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Rucker JC, Buettner-Ennever JA, Straumann D, Cohen B.
Case studies in neuroscience: instability of the visual near triad in
traumatic brain injury—evidence for a putative convergence integra-
tor. J Neurophysiol 122: 1254–1263, 2019. First published July 24,
2019; doi:10.1152/jn.00861.2018.—Deficits of convergence and ac-
commodation are common following traumatic brain injury, including
mild traumatic brain injury, although the mechanism and localization
of these deficits have been unclear and supranuclear control of the
near-vision response has been incompletely understood. We describe
a patient who developed profound instability of the near-vision
response with inability to maintain convergence and accommodation
following mild traumatic brain injury, who was identified to have a
structural lesion on brain MRI in the pulvinar of the caudal thalamus,
the pretectum, and the rostral superior colliculus. We discuss the
potential relationship between posttraumatic clinical near-vision re-
sponse deficits and the MRI lesion in this patient. We further propose
that the MRI lesion location, specifically the rostral superior collicu-
lus, participates in neural integration for convergence holding, given
its proven anatomic connections with the central mesencephalic re-
ticular formation and C-group medial rectus motoneurons in the
oculomotor nucleus, which project to extraocular muscle nontwitch
fibers specialized for fatigue-resistant, slow, tonic activity such as
vergence holding.

NEW & NOTEWORTHY Supranuclear control of the near-vision
response has been incompletely understood to date. We propose,
based on clinical and anatomic evidence, functional pathways for
vergence that participate in the generation of the near triad, “slow
vergence,” and vergence holding.

concussion; convergence; near response; pretectum; superior collicu-
lus

INTRODUCTION

Mild traumatic brain injury (TBI) (i.e., concussion) is a
major societal and common clinical concern that results from
biomechanically induced alteration of brain physiology (Bark-
houdarian et al. 2016; Kamins and Giza 2016; Kerr et al.

2015). Underlying cerebral dysfunction is primarily manifested
through clinical symptomatology, while standard methods of
assessment for structural pathology, such as brain MRI, are
often unrevealing (Morgan et al. 2015; Rose et al. 2017).
Visual symptoms are common in mild TBI (Cockerham et al.
2009; Lew et al. 2007), which is not surprising, given that the
ocular motor system is governed by a widely distributed,
complex, and delicate network of cortical and subcortical
structures that are prone to traumatic injury. A high prevalence
of convergence and accommodative insufficiency is reported
across neuro-ophthalmologic, optometric, and rehabilitation
literature in TBI in civilian, athletic, and military populations
(Alvarez et al. 2012; Baker and Epstein 1991; Cockerham et al.
2009; Cohen et al. 1989; DuPrey et al. 2017; Goodrich et al.
2013; Howell et al. 2018; Kowal 1992; Krohel et al. 1986;
Lepore 1995; Pearce et al. 2015; Szymanowicz et al. 2012; Van
Stavern et al. 2001), although the precise mechanism and
localization of these deficits have been unclear. Furthermore,
the supranuclear neural networks governing convergence and
near-vision control are incompletely delineated.

We describe a patient with an inability to maintain conver-
gence and global near-vision response instability following
mild TBI, in whom brain MRI revealed a lesion in the pulvinar
of the caudal thalamus, the pretectum, and the rostral superior
colliculus (SC). We then discuss the potential relationship
between this lesion and posttraumatic clinical near-vision re-
sponse deficits, the anatomy of convergence, and near-vision
response control and propose a putative neural integrator for
the maintenance of convergence and the near-vision response.

CASE DESCRIPTION

A 48-yr-old woman with a career in modern dance and
without preexisting neurological or visual symptoms devel-
oped disabling visual impairment at age 37 following mild TBI
after forceful impact to the left posterior occiput with a high-
velocity blunt metal object. She felt immediately “dazed.”
Head computed tomography was unremarkable. The visual
impairment consisted of a debilitating inability to read, accom-
panied by persistent pain at the impact site, nausea and dizzi-
ness with head motion, and postural imbalance. She described

Address for reprint requests and other correspondence: J. C. Rucker, Dept.
of Neurology, 222 E. 41st St., 14th Fl., New York, NY 10016 (e-mail:
janet.rucker@nyulangone.org).

J Neurophysiol 122: 1254–1263, 2019.
First published July 24, 2019; doi:10.1152/jn.00861.2018.

1254 0022-3077/19 Copyright © 2019 the American Physiological Society www.jn.org

Downloaded from journals.physiology.org/journal/jn (070.077.045.125) on March 2, 2023.

http://doi.org/10.1152/jn.00861.2018
mailto:janet.rucker@nyulangone.org


difficulty keeping small print in focus for more than seconds at
a time and experienced intermittent visual blurring alternating
with brief epochs of clear focus. Attempts to read resulted in
headaches. Over 11 yr, inability to read, to use a computer, or
to do effective near-vision work persisted. She was unable to
return to her career in modern dance.

Repeated examinations between ages of 37 and 48 by
neurologists, optometrists, neuro-ophthalmologists, and pe-
diatric ophthalmologists documented substantial difficulty
with maintenance of convergence and accommodation (Fig.
1 and Supplemental Video S1 at https://figshare.com/s/
484fd2c8e69e41495755) and unstable pupillary constriction
with near-target viewing (Fig. 2). Convergence was typi-
cally initiated normally but then followed by inability to

hold convergence with a moderate intermittent exophoria at
near. Occasionally initial convergence effort was abnormal,
at which times the near point of convergence varied between
15 and 35 cm. Accommodative ability was reduced by 50%,
as assessed by measurement of the accommodation stimu-
lus-response curve (Fig. 3) (see “Methodology” in Green et
al. 2010). With dynamic retinoscopy, accommodation was
achieved only for brief periods of time, which allowed for
momentary clarity of near vision, followed by spontaneous
deaccommodation and blurred vision under both monocular

Fig. 1. Graphs from Supplemental Video S1 showing reconstructions of the patient’s inability to maintain convergence (A) and normal convergence holding in
a healthy individual (B) with no history of neurological illness or head trauma. Right and left eye horizontal position (black lines corresponding to y-axis
amplitude in degrees) and velocity (red lines, y-axis velocity scale is omitted for simplicity) traces during distance (solid black line above x-axis) and near fixation
(hatched black line above x-axis). Following normal initiation of convergence, the patient is unable to hold convergence; in contrast, the normal healthy control
subject maintains steady convergence with fixation of a near target. Note the fast eye movements following initial achievement of convergence in our patient
that likely reflect the inability to make small vergence adjustments and a profound inability to hold the convergence position, as well as compensatory recruitment
of fast eye movement control systems to make rapid near refixations.

Fig. 2. Pupillography of the left eye demonstrates unstable pupillary constric-
tion during viewing of a near target (top trace). In contrast, pupil size is stable
during viewing of distance targets in light (middle trace) and during stable
central gaze with no target in darkness (bottom trace).

Fig. 3. Accommodation as a function of target distance [assessed using the
manual mode of the of the WAM 5500 open-field autorefractor; see Green et
al. (2010) for further details on methodology]. Accommodative insufficiency is
present in this patient, as demonstrated by 50% reduction in accommodative
response to near-accommodative stimuli, compared with population-based
normative data (Duane 1922).
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and binocular conditions. The remainder of her neurologic
and neuro-ophthalmologic examinations was normal. The
participant provided written informed consent.

Video-based and scleral search coil ocular motor recordings
demonstrated impaired ability to adapt the gain (defined as eye
velocity/head velocity) of the horizontal angular vestibular-
ocular reflex (VOR) with relative sparing of the vertical VOR.
During video-based recordings, the patient was subjected to
sinusoidal angular rotation about a vertical axis at 0.1 Hz,
while a surrounding visual scene moved at the same rate
(subject-stationary surround condition inducing visual suppres-
sion of the VOR). The preadaptation gain of 0.5 was un-
changed postrotation. During scleral search coil-based record-
ings with a much larger visual stimulus, the patient was
subjected to sinusoidal angular rotation about a vertical axis at
0.2 Hz with a rotational chair velocity of 25°/s. The preadap-
tation gain of 0.5 was again unchanged postrotation (Fig. 4). In
contrast, following sinusoidal angular rotation in the vertical
plan about a horizontal axis, the preadaptation gain of 0.72 was
reduced to 0.38. Optokinetic nystagmus gain was asymmetri-
cally affected, with reduced gain with leftward-moving opto-
kinetic stimuli (Fig. 5).

Brain MRI with gadolinium at age 38 demonstrated a non-
enhancing T2-hyperintense 11 � 3 mm lesion with mild mass
effect in the right pulvinar of the caudal thalamus, the pretec-
tum, and the rostral SC (Fig. 6). This lesion was thought to be
due to axonal shearing from contrecoup forces, as no hemor-
rhage was seen on susceptibility imaging. Repeat brain MRI at
ages 39 and 48 demonstrated the same T2-lesion without mass
effect. Base-in prisms, monocular occlusion, and vision ther-
apy for convergence deficits, as well as trials of glasses for
refractive correction and vestibular therapy, were ineffective in
returning visual clarity and sustained reading ability.

DISCUSSION

Clinical Deficits

Three distinct clinical deficits contributed to visual dysfunc-
tion and postural imbalance in our patient, following mild TBI.

The first comprised impaired ability to maintain convergence
and accommodation with accompanying pupillary dysfunction,
representing dysfunction of the near-vision response triad. This
triad consists of three related motor activities: convergence to
minimize binocular foveal retinal disparity (e.g., image sepa-
ration when images fall on noncorresponding retinal locations
in the right and left eyes), accommodation of the ocular lens
resulting in an increase in its refractive power to minimize
monocular blur, and pupillary constriction or miosis to increase
the depth of field (Mays and Gamlin 1995; Myers and Stark
1990). The second and third components of visual dysfunction
and postural imbalance in our patient were impaired ability to
adapt the gain of the horizontal VOR using optokinetic stimuli
with retained ability to do so in the vertical plane and impaired
visual following as manifested by asymmetric optokinetic
nystagmus, with impaired optokinetic responses to visual stim-
uli moving toward the left.

The MRI lesion in our patient involved the right pulvinar in
the caudal thalamus, the pretectum, and the rostral SC (Figs. 6
and 7). Although no preinjury imaging exists and we cannot
definitively prove that the lesion did not precede the injury, the
patient was neurologically healthy with normal vision before
her injury; the lesion was isolated and in a location that would
be highly atypical for an incidental, asymptomatic T2 hyper-
intensity; and the lesion was in a location shown to be affected
by TBI (Schultz et al. 2018). We propose that the MRI lesion
caused her three main clinical deficits: impairments in 1) the
near-vision response, 2) horizontal VOR gain adaptation, and
3) visual following. Furthermore, we propose that the region of
the lesion disrupted circuits controlling the stable holding of
convergence and the near-vision response. We will first con-
sider the anatomy and physiology of the MRI lesioned struc-
tures, given that the pulvinar, the pretectum, and the SC all
play a role in visual behavior but in different ways. We will
then discuss the current understanding of established vergence
anatomy and physiology in the rostral midbrain and how
lesional involvement of the rostral SC may give rise to our
patient’s inability to maintain convergence.

Fig. 4. Vestibulo-ocular gain before and after adaptation by visual vestibular-
ocular reflex (VOR) suppression. Horizontal gain is unchanged (1), while
vertical gain is markedly reduced postadaptation (3).

Fig. 5. Optokinetic (OKN) response to rightward and leftward moving visual
stimuli. Gain is normal for rightward moving stimuli and reduced for leftward
moving stimuli.
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Anatomical Considerations of Lesions in the Pulvinar,
Pretectum, and Rostral SC

Pulvinar. The pulvinar (Fig. 7) is associated with visual
attention and perception (Petersen et al. 1985; Zhou et al.
2016). There were no signs of disturbed visual perception or
attention in our patient that could be directly attributed to
damage to the pulvinar. However, large and compact fiber
pathways from the cerebral cortex descend through the pulvi-
nar and provide a major input to the pretectum and SC further
caudally. Such pathways passing through the pulvinar are
visible in the fiber-stained brain section Fig. 7B and would be
damaged by a lesion in the pulvinar (star in Fig. 7B) as they
descend to the pretectum and SC, as the brachium of the SC
(BSC in Fig. 7A). These descending pathways arise mainly from
visual motion-related areas of the cerebral cortex (Distler et al.
2002). It is possible that the pulvinar lesion involved these fibers
of passage and contributed to some of the patient’s symptoms.

Pretectum. The pretectum (Fig. 7) is associated with the
control of visuomotor processes. Pretectal research has mostly
centered on two of the seven subdivisions of the pretectum: the
nucleus of the optic tract (NOT) and the pretectal olivary
nucleus (PON) (Buettner-Ennever and Horn 2013). The NOT
is a thin elongated cluster of cells in the posterior pretectum
that extends into the BSC (Fig. 7A) (Hutchins and Weber 1985;
Simpson et al. 1988). It is involved in processing visual
signals, such as large moving visual fields, for the generation of
compensatory motor responses, such as optokinetic eye move-
ments (Watanabe et al. 2001) or postural adjustments. There
are reciprocal connections from NOT to all three accessory
optic nuclei, which together build up a network critical for the
directional tuning of the compensatory responses to optokinetic
stimuli (Gamlin 2006; Giolli et al. 2006). There are reciprocal
connections between the pretectum and SC, whereby a major
output of NOT is to the SC, predominantly rostrally, and
through this mainly inhibitory connection NOT can modulate
SC function (Büttner-Ennever et al. 1996; Gamlin 2006). NOT
also projects to the vestibular complex, including nucleus
prepositus, which provides the output pathways for the opto-
kinetic responses (Cohen et al. 1992; Yakushin et al. 2000a).
Finally, NOT innervates the dorsal cap of the inferior olive and
other precerebellar nuclei, which would support ocular follow-

ing and adaptation to continuous optokinetic stimuli (Büttner-
Ennever et al. 1996; Yakushin et al. 2000c).

Theoretically, damage to NOT circuits would cause loss of
balance and orientation in moving visual fields and examina-
tion asymmetry in optokinetic responses with impaired adap-
tation (Schiff et al. 1988; Yakushin et al. 2000a). Posterior
pretectal stimulation in monkeys in the region of NOT or
projections to it traversing the pulvinar leads to loss of opto-
kinetic slow phases ipsilateral to the side of stimulation (Schiff
et al. 1988); whereas the opposite was seen in our patient.
Inactivation via damage to or destruction of the NOT in
monkeys also results in an inability to change the gain of the
horizontal VOR (Stewart et al. 2005; Yakushin et al. 2000c), as
was seen in our patient. Thus permanent damage to NOT
pathways was considered to be the cause of our patient’s
balance deficits and inability to return to a career in modern
dance, or even to ride a bicycle.

There is considerable evidence that the second well-studied
pretectal nucleus PON subserves the pupillary light reflex (Bütt-
ner-Ennever 2006; Clarke et al. 2003; Gamlin 2006; Pong and
Fuchs 2000). It receives retinal inputs bilaterally and projects to
the preganglionic neurons in the Edinger-Westphal nucleus (EW),
which in turn supplies the ciliary ganglion cells that provide the
parasympathetic innervation of the sphincter pupillae muscle for
pupillary constriction (Gamlin 2006; Horn et al. 2008; May et al.
2008; Sun and May 2014). The neurons in primate PON were
shown to respond to changes in luminance, but they did not
modulate their activity during the near response (Zhang et al.
1996). Thus the pathways subtending pupillary control during the
near triad are still unclear, and in our patient the unstable pupillary
constriction of the left eye with near target viewing should not be
directly attributed to the pretectal lesion.

Superior colliculus. The SC participates in the orientation of
the eyes and body to or away from visual stimuli (for review
see, Gandhi and Katnani 2011). It lies at the junction of the
brainstem with the forebrain and is vulnerable to whiplash
injuries. In the case described here, the rostral SC was dam-
aged. Robinson (1972) demonstrated the topographic organi-
zation of saccades evoked by microstimulation of the SC,
whereby his map of their representation showed that the caudal
SC is associated with large saccades and the rostral SC with

Fig. 6. Axial T2-weighted MRI brain showing a hyperintense lesion in the right pretectum and pulvinar, extending from the superior colliculus superolaterally
into the posterior-inferior aspect of the right thalamus (arrow) (A). R, right side of brain; L, left side of brain. Sagittal T2-weighted image through the right
midbrain showing the small lesion (arrow) at the dorsal (i.e., rostral) border of the superior colliculus close to the posterior commissure (B). Magnified axial
T2-weighted MRI image through the region of the hyperintense lesion (arrow), which extends towards the midline (C).
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small saccades. It has recently become increasingly clear that
there are several highly differentiated neural networks over the
rostral-caudal extent of SC. For example, SC projections from
either caudal, rostral, or rostral pole of SC terminated in three
completely different projection patterns within the saccadic burst
network of paramedian pontine reticular formation (Büttner-
Ennever et al. 1999). The exact location of lesion recordings,
microstimulation or tracer injections is often unclear and cannot
be allocated to the rostral third of SC, the SC rostral pole, or the
pretectum (NOT). Some studies may be able to make such fine
differentiations, but in this study we cannot, and we use the term
“rostral SC” to cover the whole region.

A group of neurons was identified in the “rostral pole of
SC,” which fired tonically during visual fixation and paused for
most saccades (Munoz and Wurtz 1993a). Injections of mus-

cimol (a GABA-agonist, mimicking GABA inhibition) in this
region in monkeys disturbed visual fixation and led to saccadic
intrusions (Munoz and Wurtz 1993b). For these reasons, the
rostral pole of SC was called the “fixation zone” (Munoz and
Wurtz 1993a, 1993b). Subsequently, and in keeping with
Robinson’s map, neurons in the rostral SC have been shown to
encode microsaccades and contribute to fixation stability (Gan-
dhi and Katnani 2011; Hafed et al. 2009). Reduction of activity
in the rostral half of one SC with muscimol has been shown to
create an offset of fixation due to a biased estimate of target
position, accompanied by more stable distance fixation with
reduction in microsaccade rate (Goffart et al. 2012; Hafed et al.
2008). These findings have led to an alternate interpretation of
the deep SC as a representation of behaviorally relevant target
position signals, rather than a dichotomous motor map divided

Fig. 7. Axial (transverse) schematic (A) and fiber-stained his-
tologic (B) sections at the level of midbrain to caudal thalamus
transition demonstrating the relationship between the right-
sided MRI lesion (A, shaded area; B, star) in this patient and the
pulvinar, pretectal structures including the nucleus of the optic
tract (NOT) and rostral superior colliculus (SC). PC, posterior
commissure; pul, pulvinar; nPC, nucleus of the posterior com-
missure; pag, periaqueductal gray; III, oculomotor nerve;
NIII, oculomotor nucleus; TR, tractus retroflexus; rn, red nu-
cleus; sn, substantia nigra; mgn, medial geniculate nucleus;
mtn, medial terminal nucleus; IC, inferior colliculus; BSC, bra-
chium of the superior colliculus; aq, aqueduct; R, right side of
brain; L, left side of brain.
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into a rostral SC fixation zone and a caudal saccade zone
(Goffart et al. 2012; Hafed et al. 2008).

The SC is also involved in regulation of pupillary size. Weak
microstimulation in intermediate layers of the SC has been shown
to result in pupillary dilation as part of the orienting reflex (Wang
et al. 2012; Wang and Munoz 2015), although we cannot com-
ment further on any relationship between the SC and the unstable
pupillary constriction seen in our patient, as pathways subtending
pupillary control during the near triad are still unclear.

Vergence activity has been found in the rostral SC (Chatur-
vedi and Van Gisbergen 2000; Cowey et al. 1984; Jiang et al.
1996; Lawler and Cowey 1986; Suzuki et al. 2004; Van Horn
et al. 2013) and loss of convergence and accommodation
attributed to bilateral rostral SC lesions has been reported in
one clinical patient (Ohtsuka et al. 2002), although the lesions
involved much of the rostral dorsal midbrain and were likely
not restricted to the SC. Furthermore, several studies in awake
monkeys have reported vergence-related neurons in the vicin-
ity of the SC, which were originally described as lying between
the rostral SC and the caudal pretectum (Judge and Cumming
1986; Mays et al. 1986; Zhang et al. 1991, 1992). More
recently however, the vergence recording sites were histolog-
ically identified by Van Horn et al. (2013). These authors
showed that the vergence cells lay at the rostral SC, rather than
in the adjacent pretectum, and they proposed that rostral SC
mediates the accurate control of three-dimensional eye posi-
tion, facilitating slow changes in vergence. Studies on the
effect of SC stimulation in strabismic monkeys provide further
supportive arguments, in that SC stimulation resulted in a shift
in the horizontal strabismus angle that was shown to be due to
a combination of saccadic disconjugacy and disconjugate post-
saccadic slow vergence drifts (Fleuriet et al. 2016; Upadhyaya
et al. 2017). The hypothesis that rostral SC facilitates slow
changes in vergence fits well with our conclusion that damage
to rostral SC led to our patient’s dysfunction of the near triad.

Vergence Physiology and Pathways from the SC to the
Oculomotor Nucleus Supporting Convergence and the Near-
Vision Triad

Vergence physiology and integration. The vergence system
is a phylogenetically new nonversional eye movement system
that includes convergence and divergence eye movements,
thereby allowing frontal-eyed species to maintain a single
foveal image during visual refixations in three-dimensional
space. All 12 eye muscles must be coordinated by vergence
signals, with the main input targeting the medial rectus and, to
a lesser extent, the inferior rectus muscles. Convergence,
driven by retinal disparity and/or visual blur, occurs via acti-
vation of the medial rectus muscles by motoneurons in the
medial rectus subnucleus of the oculomotor nucleus in a
manner similar to versional adduction of the eyes. However,
the source of adduction commands for versional horizontal eye
movements originates in the abducens nucleus, which contains
two populations of neurons: motoneurons destined for the
ipsilateral lateral rectus muscle and internuclear neurons that
decussate at the level of the pons and ascend through the
medial longitudinal fasciculus (MLF) to the contralateral me-
dial rectus subnucleus of the oculomotor nerve. Signals related
to vergence position or angle and vergence velocity have been
identified in monkeys on medial rectus motoneurons (Gamlin
and Mays 1992; Mays and Porter 1984), but these signals

driving vergence movements do not arrive from the MLF. It
had long been clinically suspected that the MLF did not carry
vergence signals, as patients with MLF lesions and internuclear
ophthalmoplegia (i.e., impaired adduction ipsilateral to the
MLF lesion with abducting nystagmus in the contralesional
eye) typically have retained convergence ability. Physiological
evidence in monkeys suggested that not only do MLF neurons
not carry signals to elicit convergence, they carry signals
inappropriate for convergence movements (Gamlin et al.
1989). In other words, based on long-entrenched assumptions
that separate neural systems control saccades and vergence eye
movements and that premotor commands for conjugate eye
movements are binocular, MLF neurons were considered to
inappropriately decrease their firing rates during convergence.
However, the above assumptions have been challenged (King
and Zhou 2000) and it has now been shown that individual
abducens motoneurons and internuclear neurons carry monoc-
ular gaze signals preferential for either the ipsilateral or con-
tralateral eye (King 2011; Sylvestre and Cullen 2002). During
vergence, the average position signal across a population of
internuclear neurons is effectively zero since half of the cells
encode either right or left eye monocular eye position, and
these signals cancel during vergence.

Prior assumptions suggested that premotor or supranuclear
vergence commands are generated independent of versional
commands, and both then combine at the level of the medial
rectus motoneuron (Rashbass and Westheimer 1961b). How-
ever, based on the recent experimental data regarding monoc-
ular mechanisms of eye movement control, it has been sug-
gested that “rapid” vergence changes during disjunctive sac-
cades at different depths may be governed by the overall
population drive originating from the abducens nucleus and
that vergence associated with the near-vision response triad
and vergence fine-tuning during near viewing may be governed
by signals originating in the mesencephalon (King 2011; King
and Zhou 2000). Vergence is composed of two components:
the first is produced by burst-tonic neurons and brings the eyes
into the vergence position. The second component holds the
eyes in this position by the activity of tonic neurons, which we
will call “vergence integrator neurons,” since they transform,
or integrate, the underlying velocity signal into a position
signal, although the source of this velocity signal is presently
unclear. In the case reported, there is no indication of a deficit
in vergence generation, but a clear indication that the holding
function is lost. The neuronal types in integrator function have
been well described in the horizontal system (Scudder and
Fuchs 1992). They were found in nucleus prepositus hypo-
glossi with a relative separation of the burst-tonic neurons from
the fixation (integrator) neurons that hold horizontal position.
If a similar organization exists in the vergence system, there
may also be a separation of the burst-tonic and tonic holding
(fixation/integrator) vergence neurons. Indeed, the existence of
a vergence integrator has been suggested and is supported by
models of the vergence system derived from psychophysical
data (King and Zhou 2000; Mays et al. 1986; Rashbass and
Westheimer 1961a; Zuber and Stark 1968). From a single
unilateral lesion, we saw a bilateral effect on the loss of
vergence holding and speculate that the integrator neurons
must project bilaterally onto the muscles of both eyes. An
alternative hypothesis is that the pathways from the lesioned
area to the eye muscle motoneurons cross the midline. It should
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be emphasized here that occlusion of one eye never improved
the underlying deficits. The patient could converge her eyes but
not maintain her fixation. This indicates that the burst tonic
pathways that produce convergence were intact but that the
integrator neurons for holding vergence in place were absent.
The selective loss of vergence integration has not been de-
scribed before. We propose that the rostral SC lesion in this
patient led to the near-triad dysfunction.

Pathways from the SC to the oculomotor nucleus. The
premotor pathways generating vergence are not well under-
stood, so the question remains as to how rostral SC vergence
signals (Chaturvedi and Van Gisbergen 2000; Van Horn et al.
2013) reach the oculomotor neurons. Descending pathways
from SC generating eye movements do not target motoneurons
directly but terminate in several areas of the reticular formation
related to eye movements, such as the supraoculomotor area
(SOA) above the oculomotor nucleus, the paramedian pontine
reticular formation, or the mesencephalic reticular formation
(MRF; Fig. 8; for review, see May 2006). Recent tracing
experiments have concentrated on pathways from the SC to the

adjacent MRF. Major reciprocal coupling pathways were
traced anatomically between the SC and a specialized area of
the MRF called the “central MRF” (cMRF) (Chen and May
2000; Moschovakis et al. 1988; Zhou et al. 2008). The term
cMRF was coined by Cohen and Büttner-Ennever (1984) and
Cohen et al. (1985, 1986) to describe an area of the MRF lateral
to the oculomotor nucleus in which electrical stimulation pro-
duced contralateral horizontal saccades; later studies reported that
microstimulation in different parts of cMRF could also evoke
disconjugate saccades and that cMRF neurons are associated with
movement of one eye (Waitzman et al. 2008), which led the
authors to suggest that cMRF participated in modulating gaze
with respect to distance during disjunctive saccades.

Somewhat surprisingly, recent detailed tracing experiments
in monkey have highlighted specific projections from a well-
defined central area of cMRF to identified motor and premotor
cell groups around the oculomotor nucleus, which play a role
in driving the near triad (Bohlen et al. 2016, 2017; May et al.
2016). The efferent projections from cMRF targeted the SOA
where “midbrain near-response neurons” encoding vergence

Fig. 8. A diagram (with numbers corresponding to the numbered references at the end of the legend) showing direct and indirect pathways from the rostral
superior colliculus (SC) to predominantly slow extraocular motoneurons (in the C-groups, green boxes) and to preganglionic Edinger-Westphal nucleus (EWpg;
blue boxes) controlling the near triad, which was dysfunctional in the case described here. For clarity only the pathways from the SC on the left of the diagram
are drawn. Several pathways are omitted [e.g., tectotectal pathways and SC projections to the supraoculomotor area (SOA), see review in Gandhi and Katnani
2011]: the S-group of slow oculomotor neurons has been omitted for simplicity. aq, Aqueduct. Single unit recordings in awake monkeys have repeatedly
demonstrated vergence neurons in the rostral SC or caudal pretectal area (see shaded area) (1, 7). From the SC, descending fibers build a major reciprocal
connection with the central mesencephalic reticular formation (cMRF), a region associated with saccadic circuitry (2, 3), and disconjugate saccades (4). A
delineated part of cMRF sends an intense projection bilaterally to the C-groups of the oculomotor complex containing the multiply-innervated fiber (MIF or
“slow”) extraocular motoneurons (6); these have been proposed to play a role in convergence and alignment of the eyes, while the fast singly innervated
motoneurons (SIFs), found in NIII, may drive fast eye movements like saccades (Büttner-Ennever 2006). This same part of cMRF also projects to the SOA (5),
a region above the caudal oculomotor nucleus (NIII), which contains near-response neurons (7), and to the preganglionic neuron subdivisions of EW (EWpg)
controlling pupillary constriction and lens accommodation (5). In turn the SOA projects monosynaptically to both MIF and SIF motoneurons (7). A second
pathway (black; 8) originating in the rostral SC/pretectal area has been described that crosses the midline in the posterior commissure (PC) and targets specifically
the C-group, but also cMRF and probably EWpg, but not the fast SIF motoneurons in NIII (8). These red and black pathways supplying mainly “slow” MIF
motoneuron groups could play a role in slow convergence (8) or the convergence integrator. Damage to this crossed pathway in rostral SC, or in the PC, may
be the cause of the patient’s inability to hold convergence. References: 1) Van Horn et al. 2013; 2) Chen and May 2000; 3) Cohen and Büttner-Ennever 1984;
4) Bohlen et al. 2016; Waitzman et al. 2008; 5) May et al. 2016; 6) Bohlen et al. 2017; 7) Judge and Cumming 1986; May et al. 2018; Mays 1984; Ugolini et
al. 2006; Zhang et al. 1992; 8) Büttner-Ennever et al. 1996; Büttner-Ennever 2006; Cullen and Van Horn 2011.
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eye movements and premotor vergence neurons, carrying ei-
ther signals proportional to vergence position (vergence tonic
neurons) or to vergence position and velocity (vergence burst-
tonic neurons), have been described (Bohlen et al. 2017; Mays
et al. 1986; Ugolini et al. 2006; Zhang et al. 1992). These
near-response neurons project to medial rectus motoneurons
(Zhang et al. 1992) and may be antidromically activated via
stimulation of the medial rectus subdivisions of the oculomotor
nucleus (Gamlin and Mays 1992). Vergence velocity neurons
(vergence burst neurons) have also been identified that project
to near-response neurons (Mays et al. 1986). These exhibit a
discrete burst of activity just before and during convergence,
have been termed convergence burst neurons, and tend to have
firing rates that correspond to vergence velocity and spike
numbers that correlate the size of a vergence movement (Mays
et al. 1986). In addition to vergence-related neuronal projec-
tions, fibers have been identified that target preganglionic
neurons lying in EW for accommodation and pupillary con-
striction (May et al. 2016). Significantly, efferent cMRF pro-
jections have been shown to terminate on several different
groups of extraocular motoneurons in the oculomotor nucleus,
with the most intense clusters associated with the C-group
motoneurons (described below) (Bohlen et al. 2016).

The location and function of the different groups of mo-
toneurons controlling extraocular eye muscles have been in-
vestigated in great detail (for review, see Büttner-Ennever
2006). The classical groups of motoneurons with the oculomo-
tor nucleus supplying medial, inferior, and superior recti (MR,
SR, and IR) and the inferior oblique (IO) muscles innervate
extraocular muscle fibers with compact en plaque (single)
endplates. These are called singly-innervated fibers (SIFs) and
respond to neural activation with and all-or-nothing twitch
(Spencer and Porter 2006). However, between 10 and 20% of
the extraocular muscle fibers are innervated by multiple end-
plates scattered along their length; these multiply-innervated
fibers (MIFs) respond to activation with a slow/tonic contrac-
tion, which is not propagated along the muscle fiber in an
all-or-nothing fashion. They are variously referred to as non-
twitch, slow, or MIF fibers. The MIF motoneurons lie sepa-
rately from the fast twitch SIF motoneurons, in groups around
the periphery of the oculomotor nucleus. The largest group
is the C-group containing MIF motoneurons of the MR and IR.
The S-group contains those of SR and IO, this group is not
shown in Fig. 8 for the sake of simplicity. Büttner-Ennever
(2006) proposed that the fast phasic eye movements (like
saccades) utilize predominantly the SIF motoneurons, but
slower vergence movements or tonic holding utilize the MIF
motoneurons. The exact properties and function of the SIF
versus MIF motoneurons are not clear, but they could represent
the two independent circuits needed to control fast or slow
convergence (Cullen and Van Horn 2011; Wasicky et al.
2004). The existence of an unusual and independent pathway that
terminates on the MR and IR MIF motoneurons in the C- and
S-groups, but not on the classical SIF motoneurons in the oculo-
motor nucleus, was shown to originate in the rostral SC/pretectal
transition zone (Büttner-Ennever et al. 1996). The projection
crossed over the midline in the posterior commissure to innervate
the contralateral C-group (Fig. 8, S-group not shown). It is
damage to a pathway such as this, and to the cMRF projection to
predominantly C-group motoneurons, that could cause the loss of
vergence holding described here in our patient.

Summary of Vergence Connections

Although the pathways subtending vergence are not yet well
defined, neurons encoding vergence have been recorded in
three main areas: the rostral SC/pretectum, the MRF dorsolat-
eral to the oculomotor nucleus, and the SOA above the ocul-
omotor nucleus (Cullen and Van Horn 2011). The anatomic
pathways highlighted by tract tracing studies indicate that SC
is tightly coupled with cMRF and efferents from part of cMRF
target the driving neurons for the near triad, i.e., the C- and
S-MIF groups for convergence and the EW preganglionic cells
for accommodation and pupillary constriction. Taken together,
it seems probable that a functional pathway for “slow ver-
gence” and vergence integrator control exists via pathways
from the rostral SC targeting the MIFs in the C-group (Fig. 8).
A lesion along this pathway would lead to deficits in making
slow and small vergence adjustments and impaired vergence
holding, which was the predominant deficit in the patient
presented here. “Fast vergence” may be supported by the
cMRF-SOA projections onto the SIFs and MIFs. This hypoth-
esis is in close agreement with the proposals of Cullen and Van
Horn (2011) and Van Horn et al. (2013).

CONCLUSION

Clinically, the loss of vergence integrator function has had
serious and debilitating effects in the patient presented here.
Over the 11 yr of observation, she has not been able to carry
out her former profession as a modern dancer or even to ride a
bicycle; she cannot read or study since all attempts result in
severe intractable headaches. Although clinical measurement
of the deficits limits the ability to present an experimental
design and methodology with extreme scientific rigor, the
symptoms in our patient are shown to be related directly to the
loss of vergence holding, thus underscoring the importance of
clinical assessment of convergence holding in addition to
initial convergence ability. We consider the concept of a
vergence integrator, and attribute the loss of vergence holding
to injury of rostral SC via connections with the cMRF and
oculomotor nucleus C and S-group neurons.
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