recognition. 
Section 19.10.3 concentrates on the PEEP process that is fundamental to identifying a relatively large object such as
a face of a conversant partner.  The PEEP process involves scanning the face or other object and acquiring an array
of small instantaneous images.   These images can be recognized and frequently identified by the image matching
mechanisms of the pulvinar.  As a result, an identification can be made of the complete image.

Gosselin & Schyns developed a concept for quantifying the performance, if not the underlying mechanisms, of face
recognition in 200143.  Figure 3.3.6-1 reproduces a modified figure 2 from the Gosselin & Schyns  paper.  Stimuli
subtended 5.72×5.72/ of visual angle on the screen.”  This is approximately the size of the nominal human fovea of
this work.  EXNEX refers to an expressionless face.   GENDER refers to a specific set of their test images. 
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 Their algorithm employed a randomly located small Gaussian aperture that traveled (caricatured at several locations
at upper left) over the 5.72 degree scene.  Their algorithm highlighted the areas where a portion of the face can be
seen (in the absence of the large circles).  The highlighted areas are a good approximation of the 1.2 degree size of
the image presented to the foveola (the large circles) for a line of fixation centered within each circle during a
presumed sequence of saccades and gazes (sometimes labeled a Levy flight or a joconde–dance).  The areas
highlighted by their algorithm do match the diameter expected to be interrogated by the human foveola during a
saccades/gaze sequence (the PEEP procedure). 

As shown by Yarbus, Ditchburn and others in the 1970's, the awareness mode in conjunction with the attention
mechanism tends to highlight features of interest in a scene presented to the two full retina.    The visual system then

Figure 3.3.6-1 Figure 2 of Gosselin & Schyns overlaid with gaze circles and the apertures used in their Bubble
algorithm experiments.  Small circles in upper left frame; the size of the Gaussian apertures used to scan their facial
images.  The extent of the facial features shown were defined by the Bubbles algorithm.  Each large circle; the
expected size of the images examined by the foveola of the human eye during a single gaze.  The algorithm does
highlight areas of the size expected to be interrogated by the foveola.  See text.  Modified from Gosselin & Schyns,
2001.
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interrogates each of these features in a PEEP procedure, using the foveola/PGN/pulvinar pathway, until it
recognizes, and then if possible, identifies the scene more explicitly.  The image acquired during each gaze in the
PEEP procedure is subjected to an image matching procedure as outlined earlier.

3.3.6.2 The temporal duration required to identify an object in a scene

Clearly the time to identify an object within a scene varies immensely with the complexity of the object compared to
similar objects.  Therefore, only nominal times can be given for identifying nominal objects.  Research in reading
can provide meaningful examples.  Section 19.8.2 provides a broad review of the literature and concludes that a
typical fixation interval for a single gaze is 200 ms with a wide standard deviation.

3.3.6.3 The assembly of identified instantaneous images into a neural “image”

The question arises as to whether the instantaneous results of the PEEP procedure are assembled into a complete
image of the external scene within the pulvinar or alternately in the association areas of the cortex known to occupy
areas near the junction of the parietal-occipital-temporal lobes, P-O-T, of the human brain.  

There has been a tendency in some recent superficial research to identify an individual neuron in the P-O-T
region that responds only to a specific face or object in the external field.  This has recently been described as
the Jennifer Aniston Effect in the popular press. This research is not supported here (Section 19.10.4).  Most
often this research has involved single-probe techniques.  Recent fMRI imagery has shown how dangerous it
is to define a single specific neuron in a single neural engine as uniquely associated with a specific visuotopic
image.  It is more likely the identified individual neuron was associated with some of the metadata describing
the imagery.  This position is similar to that stated by Tanaka in a 1996 review44. 

 It is proposed here that the assembly of the complete neurally encoded visual representation of an object in the
external environment, with its metadata, and along with potential signatures from other sensory modalities occurs in
the P-O-T region.   This assembled representation constitutes the most recent deposit of content into the saliency
map of the overall neural system.

As more knowledge is obtained concerning the extent of the salience map on the surface of the cortex, it is likely to
encompass the infero-temporal surface and possibly the identified Middle Temporal, MT, of the temporal lobe as
well.  A wide area of the temporal lobe has been described as the “interpretive cortex” by Noback beginning in 1967.

It is important to differentiate between motion information extracted from within the imagery presented to V1
of the occipital cortex and motion involved within the precision ocular servo system, POSS.  It is not clear
that there is any significant reason for a substantial commissure delivering information to MT/V5 (or
MT+/V5 or hMT+/V5) from the SC. 

3.3.7 Laboratory confirmation of the role of the pulvinar in “Central Vision” 

Figure 3.3.7-1 repeats figure 2.3.3-1, providing a roadmap for the following discussion, showing how the research
community has changed their concepts as time has advanced.  The coarse morphology of one half of the complete
thalamus, including the pulvinar, is described in Section 2.3.1.    
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Bender45, Ungerleider et al, and Petersen et al46. have studied the pulvinar most comprehensively.  The highlights of
there work was reviewed by Stepniewska47, based on late 20th Century concepts, in 2004.

The laboratory work of Bender first uncovered the role of the lateral pulvinar in representing “central vision” within
a few degrees of the point of fixation.  An analysis of the above works would suggest the inferior pulvinar is
probably responsible for the development of fine version and vergence signals for the POSS.  Simultaneously, it
would suggest the parasagittal face of the lateral pulvinar is concerned with the representation of the region of

Figure 3.3.7-1 Morphological and histological representations of the pulvinar over time.  A roadmap combining
interpretations from reviewing the pertinent literature.  Left of the dashed line, the elements focus on supporting the
precision optical servomechanism system, POSS.  Right of the dashed line, the elements focus on the image
information extraction tasks assigned to the pulvinar.
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central vision prior to merging that representation with the contralateral representation developed in the “other” (half
of the) pulvinar.

Crawford & Espinoza48 provided an excellent view of the two pulvinar, including their subdivisions ca. 1978, of the
macaque mulatta.  It is reproduced here as Figure 3.3.7-2.  Note the spacing between the two pulvinar.  Note also
the adjacency of the inferior pulvinar and medial pulvinar in this coronal view.

Crawford & Espinoza made several relevant assertions,

1. The pulvinar complex of the primate brain, by sheer
mass alone, is the major nucleus of the thalamus
having visual input. The evolution of the pulvinar
appears to culminate in primates where the nucleus is
largest and becomes most differentiated. 2. Another
pathway is one linking the media! pulvinar with the
frontal eye fields {FEF) as described by Trojanowski
and Jacobsen. 3. The upper parietal cortex projected
principally to the lateral division of the pulvinar. 4.
Chow49 also found that the anterior pole of the
temporal lobe projected principally to the media!
pulvinar. 5. Additionally, Jones and Burton50 have
demonstrated a projection from the media! pulvinar to
the lateral nuclear group of the amygdala.

“In summary, the anatomical evidence places the
pulvinar complex in a prominent position between
virtually all of the known structures of the cortical
mantle purporting to deal with color analysis, spatial
pattern vision, visual memory, etc.”

3.3.7.1 Isolation of “central vision” in the pulvinar–Bender, 1981

The exploratory papers of Bender of the 1980's were meticulously researched and reported.  As he noted in his
Introduction, 

“How the pulvinar contributes to visually guided behaviour remains unclear, but several studies have
implicated this nucleus in visual discrimination performance and the visual control of eye movements. . . It is
thus natural to ask whether the pulvinar also contains several visual areas and if so, in what way. . . An
additional goal of the present study was thus to see which if any of these architectonic boundaries might
correspond to physiologically defined border between visuotopic areas.”   

 Based on his goals, he performed extensive mapping of the pulvinar of 15 monkeys, Macaque mulatta weighing
from 3.1 to 8.6 Kg (6.8# to 19#).  His electrophysiological recordings were extracellular.  His stimuli consisted of
rectangular reflectances mounted inside a 90 cm diameter sphere with the eye at its center or a conventional tangent
screen.

Figure 3.3.7-2 “Coronal representations of the divisions
of the rhesus monkey pulvinar nuclei at the level of the
posterior lateral geniculate nucleus.  Media! pulvinar
(mp); lateral pulvinar (lp); and inferior pulvinar (ip).” 
Note the significant distance between the two pulvinar, as
opposed to the much closer arrangement in humans.  From
Crawford & Espinoza, 1978.
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Bender noted in his Introduction, “How the pulvinar contributes to visually guided behavior remains unclear, but
several studies have implicated this nucleus in visual discrimination performance and the visual control of eye
movements.”  These suggestions comport well with Section 2.3.4.

Based on the literature from the 1970's, Bender mapped the inferior and lateral regions of the pulvinar in detail,
noting the existence of “both a relatively large representation of central vision as well as a marked increase in
receptive-field size with eccentricity.”  These two circumstances did not appear to occur in the same representation. 
Bender took note of the large representation of central vision and associated it with a 3° diameter field centered on
the point of fixation.  This 3° representation of central vision conforms to the foveal pit and foveola of this work.
“A second representation, which we term the lateral visuotopic was found wholly within the lateral pulvinar.”  After
discussing the meridians of the broad area projections of the contralateral retina, Bender noted “the vertical meridian
was found more laterally and dorsally, well within the lateral pulvinar.  In addition, there was a marked expansion of
central vision and a corresponding loss of the peripheral representation.”  Figure 3.3.7-3 reproduce his frame D of
figure 11 and frame A of figure 12.  These are 2D views of a set of 3D structures.  “For this reason both coronal and
parasagittal sections are needed to visualize the organization.”  The views suggest a volumetric set of neurons
representing a single foveola.  Note the scale at upper left for frame D.

Figure 3.3.7-3 Expanded representation of central vision in the lateral pulvinar of Macaque; the coronal and
parasagittal planes .  This is the area that Bender describes as representing the central 3° field of vision in his text. 
The dashed line represents the vertical meridian of the external field.  See text.  CD; caudate nucleus,  LGN; lateral
geniculate nucleus, B; brachium of superior colliculus (defined here as the perigeniculat nuclues, PGN, PI; inferior
pulvinar, PL; lateral pulvinar, PM; medial pulvinar.  From Bender, 1981.



Appendix ZH - 55

Bender provided a large number of graphs of the maps of the  hemifields of vision onto the surface of the inferior
pulvinar.  The number of maps on the lateral pulvinar was much smaller.  He did note, “ dorsal portion of the lateral
pulvinar merges with the medial pulvinar without forming a clear boundary.”  These facts comport well with Section
2.3.4.    On page 678, Bender also noted, “The most dorsal third of the lateral pulvinar was also found to be visually
responsive and systematically organized.  However, its visuotopic organization will not be reported here.”  In 1982,
Leiby, Bender & Butter reported on lesions to interior, lateral and medial portions of the pulvinar.  They did not
report the results of their lateral and medial lesions.

Figure 9 of Bender shows the position of 516 recording sites used for the inferior map and 403 sites for the lateral
map.  Bender did not offer any schematic of how the signals in the hemifields of the retina were projected to the
pulvinar (except for incidental remarks about the neural connections to the superficial layers of the superior
colliculus and references to their location within the brachium of the superior colliculus.

Bender made an important reference to Friedmann’s classic 1911 paper (in German) “defining the lateral pulvinar as
a relatively cell-sparse region where the most salient feature is the arrangement of cells in broad horizontal bands.
The boundary with the adjacent inferior pulvinar is generally clear, as this nucleus has a much greater cell density.” 
Bender on page 678 added, “the broad horizontal bands are separated from one another by numerous fiber bundles.”
Since the lateral pulvinar only addresses the central field of vision associated with the foveola, cell-sparse is an
appropriate term.  Also interesting was Friedmann’s reference to broad horizontal bands, with Bender’s addendum;
could current terminology interpret these to constitute a striated region, or even a reticulated (cross-striated) region. 
If so this change in terminology would identify the first visual representation in the lateral pulvinar as a spatial
information extraction region equivalent to V1 of the cortex.  It could operate as a crossbar switch used to integrate
the signals from a group of neurons along an extended dendrite of a sensing neuron (Section 15.6.2.1.1).

Wong-Riley described the reticulated (cross-striated) area of PL in the squirrel monkey, S. sciureus,

“It is noteworthy that in Nissl-stained preparations, neurons in the PL appear to be segregated by fibrous
bundles into columns which run parallel to and alternate with the fibrous bundles (her Fig. 14).  In contrast.
the HRP-labelled pulvinocortical cells form bands which are essentially perpendicular to these columns.
Interestingly, these bands of cells arc discernable in the Nissl preparation when examined closely (her Fig.
16) although their pattern is readily obscured by the prominent alternating cellular and fibrous columns (page
254).”

“In one animal where the injection sites were placed more than 2 mm apart, individual columns (each about
150-180 pm in diameter) can be traced in a rostrolateral to caudomedial extent within PI and PL respectively. 
Presumably, when the injection sites are close enough, these labeled columns coalesce to form a slab
described above (page 257).” 

 Bender noted the projections from the ipsilateral retina  in his pulvinar was complicated.   He noted only partial
representation of the ipsilateral retina in the inferior map of the pulvinar.  In the lateral map, he noted, “there was
never any evidence for a systemic representation of the ipsilateral hemifield with the lateral map.”   This statement
may need revision since it is not clear whether he was discussing the central vision of the ipsilateral hemifield.

After discussing the channels (routes) between the PI and PL and the occipital lobe, Bender concludes the 1981
paper with a key assertion, “However, only one of these routes, that via the inferior pulvinar, is subject to a direct
influence from the colliculus. This suggests the possibility of a unique role for the inferior map in the integration of
visual and oculomotor information, one which might best be studied in the behaving animal.”  This statement
comports well with Section 2.3.4.

In the context of the schematic model of this work.  The pulvinar explored by Bender plays three crucial roles, 

1. each of the inferior pulvinars provides fine version and vergence signals to the POSS related to the contralateral
hemifield.

2. simultaneously, each lateral pulvinar prepares the map of central vision of the contralateral retina for comparison
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with the ipsilateral retina in a region of the 3D pulvinar not yet identified. 

3. In the coarse of merging the two maps of central vision, two tasks are performed; the extraction of a stereo 
representation of major objects within the central vision AND the identification and recognition (where possible)
objects in the field of central vision.

3.3.7.2 Isolation of the central vision in the pulvinar–Ungerleider et al, 1983

Ungerleider et al51. confirmed much of the papers of Bender in 1983, also in the Macaque, and provided a variety of
composite figures of the geometry of the pulvinar complex.  They did not provide a parasagittal view of PL but the
multiple views does help interpret a 3D situation using 2D images.  The paper reflects a common challenge; they
present a “point investigation” without reflecting on the other inputs, and outputs of the pulvinar.  As a result their
studies concentrate on the channels of a traffic analysis without determining the amount of traffic over these
channels.  Most of their channels are demonstrably minor in importance.  Evidence is provided by people with a
complete lack of a striate corex in area 17 still report keyhole vision (adequate for reading a newspaper, Section
18.8.9) and blindsight (Section 18.8.11).

Ungerleider et al. made several introductory comments worth noting,

“In primates, the pulvinar is the largest thalamic nuclear complex and, unlike other diencephalic structures,
arises in part from a telencephalic anlage (Rakic, '74).  Phylogenetically, the development of the pulvinar
coincides with the differentiation of temporo-parieto-occipital cortex (Siqueira, '71), with which it is
interconnected.  Thus, the evolution of the pulvinar appears to parallel the evolution of higher brain function
(several citations).”

The temporo-parieto-occipital cortex is labeled the P-O-T in this work.

“Visual input also reaches the inferior pulvinar from the superficial layers of the superior colliculus
(Benevento and Fallon, '75; Partlow et al., '77; Harting et al., '80) and perhaps directly, but sparsely, from the
retina as well (Campos-Ortega et al., '70b; Mizuno et al., '82).”

Sparsely is a qualitative term which Underleider et al. did not support quantitatively.

“Most recent anatomical studies follow Friedemann's (1912) designations in which the lateral pulvinar (PL) is
defined as a relatively cell-sparse region whose cells are arranged in wide, horizontal bands due to the
presence of long fiber bundles extending medially through it.  According to this (first) interpretation, the
lateral border of the inferior pulvinar (PI) is the line at which the cell density increases abruptly (Fig. 7,
column I).  A second interpretation divides PI from PL along the brachium of the superior colliculus, BrSC,
(Olszewski, '52; Hassler, '59); thus, in this formulation the ventral portion of Friedemann's PL is included
within PI.  Still a third interpretation, based on myeloarchitecture, defines PL as the subdivision containing a
fiber system running dorsoventrally parallel to the external medullary lamina, the fiber bundle adjacent to the
lateral edge of PL (Vogt, 1909)”

Relying on designations originating in the first decade of the last century, makes more precise designations a
captive of this framework.  A clearer separation of the PI and PL is appearing based on this paper and that of
Bender. 

 Because of their protocol, they did not address the field of view within 7° of the point of fixation.  They did not
provide any schematic of the regions of the brain they were exploring and their conceptual framework preceded any
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discussion of keyhole vision or blindsight (as discussed for patient B.I. in Section 3.4.

They did define two major visual field representations of the contralateral visual field within the pulvinar; the PI/PL
zone which includes a full field representation within the PI and a representation of the central field of vision within
the adjacent portion of the PL (which the 7° limit of thir protocol did not detail) and a PL zone along the periphery
of the PL also representing the central field of view of the contralateral visual field.  “Thus, with the possible
exception of the horizontal meridian, striate (cortex) input to the PL zone is limited to the representation of the
central visual field (page 142).”  Ungerleider et al. may have located the region of merging the central field images
from the two retina of the subject on page 151; “According to the topography of striate projections thus far
described, there are two representations of the central visual field within the posterior portion of the pulvinar, with
the representation of the center of gaze forming the boundary between the two.”  This quotation suggests a
composite of the complete central visual field may have been located within the posterior portion of the pulvinar. 
Refering to their data on page 152 they go on, “The explanation for this second projection field in cases 1 and 2 is
unclear at present. . .Finally, we cannot rule out the possibility that these small fields are part of a separate projection
zone to which only the foveal portions of striate cortex contribute.” Note the s in portions!

Figure 12 of Ungerleider et al. provides a variety of frames illustrating the loci of the central visual field from
different perspectives.  Many of the frames also contain regions labeled BrSC which indicate the difficulty of
describing the relationship between the BrSC and both PI and PL.  They note, “The locus of labeled terminals in
each case is shown mapped onto coronal sections through the pulvinar. . .In this and in figure13 (part of which is
reproduced as Figure 3.3.7-4, their-representation of the horizontal meridian along the ventrolateral margin of PL
(sections +1.5 to +0.3) suggested by Bender is included, although we failed to obtain evidence that this
re-representation receives a projection from striate cortex. (see text for further discussion).”  
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On page 153, Ungerleider et al. discuss their failure to find evidence for a projection from the striate portion of area
17 to the central vision representation within the PL.  After noting,

 “In short, striate (from area 17) inputs are insufficient to explain the visual activation of the entire PL map. 
The finding that striate cortex in the monkey projects to only part of this map is similar to the finding of
Updike in the cat ('77, '81) that certain cortical visual areas are likewise connected with only portions of
visuotopically organized thalamic areas.” 

 They speculate on the consequences of this conclusion.  This work agrees that the striate cortex does not contribute
significantly to the representation of the center of vision; that contribution is directly from the retina via the PGN
(aka, PrG or brachium of the superior colliculus, BrSC.

Figure 3.3.7-4 Partial “Summary of autoradiographic results from the 15 injections of tritiated amino acids into
striate cortex.”  Their data for points within the 1° eccentricity circumference consisted of one point at the point of
fixation.  It does confirm the representation of the central field of vision is entirely within the PL.  From Ungerleider
et al., 1983.
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3.3.7.3 Isolation of “central vision” in the pulvinar–Petersen , 1985

Petersen et al. in 1985 and citing Bender (1981) provided a similar comprehensive study of the pulvinar using nine
rhesus monkeys, Macaque mulatta.  

Petersen et al. noted in his Introduction, “

“The pulvinar represents the largest nuclear mass in the primate thalamus, and its selective phylogenetic
enlargement parallels that of the parietal, temporal, and occipital association cortices. Recent studies have
provided physiological, anatomical, and behavioral data linking parts of the pulvinar to visual behavior
(citing Chalupa, 1977).” 

Note carefully only the association areas of these cortices are mentioned by Petersen et al..

Petersen et al. provided a fascinating Table 1.  It contains a variety of interesting values for many parameters
involved in vision.  Care must be taken in reading this Table as they have adopted some unique definitions for
commonly used terms in other fields.  

“We used the term tonic to describe any change in a firing pattern that persisted for the duration of stimulus
presentation (as opposed to an analog, non pulse, waveform).  Phasic referred to responses which were time
locked to the stimulus onset (or termination) and lasted less than the stimulation time (as opposed to a
waveform consisting of pulses). 

 
They did not address the character of the code used to create their recorded pulse trains (Section 2.2.2 of this
Appendix). 

It should also be noted that Petersen et al. use the term fixation in the context of observable motion of the ocular. 
The term overlooks the fine motions of the ocular, microsaccades (flicks) and tremor.  Microsaccades and tremor
become very important in the Analytic Mode of vision.  See Section 7.3.2 and a specific example in Section 19.2.2.

The Table describes both the inferior, PI, and lateral pulvinar, PL, as presenting retinotopic representations, and the 
dorsomedial visual portion of the lateral pulvinar, Pdm, as presenting a crude retinotopic organization.  Although not
necessarily identical, this work will associate the Pdm with the central portion of the medial pulvinar,  PL(β), as
labeled by Benevento & Miller (Section 3.3.8.1)

An interesting comment that may require expansion is, “One of the features that distinguished Pdm from the other
two areas of the pulvinar was its crude retinotopic organization.  This appearance may be due to the direction of
insertion of their probes.  Bender found the representations were not all in the same plane in monkeys of the same
family, Macaque mulatta.  In general, the measurements of Petersen et al. were in response to stimuli at least 5° from
the point of fixation.  As a result, they would not have interrogated the representation of central vision within the PL
that Bender recorded and Benevento & Miller accepted..

The latencies reported in Table 1 suggest the signals received at both the PI and PL arrived directly from the retina
and not via a circuitous route including cortical tissue.  Only the latencies reported for the Pdm would support a
longer circuitous route.

Petersen et al, make several important comments on page 869, 

1. “The exact contribution of the pulvinar to visual behavior has been hard to define.”  The problem will grow as the
search for more details goes on.   2. “It is suggested suggests that the visual function of the pulvinar is not in the
realm of passive visual sensation.”  The suggestion can be expressed more positively; the pulvinar is not active
within the Awareness Mode of operations involving the peripheral retina.

3. “Experiments by Chalupa, Coyle, and Lindsley showed that monkeys with damage to the inferior pulvinar have
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difficulties in learning visual discriminations when the images are presented very briefly.”  The brevity may interfere
with the development of fine version and vergence signals necessary to center the desired imagery on the foveola.

4. “These animals appear to have trouble in rapidly scanning the visual scene during periods of fixation.”  They are
talking about microsaccades and tremor during the period of fixation.

Petersen et al. recorded six separate receptive fields more than 5° from the point of fixation, figure 2, representing
some degree of retinotopic representation in their Pdm.

On their page 874, Petersen et al. made several statements that are somewhat brief.  They were discussing the
character of the representations found and whether the representations were in retinotopic coordinates or a more
general set of external coordinates (inertial coordinates) independent of the animals orientation.  They concluded in
their experiments, the representation within the pulvinar remained retinotopic.  In Chapter 15 of this work, it is
suggested the saliency map stores its representation in inertial coordinates, to the advantage of the animal.   Based on
the work of Bender and others, it would appear the ultimate scene information produced by the combined two halves
of the pulvinar, and forwarded to the saliency map may well be in inertial coordinates.  This would account for much
of the connectivity between the superior colliculus and other portions of the pulvinar.

Petersen et al.  also performed a variety of motion based stimuli away from the point of fixation that are not relevant
to the role of the PL in central vision.  However, they are very relevant to the task of fine version and vergence,  

“We have proposed that PI and PL may contribute to the processing of the visual effects of eye movements.
Cells here have four properties relevant to this function. First, they are visually responsive and discharge over
a wide range of stimulus velocities. Second, these cells have an enhanced response when a visually guided
eye movement is about to occur (Fig. 12).  Third, we have found in other studies some cells that discharge to
moving stimuli have a mechanism that prevents many of them from responding to retinal stimulus motion,
generated by an eye movement. This process is probably not a visual effect. Finally, a population of cells in
PI, not described here, has activity that is concurrent with the end of an eye movement. Their activity is
present even with eye movements made spontaneously in total darkness. All of these properties of cells in PI
and PL show that they process information related to eye movements and the events surrounding saccades.” 

 Their last global statement may be too broad.  They did not collect significant data from near the central field of
vision in the PL representations.

Petersen et al. did provide interesting data concerning the responses to motion in the dorsomedial region of the
lateral pulvinar, Pdm.  They noted, “Our results indicate that regions of the pulvinar have distinct physiological
characteristics and most likely contribute to different aspects of visual behavior. The most dramatic differences are
between the properties of cells in a dorsomedial region of the lateral pulvinar (Pdm) and the two retinotopically
organized areas, PI and PL.”  After further discussion, they note, “These various properties suggest that Pdm is
performing a different function than that done in PI and PL.”  All the work of Petersen et al. appear to comport well
with Section 2.3.4.

Petersen et al. also noted the paper of Benevento & Miller of 1981 which will be addressed in Section 3.3.8.1 below.

Petersen et al. made an organized discussion of the functional properties of, primarily, their Pdm.  1. “they are
visually responsive and discharge over a wide range of stimulus velocities.”

2. “these cells have an enhanced response when a visually guided eye movement is about to occur.”  Clearly
providing guidance to the POSS.

3. “we have found in other studies (Robinson & Petersen, 1985) some cells that discharge to moving stimuli have a
mechanism that prevents many of them from responding to retinal stimulus motion, generated by an eye movement.” 
A valuable inhibition in many systems. 
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4. “a population of cells in PI, not described here, has activity that is concurrent with the end of an eye movement (in
an Abstract,1982). Their  activity is present even with eye movements made spontaneously in total darkness.”

They asserted, “All of these properties of cells in PI and PL show that they process information related to eye
movements and the events surrounding saccades.”  However, not necessarily exclusively!

3.3.7.4 Interpreting the role of pulvinar–Stepniewska, 2004

Stepniewska reviewed the role of the pulvinar in 2004 based on her specialization in immuno-staining of neural
tissue.  Figure 3.3.7-5 reproduces her figure3.1,  summarizing the differences in terminology used since the 1980's. 
Note the significance of the brachium of the superior colliculus,BrSC, in this figure.  She also addressed the
behavioral role of the pulvinar (section3.5.3) in overall visual operations. 

Although asserting, “This chapter focuses on the three major divisions of the pulvinar . . .that are associated with
processing of visual information.”; she allots two pages to the inferior pulvinar and only 1.5 pages to the combined
lateral and medial pulvinars.  As usual, the connections to the pulvinar subdivisions are based largely on the simpler
segment of traffic analysis, number of identified channels, rather than the message count per unit time over these
channels.  There is no discussion of the question of coding of the messages; either whether the messages or sent in
parallel form, raising the neuron count within a channel, or serial form, as is dominant in the peripheral nervous
system.  There is no discussion of the code used to project information from one engine of the brain to another.

Regarding the lateral pulvinar, “Whereas the borders of the medial pulvinar seem well established and quite
consistent in all studied primates, the full extent of the lateral is less certain (four citations).”  The recent
immunocytochemistry by Stepniewska & Kaas52 has suggested the region of the border between the PL and PI might
be common in function and could be considered a single entity labeled as the lateral subdivision of the inferior
pulvinar, the PIL.  They note, “In humans and old world monkeys the lateral pulvinar is greatly expanded, so it
extends ventrally to the edge of the pulvinar comples and caudally to form the caudolateral border of the thalamus. 
Some architectonic similarites of the ventral region of PL and lateral PI, the PIL, makee the border between the two
sibdivision quite difficlult ot determine (as noted above).”  This nomenclature would be compatible with Bender’s
psycho-electro-physiological finding of retinotopic representations crossing the cytoarchitectural divide in this area.

Stepniewska reviewed the connections to the pulvinar (her section 3.3) based primarily on channel count and not
message traffic over those channels.  Based on previous interpretations, she noted, “Data concerning the retinal input
to the pulvinar are somewhat ambiguous.”  Her section 3.3.2 on the connections between the pulvinar and the
superior colliculus provides good information but no message content within the traffic analysis.  The analysis does
identify “the ventral half of the superficial gray layer (SGS) of the SC.”  This appears to conform to the PGN of this
work.  It may also conform to either the PrG or SubG on Kwan et al.  The SGS/PGN can be considered the analog
of the LGN, leaving the pulvinar as the analog of the visual cortex.  In this interpretation, the physiological labels,
SGS/PGN, can be considered as elements closely associated with the morphological brachium of the superior
colliculus, BrSC.  Stepniewska notes the neurons of the ventral half of the SGS (the putative PrG/PGN terminate
densely in the inferior pulvinar and sparsely in the lateral pulvinar (with numerous citations).”  This is consistent
with the number of photoreceptors in the foveola involved in information extraction from the scene versus the
number supporting fine version and vergence operations.

The subsection of her section 3.3.3 is primarily speculative although a few statements are factual, “A striking
element of inferior and lateral visual subdivision is the presence of very large projection neurons. . .”

Section 3.4 on retinotopic domains largely paraphrases the findings of Bender and of Petersen et al. discussed above. 
“in summary, the results of electrophysiological and early anatomical studies indicated a visuotopic map of the entire
contralateral field within PI and adjacent PL region.  Central vision is represented laterally and posteriorly, with the 
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fovea (the foveola in this work) represented at the caudal pole of the nucleus.”  A critically important comment,
related to striation of the PL closes that section, “According to Bender (1981) the visuotopic map in PL encompasses
the entire contralateral field.  The present anatomical data indicate, however, that in the case of this second map,
unlike the first, striate projections are limited to the representation of the central visual field only.  That is, labeled
terminals were found in the PL zone only in cases in which the striate injection was located within the representation
of the central 7" of the visual field (citing Ungerleider et al53.).”

3.3.7.5 Related material on potential input to the pulvinar

Since the conventional wisdom of the last quarter of the 20th Century has been that the important channels projecting
to the pulvinar served the inferior pulvinar, the available material was reviewed to see if any hints were found on
element of the visual modality projected to the lateral pulvinar, 

3.3.7.5.1 Related work of Stepniewska & Kaas, 1997–subdivisions of pulvinar EMPTY

3.3.7.5.2 Related work of Stepniewska et al., 2000–SC to pulvinar

Stepniewska et al54.  provided a paper using rather coarse injections into the SC of various monkey species to trace
the appearance of the marker to termination points in the pulvinar.  The material proposing channels projecting from
the superior colliculus, SC, or the medial temporal lobe, MT, did not provide any such hints.  In the case of one, of
two, marmosets (97-64R), 

“A crystal of DiI was deposited in the center of the SC (Figs. 6A,B) in both of the separated hemispheres of
one marmoset.  Each crystal labeled almost the whole SC except its most extreme parts.  In case 97-64R, the
dense label around the crystal was a little deeper and more widespread, and accordingly it resulted in more
label in the pulvinar.” 

 It is possible that the sparse labeling near the inferior border with the lateral pulvinar, although labeled the PIm and
extending into the PL, might have originated in the PrG defined by Kwan et al., 2019.  On page 544, after citing
multiple papers that did not include Bender (1981 or 1983) or Ungerleider et al., (1983) they noted, “a sparse input
to the lateral pulvinar also has been described.”

Following the bulk of their laboratory results, they considered the retinotopic organization of PI subdivisions.  The
block diagram provided did show the retina feeding signals to the PL via the SC.  The proposed channel was
represented by a dashed line interrupted by a question mark.  The block diagram appearing on page 547 is
significantly different from that adopted by Kwan et al., 2019.

Stepniewska et al. conclude, “These results suggested that center of gaze is represented caudally, in the PL, more
peripheral locations in the visual field are represented rostrally, in PI, with the lower quadrant projecting dorsally in
PIm.  PIp connections with the SC or the cortex have not revealed any clear retinotopic organization.”  Italics added.  

3.3.7.5.3 Related work of Kwan et al., 2018–retina to inferior pulvinar  
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Kwan et al55. provided a briefer and more narrowly focus study in 2019.  It is largely complementary to this work.
They noted, “In this study we aimed to provide an accurate map of the connectivity between the inferior pulvinar and
the subcortical visual nuclei.”  They did not explore the “central vision” identified by Bender within a 3° diameter
centered on the point of fixation, and represented in a parasagittal plane of the lateral pulvinar.  They asserted, “the
main aim of this study was to obtain a precise and robust map of the connectivity of the marmoset inferior pulvinar.” 
They also assert, “A main unresolved question concerns pulvinar connectivity with the SC.”

Kwan et al. were working in histology, using a new method of introducing dye-tracers at very precise locations
determined with the assistance of MRI imagery.   This technique is allowing traffic analyses among the neurons,
nerves and commissure with much greater precision.

Traffic analysis has two components.  The first is defining the potential routes available in a given system. 
The second is defining the volume of messages associated with the individual routes.  So far, the histological
and immunohistochemistry techniques reported have not presented any information regarding the volume of
messages over a given route.  Without this information, it is difficult to determine the significance of a given
route.  It may only used in an emergency or in low priority communications. 

 Kwan, and the Bourne laboratory, are working with New World marmoset monkeys (Callithrix jacchus).  The
terminology was clearly different in several areas but the analogies between the marmoset and humans is good.

Unfortunately some of their assertions are only concerned with various histological (morphologically) named
elements and their inter-connectivity, and not their functional relationship.  Some of their interconnecting
paths may be of minor importance.  They label four regions of the pulvinar but refer to Kaas & Huerta56 of
1988 for explanation of the labels. 

 They use the term Pregeniculate, PrG, to designate a coronal area of the superior colliculus that projects many
neurons to the inferior pulvinar, PI.   They focus on the inferior pulvinar as if it is the only visual portion of the
Pulvinar.  They propose the  the medial inferior pulvinar (Pim) is the primary visual portion of the PI.  They
identified the fovea/LGN/occipital path using the historical label, the retinogeniculostriate pathway. They also
identify a less studied pathway using an historical label, retinocolicular visual pathway from the retina to the
superior colliculus and then the inferior pulvinar.  They provided a brief schematic diagram, Figure 3.3.7-5, labeling
the primary signal paths they documented (A).  Their figure is excellent confirmation of the differentiation between
the historically studied retinogeniculate path and the retinopulvinar path of high acuity vision.  Their assertion that
the  retinogeniculate path is the dominant visual pathway is probably based on the ease of access to the occipital lobe
historically, and is open to debate in the case of the higher primates, where high acuity is a feature of the
retinopulvinar path.  An annotated and expanded version (B) has been added based on the work reviewed here. 
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3.3.7.5.4 Analysis of Kwan et al., 2019– Unraveling the inferior pulvinar

Kwan et al. did not indicate their figure represented one of two halves of the pulvinar, or define a commissure
between the two pulvinar lobes.  This commissure is crucial to the species combining the data from the foveola of
the two eyes into one high acuity image prior to stage 4 information extraction.  A commissure has also been added
to represent the Alarm paths from the individual LGN and pulvinar to the POSS.  Not shown in (B) is a major
commissure to the amygdala and a major commissure ultimately to the salience map at the output of Stage 4.

Kwan et al. did not indicate the source of the two signal paths originating within the retina,   The direct path between
the retina and the Superior Colliculus was not identified. Repeating the experiment using a diffusion-tensor MRI,
dtMRI instead of the first generation MRI may indicate the direction of signal flow in a nerve, if not an individual
neuron.  It is possible, this path originates at the SC and is the stage 6 command path controlling the crystalline lens
and the iris of the eye.  It is appropriate to identify the functional paths from the 2nd chiasm as the foveola path to the
PrG/PGN as distinct from the ex-foveola path to the LGN.

Kwan et al. does note, 

“Previous studies in the macaque estimated that ~10% of RGCs project to the SC (Perry & Cowey, 1984), but
no estimate has ever been made regarding the percentage of total RGCs projecting to the PIm. While in this
current study we have not directly quantified the proportion of RGCs projecting to the PIm, it was clear from
observation of our flatmount preparations that only a small fraction of the total RGC population projects to
Pim.” 

Figure 3.3.7-5 Schematic summarizing the Marmoset pulvinar and surrounding region.  A; original version from
Kwan et al.  “Black arrows denote PIm inputs. Dark gray arrows denote nonpulvinar retinal inputs.  Light gray
arrows denote subcortical connections.”  B; an annotated version of one half the pulvinar based on this work.  The
fovea path to the LGN and the foveola path to the SubG/PGN are labeled.  The SubG/PGN constitute the
“superficial layers” of the SC.   Kwan et al. did not identify the direct path from the retina to the Superior Colliculus. 
The source in frame B is the photoreceptors of the foveola.  See text.  From Kwan et al. 2019
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 This statement needs clarification.  While there may not have been any estimates for the marmoset, there have been
many estimates over the years as to the number of ganglion neurons of the retina, their RGCs, project to the pulvinar. 
The number for humans is small, and typically amounts to about 2.5% representing those projecting from the foveola
versus those projecting from the ex-foveola.  Section 2.8.1-4 shows an early sketch from Carpenter & Sudin57 where
the two chiasma of the optic nerve are shown as a saddle.  The saddle arrangement obscures the fact that there are
two LGNs and two PGNs!  A more realistic schematic is shown in Figure 2.2.1-1 when expanded to include the
routing of the RGC’s from the foveola and ex-foveola as well as delineating both an SC and a PGN within the
morphology of the SC ca. 1983.

Kwan et al. noted that Casagrande et al58. were one of the first to note the separate functions integrated into the
morphological SC in 1972.  The later work by Casagrande in 1999 and 200759 expanded their database.  Quoting the
Abstract of the 2007 paper, “The key objective of this study was to determine the distribution and morphology of
koniocellular (K) lateral geniculate nucleus (LGN) axons in primary visual cortex (V1) of the macaque monkey.” 
The paper contains a wealth of information.  The major finding in the 2007 paper, relative to the current discussion,
seems to be,

“Substantial evidence in macaque monkeys supports the idea that the magnocellular (M) and parvocellular
(P) LGN cells receive axonal input from separate classes of retinal ganglion cells, referred to as parasol and
midget ganglion cells, respectively.

K axons share several definitive characteristics across primates.  Reconstructions of K axons in V1 ...[a wide
selection of simians] all show that K axons are distinct from M and P axons in V1.  K axons in all of These
distantly related species are thin (suggesting that they conduct slowly), branch less densely and have lower
numbers of boutons than either P or M axons. Almost without exception, K axons avoid terminating in layers
4 and 6, which are the primary targets of P and M LGN axons. In all studied primates where axon
reconstructions or bulk labeling studies have been done, it has been shown that K axons terminate principally
in the superficial cortical layers above layer 4 (Livingstone and Hubel 1982; Fitzpatrick et al. 1983; Weber et
al. 1983; Lachica and Casagrande 1992; Hendry and Yoshioka 1994; Ding and Casagrande 1997).  These
morphological features actually make K axons more distinct from P and M axons than the latter are from each
other because P and M axons basically target the same cortical layers (4 and 6) even though in different
subtiers.” 

 
These words appear to support the functional role of the K-neurons within each LGN as combining the signals
received from the ex-foveola retina (and left or right visual fields) of the two eyes before projecting the resultant
signals to V1 via the commissure of Meyer’s Loop.  In the Kwan and the Casagrande papers, the K-neurons do not
appear to form part of the Alarm mode of signaling proceeding to the POSS.  However, the papers of Hendry & Reid
(2000) and Cheong et al. (2011) suggest their K-neurons send axons directly to the POSS rather than V1 (Section
15.1.6.3).  A rationalization of these different views is to recognize the so-called K-neurons are stage 3 signal
projection neurons with a differential input structure (similar to the ganglion neurons of the chrominance channels of
the retina) supporting the collating of the signals received from equivalent fields of the two eyes.  Such K-neurons
may be found in both the LGN and PGN.  Different groups of these K-neurons may project their axons to different
engines of the overall visual modality.

Noting his brief words above relating to the M and P cells of the LGN,  “Note the pairing of magnocellular (M) cells
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of the LGN with the parasol (p) ganglion axons from the retina and the corresponding pairing of the parvocellular
(P) cells with the midget (m) ganglion axons.  This transposition of acronyms, based on the same letter, was noted
earlier in Section 15.2.5 of this work.

Kwan paints a more substantive picture in paragraphs 4.5 & 4.6.  Paragraph 4.6, entitled “The evolution of the
retinopulvinar pathway and functional significance for its segregation from the retinocollicular pathway” is
particularly interesting but brief,

“Athough the pulvinar is present in most mammals, PIm appears to be exclusive to the anthropoid primates.
There are three factors which a pulvinar subnucleus would need to satisfy to qualify it as an area analogous to
the anthropoid PIm. First, retinal terminations are primarily exclusive to PIm. In prosimians and other orders
of mammals, there has yet to be shown a specific pulvinar subnuclei that receives dense retinal afferents.
Second, the architectonics of the primate retinorecipient PIm can be easily revealed with calbindin
immunohistochemistry. Such delineation is not present in prosimians (Wong et al., 2009). Third, previous
work as well as this present study would suggest that the PIm does not receive SC projections. As the
prosimian pulvinar does not possess a subdivision to satisfy all three points, this could suggest that the
retinorecipient PIm emerged in the immediate ancestor of anthropoid monkeys (Baldwin et al., 2013, 2017).” 

The clear indication is that the pulvinar of the anthropoids is distinct from that of lower species, including the
prosimians!  The term prosimians was not defined precisely but it appears to refer to living species.  This suggests
a clear separation of experiments in species analogous to humans from those not analogous to humans.

In closing Kwan et al. made an interesting comment related to “completing of perceptual tasks can occur at speeds of
less than 200 ms.”  In professional baseball, the batter has less than 500 ms to evaluate the trajectory of the ball
thrown by the pitcher, send commands to his muscles, and the muscles to react by swinging the bat into a position to
intercept the pitched ball.  To achieve this performance, the batter practices a great deal and learns to concentrate on
the image of the pitchers hand and the ball presented to his foveola.  This time allocation suggests the
foveola/PGN/pulvinar pathway in conjunction with the highly trained cerebellum is the required signal pathway
compared to any path involving the occipital lobe and area MT.

3.3.8 Laboratory confirmation of the role of the pulvinar in Stereopsis

There are two distinct mechanisms associated with stereopsis; 

1. the first involves an estimate of the distance to a familiar object based on prior knowledge and the rate of change
of that estimate based on the change in its angular size with time.

2. the second involves a calculation of the relative distance from a central object based on the movements of the two
eyes.

The first approach does not require binocular vision but is the most familiar technique to the average person.  The
second approach requires binocular vision and minisaccades and/or tremor to provide the scene parameters necessary
to calculate a more precise stereoptic distance to, depth of field, an object.

The first approach has been explored psychophysically but the second approach is only now coming within the
purview of bioscience.

3.3.8.1 Interpreting the axial distance by the pulvinar in stereopsis–Benevento & Miller,
1981

The Benevento team was extraordinarily productive in the laboratory culminating during the 1980's.  The flurry of
published papers in 1983 formed a high point as illustrated below.  They provided clear evidence concerning the
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tasls of the inferior pulvinar and the lateral pulvinar that remains fundamental to this day.

The Benevento team introduced abbreviated acronyms for portions of the lateral pulvinar; PL(α), for the portion
adjoining the inferior pulvinar– PL(β), for the portion adjoining PL(α) –and PL(γ) for the caudal portion of the
lateral pulvinar in 1981.  They have explored the estimation of distances to a common object and the rate of change
of the distance to that object.

Felsten, Benevento & Burman demonstrated the presence of color-difference signals within the lateral pulvinar and
the apparent fact that the lateral and medial pulvinars do not extract information concerning the motion of elements
in the field of view of the foveola out to several degrees from the point of fixation.

The paper of Felsten et al. was truly valuable in understanding the foveola/PGN/pulvinar pathway of the visual
modality!  It supports the parallel character of this channel with respect to the fovea/LGN/occipital pathway.  It
confirms that the pulvinar manipulates spectral data.  The lateral pulvinar probably supports the stereopsis
mechanism and does not participate in motion and direction of motion parameters, at least in the PL(α).

Benevento & Port60 continued the work of Felsten et al. in 1995, showing that many neurons in the lateral pulvinar
responded to both form and color characteristics of objects imaged onto the foveola.  They also record that much of
the processing within the pulvinar occurs prior to similar processing within the visual cortex (See Section 3.3.9).

Benevento & Miller61. have reported the results of experiments that have surfaced stage 3 encoding neurons within
the caudal lateral pulvinar, PL(γ).  These neurons generated action potentials at rates that varied with illumination
level and the change in axial position, but not rotation, relative to the eyes.  The generated response to most of the
neurons required binocular vision.  However, more sophisticated protocols will be required to better categorize their
observed results.

“The  results  of  this  investigation  report,  for  the  first  time,  the  visual  properties  of  units  in  that  portion  of 
the  pulvinar  complex, PL(γ), which  provides  a major  afferent  input  to  the  visual  association  cortex  in  the 
macaque  monkey.  These  results  can  be  summarized  as  follows:
  

 (I)  the  anatomically  defined  caudal  subdivision  of  the  lateral  pulvinar, PL(γ), has  a  poor  and 
disorganized  retinotopic  organization;   (2)  the  neurons  have  large,  unflanked  (often  bilateral)  receptive 
fields  and  a  disproportionate  amount  of  units  have  receptive  fields  which  are  located  in  the  region 
of  central  vision;   (3)  the  majority  of  units  are  binocular  and  can  exhibit  complex  types  of 
interactions;   (4)  most  neurons  are  sensitive  to  moving  stimuli;   (5)  some  units  which  are  sensitive  to 
tangentially  moving  stimuli  also  give  sustained  responses  to  static  levels  of  luminance;   (6)  some 
units  which  respond  to  tangentially  moving  stimuli  also  respond  to  stimuli  which  move  toward  or 
away  from  the  eyes;  and   (7)  for  many  of  these  luminance-sensitive  units,  binocular  units,  and  units 
sensitive  to  moving  stimuli,  the  responses  to  one  class  of  stimuli  are  seemingly  unrelated  to  the 
responses  to  another  class  of  stimuli.”
 

 Their results expanded on the above points.

1.  “The present results were taken from 236 isolated single unit recordings located in the caudal thrid of the of the
lateral pulvinar, PL(γ).  PL(γ) extends from the level of the superior colliculus to the caudal end of the inferior
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pulvinar and forms the lateral aspect of the caudal pole of the thalamus.”

2. “Sixty-eight percent of the units encountered throughout the dorsoventral extent of the lateral pulvinar, at these
levels, were influenced by visual stimuli”

3. “Visually responsive neurons were characterized by means of both moving bars of light and stationary flashes.”

4. “A great majority of the visual units (88.5% gave strong responses to moving stimuli (referred to as ‘movement
sensitive’).”

5. “It was found that PL(γ) has a poor or nonexistent retinotopic organization.”

Figure 3.3.8-1 reproduces their figure 2 for the record.  They note its complexity and potential instability,

“Binocular interaction. Binocular interactions of various types were seen in the vast majority of units. The
most common ocular dominance was from the contralateral eye.  The histogram in Figure 2 summarizes the
types of binocular interaction seen. Binocular inhibition and facilitation were both evident throughout PL(γ). 
The binocular interaction could be quite complex and usually was not predictable from the algebraic
summation of the monocular responses.”

They did not offer further direct comments.
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Figure 3.3.8-2 reproduces their summary Table I of the features displayed by neurons projected from the caudal
lateral pulvinar, PL(γ), to presumably the inferotemporal cortex (BA 20 & 21).  Citing item 5 above, no retinotopic
organization of these signals is recognized.  Note the parameters listed in category IV and V relate, at least
primarily, to tangential motions of objects. 

Figure 3.3.8-1 Types of binocular interaction encountered in single neurons in PL(gamma).  “Ocular dominance is
represented on the left and various types of binocular interaction are shown on the right.  The ordinate represents the
percentage of the 160 visual units studied.  On the left, c and i represent then number of units which are driven by
only the contralateral eye or only the ipsilateral eye , respectively.  b represents the number of units which are driven
equally well by either eye; c/i and i/c represent the number of units which are driven more by the contralateral or
ipsilateral eye respectively.  For the bar graph on the right, 0 represents the number of units in which the binocular
response was equal to the algebraic sum of the monocular responses.  For columns +1 and +2, the response is greater
than this sum, while for columns –1 and –2 the response is less than this sum.  For these categories, +2 and –2
represent a degree of binocular facilitation or inhibition apparently greater than +1 and –1, respectively.  From
Benevento & Miller, 1981.
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On page 1277, they make a number of comments related to movement of objects toward or away from the eyes and
report the same results for monocular or binocular vision.  The fact that the same neurons respond to monocular
stimuli suggest the neurons interrogated were sensitive to changes in the scale of the stimuli versus time rather than

Figure 3.3.8-2 Characteristics of visually responsive units in PL(gamma).  “Categories I, II and III refer to 80% of
the 160 visually responsive units which had definable receptive field boundaries.  The numbers in categories IV, V,
VI, VII and VIII are expressed as percentages of the total of 160 visually responsive units.”  From Benevento &
Miller, 1981. 
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stereopsis.  They cite Talbot & Poggio62 as sources of more information but the material only appeared in an
abstract..   

3.3.8.2 Lack of data on the physiological calculation of depth of field in stereopsis  

No reliable data has been located in the literature concerning the creation of simultaneous calculated positions of
multiple objects within the stereoscopic field of view of humans.  The research of Benevento & Miller suggests such
calculation are performed within the lateral pulvinar, between the PL(α) and PL(γ). and presumably within PL(β). 
There are suggestions of of multiple retinotopic representations within PL(β) by the Benevento team but no
experimental results that would confirm stereoptic calculations based on an adequate protocol involving multiple
objects within a single stereoscopic field of view.  Such results are likely to be encoded within the neural space
without any association with a retinotopic representation, except possibly as metadata associated with specific
objects also encoded in neural space.

3.3.8.2.1 Related psychophysical data supporting stereopsis conceptually

The psychophysical community invariably assumes that the two eyes are rotationally stationary when the
eyes are “fixated.”  Fixation represents a crudely observable condition.  In fact the microsaccades and tremor
motions continue, although not observable without instrumentation, and not perceivable by the subject.  The
community invariably introduces external motion into a static scene to explain stereopsis, when in fact the
necessary motion is present in a stationary scene due to the normally unstoppable motion of the oculars
(Section 7.3.2 and a specific example in Section 19.2.2).
 

 The following material generally excludes any discussion of any neural path related to physiological vision.

Two papers by Regan et al63,64. in 1979 provide valuable psychophysical background to the locating of the
mechanisms of stereopsis in the neural system.  Regan & Beverley have provided extensive psychophysical data
related to both types of stereoscopy noted above.  Figure 3.3.8-3 illustrates their conceptual block diagram of the
stereoscopic mechanism.  The 1979a paper provides a better introduction to their attempts to resolve how disparity
might be used in a static situation where an object is considered to be view at different orientations.  They then
introduce tangential motion.

Also in 1979, Beverley & Regan65 issued another paper that surfaced a problem in the two above papers.  In a
revised model, they eliminated the “Stereoscopic Motion Filters” from their conceptual block diagram.  In essence,
their studies continued along the lines of mechanism type 1 (Section 3.3.8), estimating the size of an object based on
its angular size, rather than calculating the size based on ocular motions of objects within the binocular field.  
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66 Spering, M. & Montagnini, A. (2011) Do we track what we see? Common versus independent
processingfor motion perception and smooth pursuit eye movements: A review Vision Res vol 51(8), pp
836-852

67Schenk, T. Franz, V. & Bruno, N. (2011) Vision-for-perception and vision-for-action: Which model is
compatiblewith the available psychophysical and neuropsychological data Vision Res vol 51, pp 812-818

68Thompson, A. & Henriques, D. (2011) The coding and updating of visuospatial memory for goal-directed
reachingand pointing Vision Res vol 51, pp819-826

Spering & Montagnini66 provided an extensive paper on the psychophysical data related to perception and pursuit of
moving objects in 2011.  These mechanisms are treated as separate mechanisms at the physiological level in this
Appendix.

Schenk et al67. have also in 2011 an ongoing debate within the psychophysical community relating to stereopsis
without any consideration of the pulvinar of the thalamus.

Thompson & Henriques68 have provided a paper on hand-eye coordination in 2011.  While employing a more
complex conceptual schematic, figure 4, of the relevant activities, the value of the paper was additional data on
oculomotor activity. 

3.3.9 Laboratory confirmation of the speed advantage of the pulvinar path compared to the
occipital path

The paper of Benevento & Port has provided extraordinarily valuable information related to the operations of the

Figure 3.3.8-3 Psychophysical concept of stereoscopic motion filters clearly showing the concept of estimates of
distance associated with size changes, and separately, a channel for calculating motion in depth based on disparity
changes.  From Regan & Beverley, 1979b.
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pulvinar.  Figure 3.3.9-1 describes the areas of the PL and PM that they addressed.

The extent of the paper is so broad that only selected
parts will be discussed below.  Targets were presented
within a 2° x 2° field of view. The patterns were black
& white without a gray-scale.  The illuminants were
not precisely specified but the colors exhibited
dominant wavelengths of 455, 525, 590 and 630 nm. 
To the nominal human eye, these correspond to a blue,
a green, a yellow and a red.  The red may not have
been perceived as saturated and the yellow may be
perceived as orangish depending on the state of
adaptation of the eyes and the stimulus intensity.  The
lighted background illumination was 1 cd.m2; all visual
stimuli were at least 1 log unit above background.

3.3.9.1 A state diagram applicable to
Benevento & Port, 1995

Figure 1 of Benevento & Port provides a flow diagram
for their three distinct experiments, following their
initial calibration activities.  The second experiment
involved two variants.  The experiments were electro-
physical in nature, with their test probes located at the
PL/PM interface  They did not address the neurological
activities of their Old World Rhesus monkeys beyond
the PL/PM interface..

Figure 3.3.9-2 provides a proposed state diagram supporting the experiment flow diagram.  The state diagram
applies to a continuous neurological process.  For convenience the individual boxes have been numbered at upper
left.  In this case, an illuminated fixation point initiated the start of a structured sequence (prior to box 2) and the
experiment terminated with the dimming of a separate illuminated target (following box 12).  The figure
concentrates on their “Visually Guided Saccade Task,” and the 80% variant, as most interesting.   The protocol
called for the illuminated target to be introduced at one of four point along 45° diagonals at 8° eccentricity from the
fixation point.  Their “Fixation Task” is the same as the 20% variant of their visually guided saccade task.  The
target is always an overlay to the fixation point cue, FP. No saccade is required between viewing the FP and viewing
the target.

Figure 3.3.9-1  Schematic drawings of two transverse
sections of the pulvinar representing collapsed levels
through the rostral (left) and caudal (right) pulvinar
complex illustrating the recorded region (boxed) at the
border between the dorsal lateral pulvinar (PL) and the
adjacent medial pulvinar (PM) in the dorsal
nonretinotopic portion of the pulvinar (stippled).  Also
shown is the retinotopic zone of the pulvinar (horizontal
hatches) which includes the two retinotopic maps (one in
the inferior pulvinar and one in the adjacent ventral lateral
pulvinar) located ventral to our dorsal nonretinotopic
PL/PM area. MD: medial dorsal thalamic nucleus; H:
habenula; MG: medial geniculate.  From Benevento &
Port, 1995.
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The state diagram is meant to be of general application.  The eye(s) under test are not fixated on anything (box #1);
however the eyes of humans tend to adopt the tonic vergence, or dark vergence, condition with convergence
occurring about one meter from the eyes along the perpendicular from the center of the line separating the eyes
(Section 7.3.2).  Thus if the human, or most likely any primate, is positioned in front of a monitor, it is likely that his
eyes will converge near the center of the screen even in the dark.  If a preliminary source is presented within the field
of view, the eyes will attempt to bring that focal point, FP, to the line of fixation of the eyes.  If the eccentricity of
the FP is significantly greater than 3°when first presented, the POSS will attempt to bring the FP to the point of
fixation using a two-step process.  It will try to bring the FP within 3° of the fixation point using the Alarm mode
(involving coarse version and vergence signals from the LGN) using boxes #2 & #3.  The POSS will then rely upon
the Prg/PI to develop fine version and vergence signals that will typically bring the FP within 0.25° of the line of
fixation using boxes #4 & #5.  If the initial saccade required is less than about 3°, the activity associated with boxes
#2 & #3 can be eliminated.  In either case, the time required to complete activity up to box #5 can be computed from
Becker, 1991.

If a target is now introduced at an eccentricity greater than a few tenths of a degree, the above process is repeated
using boxes #6 through #9 as required.

With box #10, the process of extracting information from the target image begins.  The first activity is to merge the
images from the two foveola to eliminate any residual diplopia.  This is performed in the neurological circuits of
PL(α) and does not require any saccades.  The next task is to establish the relative position of significant objects
within the field of view of the foveola, stereopsis.  Many of the following actions may be iterative.  The stereopsis
procedure requires flicks (small saccades) under the direction of the PL(α) rather than PI.  Following stereopsis, the
process of recognition begins by comparing each identified object, and its metadata, to previous similar data stored
in memory, either within the pulvinar or the nearby cerebellum.  If recognition is achieved, the process of
identification is begun.  If not the pulvinar goes into a learning mode similar to that described in Section 19.6.3.

Figure 3.3.9-2 State diagrams for experiments of Benevento & Port.  See text for details regarding each box.  The
test probes were located at the PL/PM interface and sensed action potentials created by stage 3a encoding neurons
(typically labeled ganglion neurons).  The action potential streams were not retinotopic!  There is a high probability
that the neural code used is in a word serial/bit parallel format beginning at the output of PL(α).  This format can
accommodate metadata of unknown character.



Appendix ZH - 75

It should be noted at this point that the output of boxes #10 through #13 are action potentials (monopulses
arranged in pulse streams) produced by stage 3A encoding neurons (typically labeled ganglion neurons or
large pyramid neurons).  This is in spite of the analog operation of the neural engines within these individual
morphological entities.  The output of the stage 3A encoders are typically propagated over myelinated axons
that are grouped as “white matter.”  It is likely that the outputs of many of the morphological entities involve
word serial/bit parallel encoding over groups of myelinated axons known as fascicules.  The number of axons
within a fascicule is a currently of great interest.  The more recent introduction of dtMRI (Section 2.2 of this
Appendix) will help answer this question and provide an initial estimate of the neural code used within large
parts of the CNS.

All of the signals recorded by Benevento & Port were using individual (not ganged) probes accessing
individual stage 3A neurons.  It is not clear in whether these probes were intercellular or intracellular.  “a
125-micron-diameter parylene-coated tungsten microelectrode (Microprobe)” The size suggests the probes
were used intracellularly.

In their experiments, the subject animal pulled a lever when the illuminated target was perceived to be
located at the point of fixation (after box #9).  It released the lever when the target illumination dimmed
(after box #12) .

The process of identification is believed to be centered in the PL(β) and PL(γ) of box #12 and involve the PEEP
procedure described in Section 3.3.6.  In the absence of successful identification, a learning procedure is invoked
similar to that beginning at Box #10 but designed to establish a memory record in the pulvinar or cerebellum.

It appears that box #13 and the PM are primarily focused on formatting the information extracted in earlier boxes
and distributing it to a large number of other information processing engines throughout the CNS as indicated. 
Specific knowledge in this area is nearly nonexistent at this time.

- - - 

Using target locations beyond 3° eccentricity, the anthropoidal visual modality is designed to employ a two-
step version & vergence procedure (Section 7.3.4.1.3) based on the oculomotor system described in Section
7.3.4.1.  The first step involves the Alarm mode.  It is designed to bring a target appearing anywhere in the
visual field to the point of fixation within a worst case of 3° eccentricity.  If the target is not found to be
within 0.6° eccentricity, a fine version/vergence procedure is implemented (within the Analytical mode) to
meet a finer criteria of typically 0.1°-0.25° eccentricity.  This precision ensures a finite size target can be
analyzed within the lateral pulvinar.

Becker, 1991 has reported that ocular motion usually begins 33 ms after initiation of a stimulus in humans. 
An 8° saccade activity is typically completed at 87 ms after stimulus initiation.  If required, a followup
saccade usually occurs 173 ms later.  For 8° eccentricities used by Benevento & Port, a followup saccade is
seldom required.  A latency related to neural information extraction within the stage 4 pulvinar should exhibit
a minimum of about 87 ms for an 8° saccade.

In the Visually Guided Saccade Task, the initial illumination of the fixation point will likely cause a saccade of
possibly large angle.  In any case, the illumination of the target will always involve at least one saccade of nominally
8°.  The potential variation in the two-step procedure can cause variations in the time lines recorded by Benevento &
Port and illustrated in their histogram of figure 4.  Although the sample is small (n = 28), it is reasonable to presume
the initial peak at 35-40 ms is due to a successful coarse version/vergence not requiring PGN/PI action.  This would
suggest that the additional time was devoted to neural tasks; including,
1. merging of images from the two eyes,
2. recognizing the character of the stimulus, and
3. identifying (where possible) the specifics of the stimulus.
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The mean latencies presented in Table 4 of Benevento & Port, in support of figure 4,  are dominated by the time
required for the saccade after the target is illuminated.  They are clustered around 75 ms.  The standard deviation in
these latencies are very large, typically around 50% of the mean in each case.  

These processes would involve the time until roughly150 ms from target illumination when a second saccade could
be expected within the two-step procedure developed above.  Additional electrical probes at the output of PL(α)
would be necessary to resolve the time required for the merging of the two images.  Similar probing at the output of
PL( β) would provide more data on what activities were being carried out within that information extraction engine.

The data supporting figure 4 is presented in figure 3.  The various frames in this figure show ten individual traces
keyed to repetitions of a specific test sequence.  The individual traces are noisy, suggesting that the individual traces
alone may not represent a unique signal.  It is quite possible that the messages at the PL/PM interface may involve
word serial/bit parallel encoding to more effectively achieve the goals associated with recognition/identification at
the output of the pulvinar.  The average latencies in the responses are compatible with the data of Becker, noted
above but not definitive as to what information they might be conveying.

Benevento & Port defined their net responses as, “Response magnitudes were defined as the mean spike
count within the response window minus the mean spike count in an equally sized background window
placed in the inter-trial interval and ending exactly when the trial begins.”
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3.3.9.2 Interpretation of 1st part of Benevento & Port,1995

The experiments reported in the 1995 paper were clearly exploratory as noted by a variety of their comments..  They
note the need to have used higher intensity targets to have improved their action potential counts versus the
background level.  In the absence of sufficient action potential counts (and understanding the neural code associated
with their target neuron), they summed ten responses to a given stimulus and then displayed that sum in a broader
bin histogram which they labeled a “peristimulus time histogram (PSTH)”, with spacing of 20 ms between bins.  The
action potentials appeared to be of normal width (about one ms) and with spacings of as little as one ms in groups of
interest in a given summation (note any of the traces in any of of their frames in figures 3 or 6 shortly after the
stimulus). 

The latencies reported in the hisogram of their figure 4 related to both pattern and color responses (without involving
any saccades).  Using bin widths of 15 ms, the number of samples was too small to generate a distinctive histogram.  

Early in their experiments, they noted,

“An oval on the visual field map indicates the location of the cell's receptive field (RF); a large circle on the visual field
map indicates that the cell's receptive field is indeterminate. . . .

Table 1 shows that 28 of the 83 cells (34%) gave excitatory responses to the presentation of one or more
of the patterns or colors, with 12 (18%) responding to both pattern and color stimuli.  The receptive fields of
these 28 neurons were determined.  Twelve cells had RFs which included the fovea and were bilateral.  The
RFs of the remaining 16 cells were very large and the borders could not be conclusively determined, and
seemed to extend past the boundaries of the stimulating screen.  We say that such cells had "indeterminate"
Rfs.  We detected no differences in the strength of response between the fovea and the rest of the RF when
we mapped the RF with our moving stimuli”

They did not discuss the significance of an indeterminate receptive field for a neuron at the output of the PL(β). 
However, the significance is large.  The term indeterminate may be inappropriate since the recorded signal may
relate to object space and not retinotopic space.   It suggests the signal is not related to an object at a given location
in the visual field but is related to a feature or characteristic of the object being analyzed for purposes of recognition
and identification.  

They ran two distinct types of experiments, one type requiring an initial saccade and one type that did not.  In
discussing their “fixation task,” without any required saccade between fixation and the introduction of a target, they
noted

“Overall, [their] pulvinar cells did not respond in the no-saccade condition, suggesting that in these saccade
tasks neither the act of fixation nor the expectation to saccade affected [their] pulvinar cells.  As seen in this
example, presaccadic peaks were generally noted when a saccade was made to a target located in the same
quadrant as the RF, while postsaccadic peaks occurred in both RF and non-RF quadrants.”

No action within the PI was to be expected.  Within the output circuits of the PL(γ), it is possible that their post
saccadic peaks were associated with a “release” instruction following completion of some form of analysis within a
specific engine.

In their experiments involving a saccade from the FP to a target introduced at 8° eccentricity, figure 6 shows the
traces from the scleral tracker below the ten trace presentation and the PSTH summation.  The horizontal component
is shown first with the vertical component below it.  The frame at lower left, involving a target presented within the
RF of the neuron, appears interpretable.  However, the frame at upper right, involving a target presented outside the
RF of the neuron is more difficult to interpret.  Both channels of both scleral displacement records show
considerable hysteresis, suggesting the process of fixating the target involved both coarse version and vergence
processing, by the LGN, and fine version and vergence processing within the PI.  More study of the data in this
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figure is appropriate.

“Interestingly, as summarized in Table 4, response latencies were not significantly affected by the nature of the
stimulus, i.e. the latencies of all neuronal responses to pattern stimuli were not statistically different from the
latencies of all neuronal responses to colored circle stimuli.  In addition, for any given neuron, the response latencies
to pattern or colored circle stimuli were similar; although response magnitudes might have varied, the response
latency for each stimulus seemed unaffected by the nature of the stimulus.”

In their figure 7, the lower row of frames exhibit a considerably higher background action potential rate (~3X) than
in earlier frames and figures (compare the no saccade frame in figure six and the no saccade frame in figure 7–after
adjusting for scale differences).  This suggests a different state of adaptation of the retina during data collection.

An interpretation of the above paragraphs supports the likelihood that,

C the inferioer pulvinar receives signal data from a photoreceptors within an eccentricity of about three degrees and 
extracts fine version and vergence signals in support of stereopsis within the lateral pulvinar,

C the lateral pulvinar receives signal data directly from the foveola
C the output of PL(β) relates largely to object space and not retinotopic space
C the neural code is in word serial/bit parallel format,
C future experiments related to the engines of the pulvinar must employ simultaneous multiprobe techniques,
C the collected data may consist of metadata, combining retinotopic (including 3D properties) and object related

information,
C based on available information, the medial pulvinar is primarily a data collection point from the latera pulvinar and

a data formatting location before forwarding the stage 4 information to later engines of the CNS.

More data from more subjects is needed to confirm the above interpretations.

In their Results section, Benevento & Port refer to a second paper that will focus on the data collected that appeared
to include a saccadic component.  The putative paper might also contain saccadic date.  That paper is not indexed in
Google Scholar nor is any paper by either author with the word pulvinar in its title as of 2019.
 
3.3.9.3 Information flow from pulvinar and cortex to the P-O-T

Benevento & Port, on their page 540, are quite clear in the direction of information flow and the relative times of
arrival within the areas connecting to the association areas, frequently defined near the junction of the parietal,
occipital & temporal lobes, P-O-T, of the CNS.  Focusing on the visual modality, they use the term, inferior temporal
lobe, IT, to describe this area in the Rhesus monkey.

“Although it is tempting to account for the dual properties of pulvinar cells by invoking the concept of
information transfer to the pulvinar by parietal and IT cortices, our latency data make it difficult to reconcile
the influence of cortical neurons on the formation of the visual and presaccadic responses. Rather, it seems
that the pulvinar produces its own unique output product in the form of combined object feature and spatial
location properties. 

We found the average visual response latency of pulvinar cells to be 78 ms (see Table 4). These pattern/color
responses occurred considerably earlier than similar responses noted in IT cortex. For example, Richmond et
al. (1983) found response latencies varied from 70-220 ms; similar values were found in other studies (Rolls
et al., 1977; Sato et al., 1980). Another study (Baylis et al.,1987) found a wide range of response latencies in
different regions of IT cortex; in general, however, these ranged from 50-250 ms, with an average latency
around 120 ms. In the pulvinar, 61% of the cells had latencies less than 70 ms, responding well before even
the earliest IT cell responses. Thus, like many structures in the visual system hierarchy, the latency ranges 
between pulvinar and IT cells overlap (Raiguel et al., 1989). However, on average our population of pulvinar
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cells clearly responded earlier than the population of cells in IT cortex. 

In addition, our population of pulvinar neurons gave presaccadic responses with latencies which were earlier
than those reported for parietal cortex. . . .

Thus the latency data show that visual and presaccadic responses in the pulvinar precede those in
inferotemporal and parietal cortices, respectively, while postsaccadic responses in the pulvinar occur later
than those in parietal cortex. We propose, then, that the combined pattern/color responses and presaccadic
responses are due to an early and unique integration in the pulvinar, while the later postsaccade-related
discharges may be due to cortifugal inputs from the parietal cortices.”

It is clear from the findings of Benevento & Port, the pulvinar has its own source of signals from the retina that
precede any possible signals from the MT, the parietal lobe in general, the association areas or the occipital lobe. 
More specifically, the pulvinar receives signals from the foveola and processes them extensively within its own
stage 4 information extraction engines.

3.3.9.4 Interpretation of the 2nd part of the Benevento & Port paper

Beginning on page 541, they address the character of the information projected to the IT association area.  While the
association areas are “cortical” in their morphology, it is critically important to separate the association areas from
other occipital areas involved in vision, whether those areas are striated or not.

They introduce an expanded vocabulary in this portion of the paper, focused more on the characteristics rather than
the time of occurrence of signals.  They begin talking about the characteristics of the representation of an object
along with the spatial characteristics of those objects; this combination can be defined as metadata.  They note, 

“It has long been known that the pulvinar, especially the nonretinotopic portion, has a large projection to IT
cortex , leaving it well positioned to distribute visual information to IT cortex.  In addition, the results of a
recent physiological studies suggest that the pulvinar may be responsible for supplying spatial information to
the IT cells (five citations).

The findings of the present study show that the pulvinar presaccadic response latencies precede those
observed in parietal cortex, supporting the idea that the pulvinar relays presaccadic target spatial information
directly to IT cortex. Furthermore, pulvinar cells not only possess object properties, but they have visual
response latencies which precede those found in IT cortex. Thus, it is possible that pulvinar directly relays
object feature information to IT cortex as well.”

Their following paragraph is subject to a broader conception based on their data and this work.  This work has
asserted that the foveola/PGN/pulvinar pathway has a role in updating the visual portion of the saliency map (the P-
O-T) with higher acuity information than available from the fovea/LGN/occipital pathway.

“Why would the pulvinar need to relay such object feature information to IT cortex? It is probably not for the
creation of object feature properties in IT cells per se. It is generally believed that IT cells receive their
feature properties via corticocortical connections (e.g. Desimone et al., 1990; Ungerleider & Mishkin, 1982).
The pulvinar may, instead, correlate or match object feature information in the environment to the
appropriately tuned neurons in IT cortex along with information as to the spatial location of the visual
object.”

The concept of updating the IT based on the higher acuity information from the pulvinar of the Analytical mode
compared to infomation from the occupital lobe of the Awareness mode seems straightforward and desirable. 
Supporting this concept, Benevento & Port note,
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69Chellazzi, L. Miller, E. Duncan, J. & Desimone, R. (1993) A neural basis for visual search in inferior
temporal cortex Nature vol 363, pp 345-347

70Mundinano, I. Chen, J. de Souza, M. Sarossy, M. Joanisse, M. Goodale, M. & Bourne, J. (2017) More
than blindsight: Case report of a child with extraordinary visual capacity following perinatal bilateral
occipital lobe injury Neuropsychologia  doi:10.1016/j.neuropsychologia.2017.11.017  PMID 29146465.

“The results from a recent study of IT cortex by Chelazzi et al. (1993) suggests how early dual object and
spatial information information from pulvinar cells might be used by IT cells.”

The word dual does not appear in the Chelazzi et al69. paper of only two pages, nor is the location of any memory
circuits supporting the IT cells.  If dual refers to information from the cortical path and the pulvinar path, it might
support the concept of this work.  It should be noted, Chelazzi et al.  used cues presented at the point of fixation
followed by two (dual ?) choices that were presented extrafoveally.  They asserted. “The animal made a saccadic eye
movement to the target stimulus that matched the cue, ignoring the non-matching stimulus (the distractor).  Such a
single saccade suggests a much more sophisticated process than Chelazzi et al. indicate in their text.  It suggests the
matching process involves the representation of the cue in an abstract form (probably containing metadata) that can
be quickly located within the current saliency map of the IT (visual part of the P-O-T) when presented as the target
stimulus.  They do not identify any time interval in which the animal actually interprets their target stimulus before
deciding whether it matches the cue stimulus or not.  However, their time axis in figure 2 differs significantly from
the time labels in figure 1 (but the caption indicates the delay was a variable).  There appears to be significant time
between the cue interval and the choice interval.  Their caption to figure 1 provided considerably more information
concerning their protocol and suggesting an even more extensive involvement of a variety of engines of the visual
modality (Section 2.1 and Section 2.2.  Their typical target eccentricity was 4°-5°.  For this eccentricity, the saccade
time for moving the target to the point of fixation should have been under 90 ms.  This leaves a considerable period
for interpreting the target stimulus, out of a total of 297 ms, using the pulvinar.  The physiological operation of the
visual modality can be interpreted with the aid of the short form (eccentricities ~4°-5) of the state diagram of Section
3.3.9.1.

Chezzali et al. specifically state their cue and target stimuli were not simple geometric shapes but complicated half-
tone graphics from magazines.  Thus, their good and poor cues are difficult to describe, and were not shown to the
reader.

In the fina pargraphs of the 2nd part of the paper, Benevento & Port discuss the connections between attention and the
pulvinar.  The discussion presents several current views that may be in conflict and notes the experimental
difficulties if the animal subject is “intelligent” and may learn to predict the location of a target in its field of view
within certain eccentricity limits, etc.

The discussions in the 2nd half of the paper are compatible with the proposals of this work.

3.4 The 2017 case study of B. I. and “extended keyhole vision”

Mundinano et al70. published an extended case study on a boy of seven who suffered nearly complete destruction of
his visual cortex (and commissure between the cortex and the LGN), yet he is able to function quite admirably in
climbing stairs unassisted and “enjoys playing video games on his tablet, including games where he has to identify
and track objects.”  The paper provides a wealth of graphic data clearly describing an extended state of keyhole
vision developed during the formative perion of growth shortly after the calamitous injury he suffered within two
weeks of birth.

The remarkable result is a precocious young boy exhibiting above average intelligence who passed most of the tests
performed on him with excellent results in spite of his limited vision.  The paper is informative about what it doesn’t
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address;

1. “Identifying the neural substrate responsible for the phenomenon [of sight without a visual cortex] has been
slightly more contentious . . .” (page 2, 2nd paragraph)

2. “The majority of evidence points towards the LGN being the neural substrate following an adult lesion of V1 but a
role for the retinorecipient pulvinar cannot be discounted (with citations, end of above paragraph).”  3. “, but the
pathway/s responsible still remain undetermined.” (page 2, 3rd paragraph)

4. “Despite the extensive bilateral visual cortex damage, B. I. is not blind but instead has a remarkable preserved
visual capability.” (Section 2.1, 2nd paragraph)

5. “As responses (during kinetic field perimetry) were difficult to ascertain, B.I.’s eye movement responses rather
than buzzer pressing were plotted to indicate detection. . .” (section 2.2, 2nd paragraph)

6. “Extraocular muscle function was normal.  Ocular alignment analysed by Krinski tests was normal for both eyes.”

7. “Note that in this test(contrast sensitivity), and in all the tests described below, B.I. was allowed free viewing, in
part because he had difficulty maintianing fixation.” (section 2.3.2)

8. In orientation discrimination, section 2.3.3, “B.I. performed perfectly on this test.”

9. In color discrimination, section 2.3.5, “B.I. reported the color accurately for all trials in all viewing conditions.

10. In 2D object recognition, section 2.3.6, “. . ., indication again that he can process color information . . .”

11. In 3D object recognition, “B.I. performed perfectly in both cases.”

12. In Face discrimination, section 2.3.7, “B.I. showed perfect performance when making same/different judgements
and even volunteered the gender of the faces, in all cases correctly.”

13.  Grasping in section 2.3.9, “In other words, his grasping movements seemed perfectly natural.”

14. In Conclusion, section 4, “. . .this study suggests that the disynaptic retinal relay through the pulvinar (PI) to area
MT is the likely neural substrate for the extensive sparing of visual abilities, including conscious perception, . . .”

Figure 3.4.1-1 summarizes these points and indicates their relationship to the Attention/Analysis modes of visual
modality operations. 
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The precise cytoarchitectural location of the MT versus the association areas located at the parietal lobe, occipital
lobe, temporal lobe junction,. P-O-T, has not been addressed.  The P-O-T plays a much broader role in vision than
does the MT or alternately V5.

My sympathy is with the 6-7 year old boy, being put through a series of meaningless tests (from his
perspective).  I encountered a similar situation at 5 years old in order to enter kindergarten at mid-year.  Like
in the phenomenon of “Visual Snow,” children up to the age of 5 or 6 think their vision is normal.  Only
when they start comparing what they see to what their parent sees are they made aware of their disease. 

The subject of, and implementation of, plasticity is a major one in the case of B.I.  Plasticity appears to affect both
morphologically, histologically and neurologically identifiable roles in this child.     The Precision Optical Servo
System, POSS, of the visual modality has expanded its role to provide a more active oculomotor capability than
usually encountered.  A more extensive recording of the motions of his eyes will likely be rewarding.  He may not be

Figure 3.4.1-1 Summary of points from Mundinano et al. with Attention aspects.  The selected comments suggest a
different hypothesis than that of Mundinano et al.  See text.
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aware of the extended motion of his eyes to move the keyhole of vision associated with his foveola/PGN/pulvinar
pathway, typically, this pathway only addresses a 1.2° diameter field (that is steerable) at high acuity, 6/6 typically. 
However, in his case, the foveola may not have matured and resulted in a field of closer to 3° diameter at 6/ 40
acuity or poorer.  An SDOCT or SLO scan may demonstrate whether his foveola is broader than normal.  The
perigeniculate nucleus is often confused morphologically with the superior colliculus, SC.  It is found along the
Brachium of the Superior Colliculus and is frequently assumed to be a functional part of the SC.  It functions much
like the LGN’s in the fovea/LGN/occipital pathway.

The broadened role of the POSS is very likely accompanied by histological changes in the retina of each eye
resulting in amblyopia specifically (Section 17.8.2.1).  An SDOCT or AOSLO quality OCT scan is likely to show a
significant broadening of the foveal pit of each retina.  Using a higher resolution AO-SDOCT equipment, preferably
with a 1.050 nm light source, it may also be possible to show an unusual alignment of the photoreceptors behind the
foveal pit.  They will all be pointed toward the nodal point of the physical optics.  These two modification results in
an unusual condition but would provide a wider field of view within the foveola/PGN/pulvinar path, possibly three
degrees in diameter as opposed to the nominal 1.2° diameter of normal eyes.

 3.4.1 The hypothesis of Mundinano et al. regarding blindsight in B.I.

. Their section 2.4.3 Results stresses the extensive destruction of both white matter (stage 3 projection neurons) and
grey matter (stage 4 information extraction) within areas V1 and V2 of both hemispheres of the occipital lobe with
portions of the superior and inferior lobules of the parietal lobe also showing partial damage.  It was also confirmed
that there was significant thinning of the splenium of the corpus callosum and optic radiation degeneration between
the elements of the thalamus and the occipital lobe.  Their imagery is very convincing in these regards.

In their section 3. Discussion, they indicate their hypothesis regarding the operation of B.I.s visual modality follows
that of earlier investigators, primarily te 21 Century investigations of Warner (2010, 2012 & 2015).  Those papers
stress the plasticity of the brain during the period immediately after birth and the likelihood that the pulvinar-MT
axis accounts for most of the visual capability of a subject suffering major damage to V1, V2 and the commissure
between those areas and the thalamus at or soon after birth.

“Our DTI study in B.I. is in agreement with this hypothesis, and interestingly he has a considerable conscious
visual ability.  Moreover, he showed increased connectivity between the inferior pulvinar and area MT in the
left hemisphere, compared to young male controls.  Additionally, B.I.’s retained visual abilities might, in part,
be also sustained by a conserved LGN-MT pathway. It is likely, however, that the extensive PIm-MT
connection, which has not been observed in the adults following a V1 lesion (Ajina et al., 2015a, 2015b) is a
major component of the modified neural network supporting the extensive visual capacity following early-life
lesions of V1.” 

 Mundinano et al. did not provide any schematic describing the visual modality in a healthy human nor a similar
schematic for B.I., only words in a contextual format limited to regions posterior to the thalamus

3.4.2 An alternate hypothesis regarding blindsight in B.I.

Developing a cohesive hypothesis to explain the visual capability of a child who has suffered overwhelming damage
to the occipital lobe of the brain along with equally severe damage to the commissure between the thalamus of the
mid-brain, (diencephalon) and the occipital lobe.  Many of these commissure, along with the equally damaged
splenium of the corpus callosum contain neurons projecting signals in both directions.

This alternative hypothesis will rely upon the schematic of [Figure 2.2.1-1] for a normal human and the
interpretation of the words in earlier investigator reports to create Figure 3.4.2-1.  This figure describes the
Awareness channel (formed of millions if not billions of neurons) as completely destroyed.  This destroyed channel
includes, C the commissure extending from each LGN to each hemisphere of the occipital lobe,   C the visual portion
of the two occipital lobes as a minimum, C the commissure extending back to the thalamus, specifically to the thalamic

reticular nucleus, from the occipital lobes, and  C the splenium (
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posterior portion) of the corpus callosum (not illustrated).

Based on conventional wisdom, the child should be totally blind, with the possible exception of “keyhole vision”
around a small 1.2° diameter disc centered on the point of fixation.  However, he is clearly not and may exhibit many
of the properties associated with “blindsight” outside of his measured visual field described below.  Expanding the
model to include the details relating to the POSS71, is illuminating and critically important.  3.4.2.1 Measured
visual field and the mechanisms supporting this field

A developing premise leading to a hypothesis is B.I. does not utilize a single point of fixation associated with

Figure 3.4.2-1 The schematic interpretation of the current visual modality of B.I.  The figure show the commissure
leading from the LGNs to the occipital lobes, and the occipital lobes, obliterated in agreement with the MRI images
obtained by Mundinano et al.  However, the two LGNs are spared and continue to operate normally, as does the
remainder of the visual modality.
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each eye, and it is a waste of time to ask him to fixate on a element in his visual field.  This premise is
supported by the difficulty investigators have encountered in evaluating the visual performance of B.I.,
frequently reverting to “free-form” evaluation procedures.  This premise is also supported by the investigators
encountering strabismus of unknown source and character in the subject.  It appears conventional Goldmann
Perimetry may not be adequate to the task of interpreting his visual field.  My presumption at this point is that
the Goldmann Perimetry rested on “free form” motion of his eyes during measurement whether he was asked
to fixate or not.  In this context, the Goldmann format for data presentation was used.  However, the
perimeters presented were calculated from measured eye positions and not psychophysical responses. 

 Figure 3.4.2-1 compares the Goldmann perimetry of B.I. provided by Mundinano et al. with the perimetry of a
patient with complete loss of foveal vision except for foveola sparing.  Foveola sparing typically leaves a small
diameter patch of good vision 1.2° to ~3.0° diameter centered on the point of fixation.

The disparity between the perimeters measured for the two eyes of B.I. is noted.  Also noted is the radius of
curvature along each perimeter at various locations.  These sharp features are consistent with an instantaneous field
of view of the scanning foveola(s), typically 1.2° in diameter but possibly as large as 3° diameter as discussed in
Section 3.4.2.3 of this paper.  Note specifically the curvature of the right eye perimeter near 257°.

Using a field of 3° for the foveola, the figure suggests that a scanning pattern involving at least 40 individual
glimpses of on the order of 40 ms each for the left eye would be required to address the area within the
perimeter.  One scanning of the field would require on the order of 1.6 seconds (without counting the time
required by saccades–see Section 3.4.2.3).  This is a long, but not inconceivable, framing interval.  It would
suggest B.I. enjoys watching his tablet computer more for the activity level on the screen rather than
intellectual value.

A complete scan of the area within the perimeter of the right eye would take considerably longer than 1.6
seconds based on the simple proposed premise.  However, there is no information suggesting he scans this
complete area in each routine scan of his eyes.  It appears that a more robust recording of his ocular

Figure 3.4.2-1 A comparison of reported Goldmann perimetry of B.I. & foveola sparing.  Foveola sparing is
indicated by the small diameter disc, ~1.2°diam., at the center of the left frame.  The data of B.I. indicates a field
much larger than associated with foveal sparing in adults suffering severe injury to the occipital lobe.  The data was
collected with difficulty.  Note also the high curvature at selected points along the perimeter.  These facts suggests
some form of plasticity involved when the injury is neonatal.  See text,  Foveola sparing from Harrington, 1981. 
Goldmann perimetry from Mundinano, 2018.
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movements as a function of time extending over tens of seconds would be needed to extract a clearer
scanning pattern, including any subsets of the overall pattern, would be useful.
 

 3.4.2.2 Role of attention in controlling the normal mechanisms of vision

The subject of “Attention” did not appear explicitly in the Mundinano et al. paper and has not entered this discussion
until now.  His attention should play a critical element in B.I.’s evaluation, even if it is difficult to control and may
only be a behavioral evaluation.  He appears to perform at normal on any task involving his attention.  Attention is
closely tied to the foveola/PGN/pulvinar pathway.

In [Figure 3.4-1], a set of check marks have been added to indicate what comments of Mundinano et al. can
be associated with the attention phenomenon.  Item 7 is given two check marks because of the significance of
the original comment.  It notes, (1) he was allowed free-form eye movement during this contrast sensitivity
test and (2) he was allowed to employ free-form eye movement in ALL subsequent experiments.  In light of
his apparent routine scanning of a large field, the free-form eye movement is not an allowance but a
necessity.

In items 8 through 13, attention is typically the phenomenon determining where the foveola of the eyes are
pointed during stage 4 fine information extraction.  Such fine information extraction is normally via the
foveola/PGN/pulvinar path.  This path is intact in B.I., and the excellent performance achieved by him for his
age group is understandable.

Item 14 is a speculation by Mundinano et al. that is worded as a suggestion.  This suggestion is not supported
by this paper based on the system schematic of Section 2.2.  They note, the “Middle Temporal area (MT) of
the extrastriate visual cortex, which is an integral component area of the dorsal stream and is also associated
with visually-guided behaviors.”  As noted, the MT is an engine of the fovea/LGN/occipital pathway
frequently labeled V5.  It is normally assumed to be dependent on information extracted by V1 of the striated
cortex that has been destroyed in the case of B.I.  Section 15.2.5.572 of “Processes in Biological Vision”
discusses this historical assumption in detail,  

 Attention is a major phenomenon of stage 5 cognition.  It is only known conceptually but it contains at least two
critical components.  It responds to inputs from the Alarm path operating via the LGN’s, and it directs the POSS to
bring the imagery related to the alarm to the point of fixation so the foveola/PGN/pulvinar path can evaluate the
significance of the alarm.  The principle responsibility of the pulvinar is to evaluate (recognize and identify) imagery
presented to the foveola of the retina as indicated in the above schematics.   

 In some cases of major threats from objects in the foveal field of view, the alarm path operates in a reflex
mode, directly causing action within the POSS while simultaneously notifying the attention mechanism
within stage 5. 

 Normally, the Awareness Path is responsible for making stage 5 cognition aware of interesting objects within the
imagery presented to the complete fovea.  In the absence of the neural engines and commissure described above,
some other method of acquiring imagery outside of the conventional field (1.2° diameter disc centered on the point
of fixaton) of the foveola is needed.  It appears the POSS has been tasked to acquire this imagery by modifying its
normal operation (an example of plasticity in an immature neural system).

As indicated by the labels used in the schematics above, the Awareness path is typically used to provide any species
a global perspective of its surrounding visual environment.

Figure 3.4.2-2 describes three types of oculomotor motion encountered in normal vision and how these motions are
modified to satisfy the awareness requirement.  The normal POSS is a two level servomechanism with a coarse
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oculomotor drive mode to cause objects appearing outside of the disc of the foveola to be imaged within that disc
where the imagery can be analyzed by the Stage 4 foveola/PGN/pulvinar pathway.  Normally, the first or coarse
POSS level is expected to bring any element imaged on the fovea to within the foveola by rotating the eyes and or
the body.  It normally employs a macro-saccade to bring any image element into the purview of the foveola plus or
minus a few degrees.  If necessary, a smaller saccade is implemented to reduce this error to  ±0.1°.

The process is complex, both version, vergence and accommodation are performed at the coarse level based on
signals processed within the occipital lobe, specifically V1.

Once the coarse level of convergence has been completed, the task of completing the fine or second level is
performed within the foveola/PGN/pulvinar pathway.  The fine level employs mini-saccades to complete a
satisfactory fixation.    Following satisfactory fine convergence, The two step stereopsis mechanism is implemented. 
The first step is designed to create a 3D neural representation of the external environment from the imagery
presented to the foveola.  On its completion, the second step is undertaken, the actual recognition and identification
of objects within the field of view of the foveola/PGN/pulvinar pathway.  In normal eyes, blinking, macro-saccades
and saccades (when required) occur sporadically.  Most of the oculomotor activity focused on recognition and
identification, activities primarily utilizing mini-saccades and tremor.  Flicks can be defined as mini-saccades of
0.03° to 1.2° amplitude that are not related to normal version or vergence activity, but to stereopsis operations. 

3.4.2.3 The abnormal scanning mechanisms of vision in the case of B.I.

The normal human POSS supports a variety of ocular scanning strategies as described in Section 15.3 of this work. 
Table 15.3.1-1 summarizes the most important of these strategies.  Additional data may be found in the analysis of
the reading mechanisms in Chapter 19.

In the case of B.I., a totally different, and potentially unique, scanning strategy is proposed.  In the proposal, the
POSS is assigned an alternate task, to cause the oculomotor muscles to cause the eyes to perform a scanning function
not unlike the normal scanning function within the normal eyes pattern but based primarily on an optimized scanning
pattern of mostly saccades estimated to have an amplitude of 5°-8°.  To accomplish this task, the saccades would be
performing a repetitive function with a pause interval of about 40 milliseconds until something of significant interest
was encountered.  At that point, the saccades would stop while the mini-saccades participated, along with the
foveola/PGN/pulvinar path, in the information extraction function.  If this proposal is viable, it should be easy to

Figure 3.4.2-2 POSS operations under normal and abnormal conditions.  The focus is on the abnormal conditions
related to B.I.  Note the introduction of the term scanning to replace the normal pointing function.  Note, in the
normal eye, the foveola remains defined by the fixation point.  In the abnormal eye, the foveola is involved in the
scanning process, as is the fixation point.  See text.



88  Processes in Animal Vision

73Becker, W. (1991) Saccades In Carpenter, R. ed. Eye Movements, vol 8, Vision and Visual Dysfunction. 
Boca Raton, Fl: CRC Press Chapter 5

record the motions of the eyes and determine if an abnormal pattern is observed indicative of a large angle
scanning pattern.  Normal scanning patterns are readily available in the academic literature for comparison.  This
proposal requires no significant rewiring of the POSS, only a “plastic” change in programming at an age when such
a change is feasible.

If B.I. should attempt to abort the scanning of his foveola over the area represented by the above
Goldmann Perimetry, his instantaneous field of view for the duration of fixation will shrink to a very small
keyhole of vision.  He will become apprehensive, if not fearful, at the loss in his field of vision and his
awareness of what is present in his truncated, but normal to him, field of view. 

 Figure 3.4.2-3 presents the simplest scanning pattern as a concept.  It is probably not statistically ideal for searching
a specific region of the external visual environment.  It is clear that a raster scan, such as used in analog broadcast
television is not a likely candidate based on the limited bandwidth of the tonal muscles of the oculomotor plant (see
lower left corner of Figure 3.4-6 in Section 3.4.2.4 below).  A more likely candidate is a spiral scan with a jump
from the outer spiral to the central starting point, but a more complex Lissajou Figure may provide a more efficient
pattern.  Whatever gross scan is used, the scan must be paused at intervals of about 3° to allow the
foveola/PGN/pulvinar to perform its information extraction function on that instantaneous field of view.

Becker73 has provided useful information on the time
required to affect various angular motions of normal
human eyes.  He indicates a 2° saccade is completed in
43 ms and a 5° saccade requires 63 ms.

The above saccade times and the earlier estimate of 40
ms dwell times between saccades would suggest that
BI would require approximately 3.6 seconds to survey
a 30° circular field of view using a 3° instantaneous
field of view (keyhole).  This is probably an intolerable
length of time.  It suggests BI enjoys his tablet
computer because he focuses his attention on a very
limited area of possibly 6° x 9° or less.  This area could
be scanned and analyzed by the foveola/PGN/pulvinar
path using the POSS in about 540 ms.

The abnormal scanning pattern proposed for B.I.
would place the time scale of operations within
the POSS in significant conflict with the time
scale of conventional Goldmann Perimetry.  In
attempting to evaluate B.I. using the Goldmann
protocol, they note they gave up using a push
button and reverted to tracking his eye movements. 
Hopefully those recordings still exist and can
contribute to determining the amplitude versus time
profile of all of his saccades.  The primary question relating to the reported perimetry is how much of the
recorded saccades were due to blindsight and how much to declarative vision? 

 
3.4.2.4 The full-field Alarm Mode of B.I. appears to be intact

An area of investigation not reported by Mundinano et al. involves blindsight outside of his calculated visual

Figure 3.4.2-3 Possible area scanning pattern used by B.I. 
The complete fovea is assumed to be intact for each of
B.I.’s eyes.  As shown above, only a nominal 30°
diameter field is recorded for the right eye.  The
physiological scanning pattern of the POSS/oculomotor
plant is not likely to be a raster scan.  See text.
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perimeter.  Alternately, much of the extended perimeter of his right eye, as reported, may be the result of stimulation
of the Alarm mode and its reflex operation via the POSS to redirect attention to areas outside of his declaratory field
of view.

The modified protocol used by Mundinano et al. to measure the perimeter of vision for B.I. appears capable of
stimulating the Alarm mode of the visual modality in the absence of the Awareness mode operating via the
foveaLGN/occipital path.  It is recommended that further experimentation by undertaken to determine the blindsight
capability of B.I. (via the Alarm mode) compared to his declarative field of view (apparently limited to his modified
Analytical mode).  The top level visual schematic in Section 15.2.5.4 of PBV describes these operating modes more
completely.  Figure 3.4.2-4 shows this figure modified to predict the operation of the visual modality of B.I.

The labeling in the figure varies slightly from the terminology used here.  The boxes labeled; stage 4, stage 5 & stage
6 do not encompass all parts of these stages.  The neural engines within the box labeled POS includes both the POSS
of this work (the oculomotor nuclei) and elements of the thalamus as indicated.  The non-neural parts of the visual
modality are described as the ocular and the muscle components found within the “plant” at lower left.  Plant is a
term of art in servomechanism theory.  The label at lower left, “Analysis Pulses” should now indicate pulses driving
the ocular muscles to achieve both Scanning and Analysis under the proposed hypothesis.   

Figure 3.4.2-4 Predicted top level schematic of B.I.’s visual modality, with inputs from the Auditory and Vestibular
modalities shown.  The area at top right was destroyed during the neonatal period.  Before the end of that period, the
command path involving the ocular nuclei and the muscular plant controlling the motions of the ocular were
reprogrammed to perform a scanning function.  The frequency passband of the ocular nuclei and plant probably
remained as shown, but the amplitude of muscle motions versus time is probably quite unusual.  See text.  Modified
from Fulton, 2008.
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 This figure clearly demonstrates the majority of the visual modality of B.I. remains intact, based on
functional mechanisms as well as the likely neuron count.  And, he achieved his present capability through a
limited degree of plastic reprogramming achieved primarily during the neonatal period.  Only minimal
changes in the neural architecture and oculomotor plant were required. 

 The fact that the ALARM mode writ large, and the stereo mode writ small suggest that B.I. should show remarkable
ability to perceive activity occurring throughout the foveal field, even if he is not able to declare clearly what his
visual modality is perceiving external to his limited visual field because of his age.  This area is ripe for further
investigation as he matures.

It appears the Goldmann Perimetry for B.I. reported in the Mundinano et al. paper is due more to blindsight than
declaratory vision.

3.4.2.5 Stereopsis and depth perception in the case of B.I.  

As noted in the previous figure, all of the neural circuits of B.I. related to stereo vision have been preserved.  It is
proposed that his depth perception, within the keyhole field of view that he enjoys, should be normal.  See Section
3.3.2 and Section 3.3.3 for more discussion related to the horopter and the depth perception of normal subjects.

Measurements of the convergence capability and the depth perception of B.I. should be accomplishable using
conventional test methods. 

3.4.2.6 Analytical mode of B.I. vision is developing normally  

Based on the assertion in Mundinano et al. that B.I. is able to recognize faces, and even proferred the gendre of faces
expressing various conditions of emotion, his analytical mode capacity within his foveola/PGN/pulvinar pathway
appears to be operating normally for a person of his age.  It should be noted a child of 5 or 6, may not have
previously encountered many faces exhibiting the emotion of distress.

3.4.2.7 The PVEP records collected from B.I.

Mundinano et al. note, “There was no measurable response to any of the [pattern] stimuli from either eye, which is
consistent with his diagnosis of visual cortex impairment.”

The conventional pattern reversal sequence used in PVEP tests is in conflict with the temporal aspects of the
scanning of his field of view proposed to be used by B.I.  It would be wise to determine the statistical and temporal
aspects of the scanning pattern used by B.I. before employing further PVEP tests.

Figure 2 of Mundinano et al. shows a set of pattern visual evoked potentials, PVEP, collected from B.I., that are only
about 20% of the amplitude of conventional PVEP (based on the accompanying tabular values).  The investigators
used conventional electrode placements, that assumed an intact occipital lobe.  It should not come as a surprise that
the amplitude of signals recorded from neural tissue much farther from the electrodes were of lower amplitude. 

3.4.2.8 Fundascopy and advanced OCT of the fovea may be useful

Examination of the retina of B.I. using conventional ophthalmology techniques may show no abnormal conditions. 
However, examination of the region near the foveola using adaptive optics enhanced Optical Coherent Tomography,
AO-OCT or the related adaptive optics enhanced Scanning Laser Optometry, AO-SLO, may reveal an unusual shape
to the walls of the foveal pit.  
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