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Abstract Degeneration of neuron and axons following
injury to cells with which they synapse is termed trans-
synaptic degeneration. This phenomenon may be seen in
postsynaptic neurons (anterograde) or in presynaptic
neurons (retrograde). Retrograde trans-synaptic degener-
ation (RTSD) of the retinal ganglion cells and retinal
nerve fiber layer following injury to the occipital lobe
has been well documented histologically in animal stud-
ies, but its occurrence in the human retina was, for many
years, felt to be limited to cases of neonatal injury dur-
ing a critical period of neuronal development. Over the
last decade, imaging techniques such as MRI and optical
coherence tomography have allowed us to visualize and
quantify RTSD and analyze its time course and relation-
ship to degree of vision loss and age of cortical injury.
A deeper understanding of RTSD in the human visual
system may allow us to interfere with its occurrence,
potentially allowing for greater recovery following visual
cortex injury.
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Introduction

Secondary degeneration of neuronal elements following re-
mote injury to the neuron is a well-established phenomenon.
Both axonal loss following cell body injury (anterograde or
Wallerian degeneration) and cell body apoptosis following ax-
onal injury (retrograde degeneration) have been demonstrated
in the primate motor, sensory, and visual systems. Furthermore,
the loss of one population of neurons can at times lead to
secondary degeneration of neurons to whom they supply sig-
nificant efferent or afferent connections. Such a trans-synaptic
degeneration has been long recognized in the motor system and
cerebellar pathways, but its existence in the human visual sys-
tem was doubted for years, except in the case of injury to the
visual cortex during early development, either in the fetal or
neonatal period. Over the last two decades, increasing evidence
for retrograde trans-synaptic degeneration (RTSD) in even the
adult human visual system has been presented, with the aid of
new technologies such as optical coherence tomography
(OCT). In this paper, I will review the available evidence for
the existence of RTSD in animals and in the adult human visual
system, discuss possible mechanisms for its occurrence, and
address any clinical relevance of RTSD, especially as it may
relate to future attempts to utilize intense rehabilitation as a
means of visual restoration therapy.

Histology of Retrograde Degeneration

Retrograde degeneration was recognized as far back as 1892
when Nissl demonstrated dissolution of nuclear chromatin
(chromalysis) in anterior horn cells as soon as 24 h following
peripheral nerve transection [1]. The same chromalytic process
was described by James in retinal ganglion cells (RGCs) fol-
lowing transection of the optic nerve within the orbit of the
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rabbit, followed by near-complete dissolution of the ganglion
cells [2]. However, multiple studies showed little to no dissolu-
tion of the associated optic nerve fibers, except in the portion
adjacent to the injury [3, 4]. In 1938, Leinfelder performed
electrolysis at various points along the pregeniculate visual
pathway in cats [5]. Of note is that they found degeneration
of the RGCs and the optic nerve fibers anterior to the lesion
following prechiasmatic optic nerve injury, but following injury
to the chiasm or optic tract, RGC degeneration was observed,
but was accompanied by little to no loss of optic nerve fibers.

Early Evidence for Anterograde Trans-synaptic
Degeneration in the Visual System

It has long been observed that RTSD occurs outside the visual
system in humans, with pathological degeneration demonstrat-
ed in Brodmann area 4 following limb amputations [6] and in
the corticopontine and central tegmental tract 14 years after a
hemicerebellectomy [7]. Within the visual system, evidence for
anterograde trans-synaptic degeneration (ATSD) has also been
well established. As early as 1911, Ramon y Cajal described
anterograde trans-synaptic degeneration in his landmark review
of the visual cortex when he declared that “Many investigators
and we ourselves have observed that in those peripherally blind
or one eyed by a peripheral lesion, the plexus of the Band of
Gennari is infinitely less rich and at the same time these wide
fibers almost completely disappear” [8]. In 1913, Minkowski
observed chromalytic changes in the lateral geniculate nucleus
(LGN) in animals following enucleation [9], and Clarke later
showed loss of those lamina in the LGN corresponding to the
enucleated eye of a patient with glaucoma [10]. Gartner also
demonstrated atrophy of the LGN following chiasmal com-
pression by a pituitary tumor [11]. Corresponding occipital lobe
degeneration was even described in one case [12]. But while
these studies offered evidence for anterograde trans-synaptic
degeneration, the existence of retrograde trans-synaptic degen-
eration in the visual system remained controversial for most of
the twentieth century.

Animal Studies Demonstrating RTSD

Over the years, some studies have failed to demonstrate RTSD
in the mammalian visual system. In the rat, for example, no
evidence of RTSD was seen of the RGCs up to 15 months
following removal of the striate cortex, whether performed
during infancy or adulthood [13]. The bulk of animal studies,
however, which will be reviewed, has shown RTSD following
visual cortex lesions, begging the crucial questions: what de-
termines the extent of RTSD, which RGCs does it affect, and
in which species does it occur dependably?

Retinal Ganglion Cell Subtypes

Before proceeding to a discussion of RGC loss following
cortical lesions, let us briefly review the cell types of the gan-
glion cell layer (GCL) and their connections. In adult humans,
there are approximately 1.7 million RGCs, 70% of which
subserve the central 30° of vision. RGCs, as a rule, project
to the LGN that is ipsilateral to their position relative to the
fovea in each eye. Physiologically, RGCs can be divided into
three types with varied response profiles: the most common,
the medium-sized X cells, demonstrate a sustained response to
stimulation of their receptive field and also tend to respond
with a magnitude that reflects the luminosity and contrast
within the center of their receptive field, while the larger Y
cells demonstrate a more transient response to light. The small
W cells have large receptive fields, slow axonal conduction,
and respond tomovement. RGCs can further be subdivided by
their presumed function into four groups. The most numerous
are the small P cells (also known as midget cells), which
project to the parvocellular layers (3–6) of the LGN and are
sensitive to color and fine details of the visual image. The
larger M cells (also known as parasol cells) synapse in the
magnocellular layers (1 and 2) of the LGN and are sensitive
to motion and contrast. Small bistratified cells project to the
intercalated layers of the LGN connecting with ĸ cells (for
koniocellular pathway, meaning “as small as dust”), which
in turn project to blobs in V1 [14]. The ĸ cells of the LGN
also appear to receive input from the superior colliculus [15]
and make connections with extrastriate regions in the dorsal
visual pathways in the parietal lobe [16]. As such, these cells
are felt to carry information about eye movements to help
inform visual processing. Finally, the most recently discov-
ered cells are the melanopsin-containing RGCs, which project
to various subcortical nuclei including the suprachiasmatic
nucleus of the hypothalamus which synchronizes circadian
rhythms and to the pretectal olivary nuclei for regulating the
pupillary light response.Most P cells demonstrate X cell phys-
iology, while M cells demonstrate Y cell physiology and ĸ-
and melanopsin-containing cells incorporate X, Y, and W cell
types. See Table 1 for a review of the RGC subtypes. A review
of the RGC anatomy and physiology can be found in Walsh
and Hoyt’s Clinical Neuro-ophthalmology [17].

Pathological Changes in the Cat Retina Associated
with RTSD

Several studies aimed to describe the specific cell types
which degenerated in RTSD of the feline retina following
cortical damage. Pearson and colleagues performed bilater-
al visual cortex ablations in three infant cats at 3 days of age
and compared their retinal histology after 14 months with
those of non-lesioned cats [18]. They found a mean
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reduction in RGC density of 16% in the central retina and
32% in the peripheral retina. Of note is that a loss of almost
70% of the medium-sized ganglion cells (felt to likely be X
cells) was observed. This demonstrated an interspecies dif-
ference with the monkey where 100% of the medium cells
were gone after lobectomy, a difference that might have
reflected the fact that in cats, X, Y, and Z cells all projected
to the LGN, but in monkeys, only the X and Y cells do.
Tong and colleagues used soma recordings rather than his-
tology to demonstrate that Y and W cells in the nasal mac-
ula were unaffected at approximately a year after lobectomy
of the contralateral visual cortex. However, 78% of the X
cells were lost, provided the lobectomy was performed on
the day of birth, while only 22% of the X cells were lost
following lesions made during adulthood [19]. The specific
effect on X cells was attributed to the finding that while W
and Y cells projected to the mesencephalon as well as the
LGN, approximately 90% of the X cells project only to the
LGN [20]. Thus, with loss of their one target cell, these
neurons received no feedback to keep them alive, while
W and Y cells had other sources of postsynaptic feedback.
Further work by the same group, in which nine kittens
underwent removal of Brodmann areas 17, 18, and 19,
varying the time of resection to either day 1, at 2 weeks,
or at 4 weeks, showed that the loss of corresponding RGCs
(again mostly X cells) was maximal after the day 1 lesion,
but in the 2- and 4-week animals, it was not much more than
that seen following resections performed in adulthood.
Thus, in cats at least, there appears to be a critical time
during which significant RTSD may occur, after which it
hardly occurs, as opposed to a spectrum of RTSD that slow-
ly diminishes with age. The work of Théoret and colleagues
added to the recognition that the extent of RTSD in cats was
linked to age of the lesion: in an animal that underwent
removal of a whole cerebral hemisphere at postnatal
day 16, there was RTSD 53 days later in the corresponding
hemiretinas, but this was not seen in a cat whose hemispher-
ectomy was performed at postnatal day 25 [21]. As in pre-
vious studies, the majority of degeneration was of medium-
sized X cells. Of note is that the authors found more RGC
loss in the nasal retina contralateral to the hemispherectomy
(41%) than in the temporal retina ipsilateral to the lesion
(33%), suggesting that RTSD does not necessarily occur to
an equal extent, or at an equal speed, in both eyes. This

finding had also been shown by Rowe, who reported twice
as much RGC loss in the contralateral nasal retina as in the
ipsilateral temporal retina following unilateral visual cortex
lobectomy in cats [22]. Moreover, this author found that
there was loss of large-medium cells in the ipsilateral tem-
poral retina, suggesting a degeneration of the larger W cells
as well as X cells.

Why Would There Be a Critical Period
During Which Significant RTSD Occurs?

In humans, there is a significant attrition of RGCs in early
development, achieved through apoptosis, with a loss of any-
where between 50 and 90% of the original population [23],
similar to what occurs in other parts of the developing brain.
This process occurs in cats as well, with the bulk of attrition
occurring during the first 2 weeks of life [24]. Selective abla-
tions of superior colliculus neurons in the rat, to which 90% of
RGCs project, demonstrated a 41% reduction in the number of
neurons that survived the period of “naturally occurring cell
death,” presumably because the survival of any given RGC
was predicated on finding a target neuron [25]. Cortical abla-
tion in early development leads to loss of LGN cells, which
could in turn result in fewer potential targets for RGCs,
resulting in greater competition for target acquisition and, ul-
timately, a smaller number of survivors. After this period of
natural attrition, the continued existence of an RGC would no
longer be as dependent on the presence of its target cell, and
RTSD would occur to a lesser extent.

Pathological Changes in the Monkey Retina
Associated with RTSD

Histological evidence for RTSD was offered by Klüver in
1937, who noted a loss of hemiretinal GCL staining on the
left side of both retinas following a left occipital hemi-
lobectomy in a rhesus monkey [26]. Quantitative histological
analysis of RTSD in the monkey retina was performed as early
as 1963, when Van Buren and colleagues demonstrated two
examples of the phenomenon in the macaque [27]. In one
monkey, a right occipital lobectomy was performed, and

Table 1 Types of cells in the ganglion cell layer of the retina

Cell type Size Target Encode Response

Alpha (Y) Magnocellular (large) LGN 1, 2 Motion Transient, non-linear

Beta (X) Parvocellular (small) LGN 3–6 Color, detail Sustained, linear

Gamma (X, Y, W) Koniocellular (tiny) LGN intercalated Possibly ocular proprioception

X, Y, W Melanopsin photoreceptors in GCL Suprachiasmatic nucleus Circadian rhythms
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48 months later, degeneration was observed in the ipsilateral
LGN and optic tract, the latter showing a cross-sectional area
44% of the contralateral side. While no degeneration was seen
in the optic nerves, RTSD of the RGCs was observed within
the right side of the fovea so that the layer was at most two
cells thick, as opposed to six cells on the left. RTSD in the
monkey was later confirmed by Cowey [28] and by Weller
and colleagues, who demonstrated a preponderance of degen-
eration of X cells, most severely in the central retina, in two
macaque monkeys who had long-standing bilateral lesions of
the primary visual cortex [29]. Weller and colleagues found
that macaque monkeys lesioned as infants lost between 38.5
and 78%, and notably never more than 80% of RGCs, even
when killed up to 8 years after the lesion [30], concluding that
those monkeys with 80% loss of RGCs were likely missing all
of their X cells. The speed of RTSD was correlated again with
the time of lesion: those lesioned just after birth lost approx-
imately 50% of their RGCs within the first few weeks and
almost the entire loss occurred by 1 year. Conversely, those
lesioned as adolescents or adults took years to develop severe
GCL loss. Cowey and colleagues confirmed a selective loss of
Pβ cells, which are roughly equivalent to the X cells, and
suggest that their susceptibility in macaques may be linked
in part to their small size and not just their lack of extra-
geniculate targets [31]. Such a selective damage to the
parvocellular pathway, which subserves color perception and
fine spatial contrast, is one possible explanation for
“blindsight” following cortical injury, where a residual sensi-
tivity to motion is demonstrated in regions of the visual field
where detailed form and color sensitivity is absent [32].

Herbin and colleagues pinpointed a critical time, be-
tween 8 and 9 months, after which very little RTSD oc-
curred in their series of six green monkeys [33]. Prior to
that critical period, the degree of RGC loss at 15° from
the fovea appears to show a linear relationship with age at
lesion, while that at 7° appears parabolic. Cowey showed
that the degree of RTSD, which appeared complete by 4–
5 years, was also associated with lesion size, but that
enlarging the lesion beyond the striate cortex did not have
a significant effect [34]. Of note is that they pointed out
that in two of their monkeys, impingement of the lesion
on the vascular supply to the caudal LGN and optic tract
likely produced a non-trans-synaptic retrograde degenera-
tion eclipsing any RTSD. As they point out, Kupersmith
and colleagues attributed their finding of optic atrophy in
patients with cortical arteriovenous malformations to this
same phenomenon [35]. However, involvement of the
LGN and optic tract as a primary mediator of GCL atro-
phy in macaques was put to rest by the demonstration of
extensive RGC loss in the central retina in monkeys in
which selective destruction of the macular-projecting stri-
ate cortex had been performed, clearly avoiding any effect
on the primary retinal targets [36].

Clinical and Histological Evidence of RTSD
in Humans

Multiple early case series on patients with occipital injury did
not describe fiber atrophy in the optic nerves [37, 38] (al-
though in the latter study, there is no evidence that funduscopy
was performed). On the other hand, in 1913, Wilbrand and
Saenger referred to cases by Carl Moeli where atrophy of the
optic nerve and tract (observed histologically) occurred years
after occipital lobe injury to the “developing brain” of the fetal
period [39]. Several case reports purported to demonstrate
RTSD many years after occipital lobe injury in adult humans,
including two in the French literature [40, 41] (18 and 30 years
after injury, respectively), and one report by Haddock and
Berlin in which a soldier sustained bilateral occipital lobe
injury during World War II and developed mild bilateral optic
atrophy 3.5 years later, progressing to severe optic atrophy,
5.5 years after the injury [42]. While alternative explanations
could be proposed for the development of optic atrophy in
these patients, such as papilledema, which was present follow-
ing the injury in Haddock’s case, or traumatic optic nerve
injuries, none of these would explain the considerable latency
between the injury and atrophy.

Despite these early reports of RTSD in adults, the bulk of
clinical evidence of RTSD in the twentieth century supported
its occurrence primarily following injury to the fetus or neo-
nate, suggesting that a critical period for RTSD was present in
humans, similar to cats. Indeed, the understanding of RTSD as
a phenomenon that followed only congenital lesions in
humans is demonstrated by a case report in 1988 in which
the authors conclude that, since RTSD of the retinal nerve
fiber layer (RNFL) was present in a man with an occipital lobe
ganglioglioma, “these lesions may arise during neural devel-
opment” [43]. In a seminal paper of three patients with con-
genital cerebral hemiatrophy, Hoyt and colleagues described
band atrophy in the contralateral optic disc, similar to what is
observed with a contralateral optic tract lesion, optic disc hy-
poplasia, and using Vogt’s red-free funduscopy, observed loss
of RNFL in the temporal hemiretina in the eye ipsilateral to the
cortical atrophy and along non-arcuate bundles (i.e.,
maculopapular bundle) in the eye contralateral to the atrophy
[44]. While this phenomenon, termed “homonymous
hemioptic hypoplasia,” by the authors, might have resulted
in part due to RTSD, the authors acknowledge that the vascu-
lar insults felt to be responsible for congenital hemiatrophy
might cause direct damage to the optic tract and LGN.

In another case of early cerebral injury associated with
optic disc changes, Jacobson and colleagues later described
a unique form of optic nerve hypoplasia, with large cups but
normal disc diameter, in children with periventricular
leukomalacia (PVL), a condition of perinatal hypoxic-
ischemic events affecting the corticospinal tracts and optic
radiations in preterm infants [45]. These patients typically
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have a form of cerebral palsy and visual loss reflective of
cortical disease, including homonymous field defects, percep-
tual deficits, and the crowding phenomenon, where letters of a
given optotype can be read when displayed alone, but not
when placed in a linear sequence. The authors theorize that
when intrauterine ischemia occurs early during gestation,
plasticity of the scleral ring allows shrinkage of the disc in
response to loss of axons from RTSD, thus producing the
small hypoplastic disc. Conversely, when the damage occurs
late in the third trimester, loss of this plasticity forces the
reduced number of axons to rearrange within the same aper-
ture, producing a normal-sized disc with cupping.

Again, it is difficult to deduce a true trans-synaptic degen-
eration from these observations since ischemia to the optic
tracts or their terminal axons within the LGN is not excluded.
Indeed, the authors cite the presence of homonymous vision
loss in their cases as evidence against direct optic nerve ische-
mia in their cases, but of course, such patterns of field loss
could be associated with tract or LGN pathology.

Histopathologic evidence of RTSD in the human visual
system may be seen in a case report by Beatty and colleagues
who used paraphenylenediamine staining to demonstrate
degenerated axons within the ipsilateral optic radiations, lat-
eral geniculate nucleus and optic tract, and within the optic
chiasm in a man who, 40 years previously, had undergone
resection of his right occipital lobe at age 46 [46]. Since the
etiology precipitating resection was an underlying angioma-
tous malformation which was presumably congenital, one
must remain cautious in concluding from this case that
adult-onset occipital injury leads to RTSD. Although a left
homonymous hemianopia only developed after the resection,
this does not preclude the possibility that the congenital lesion
was sufficient to cause the observed histological changes.
Furthermore, although optic atrophy was only noted 35 years
after the resection, suggesting that funduscopic evidence of
RTSD could be found after adult-onset cortical damage, it is
also noted that the visual acuities were decreased at the time of
recognition of such atrophy, so that an alternative cause for the
optic disc appearance other than RTSD (which should not
affect acuity) cannot be ruled out. Nevertheless, the case of-
fered, for the first time, compelling evidence that RTSD oc-
curred in the human retina, following injury to the visual cor-
tex, even in adults.

MRI Evidence of RTSD in Humans

With the advent of improved brain imaging techniques, MRI
was put forth as indirect evidence for RTSD and ATSD in the
human visual system in 1997. The authors observed bilateral
LGN T2 hypointensity in a group of patients with an array of
congenital lesions causing blindness, including neuroaxonal
dystrophy, PVL, and bilateral posterior cerebral artery

infarction due to compression by the parahippocampal gyri
[47]. Using MRI, Guedes and colleagues showed shrinkage
and T2 hyperintensity of the optic tract 4 years after a resec-
tion of an occipital lobe ependymoma, along with correspond-
ing thinning of the RNFL and even expected funduscopic
changes (bowtie atrophy in the contralateral eye and temporal
pallor ipsilaterally) [48]. Bridge and colleagues used structural
MRI to quantitatively demonstrate optic tract degeneration in
patients with homonymous hemianopia from occipital (two
out of three patients) or LGN (one out of two patients) lesions
bymeasuring a laterality index (LI) for the cross-sectional area
and volume of the tracts: (contralesional − ipsilesional)/
(contralesional + ipsilesional) and comparing it to controls
[49]. It can be argued that the optic tract atrophy in the cases
of LGN damage does not necessarily reflect trans-synaptic
degeneration since the distal fibers of the optic tract reach
the LGN and would likely be injured along with it. In a more
qualitative fashion, this same study demonstrated LGN atro-
phy ipsilateral to the cortical injury in the two patients who
were farthest out from the injury. In a 2012 study, the same
group found similar results in 17 cases of acquired and nine
cases of congenital homonymous field defects [50•].
Interestingly, they found that lesion size corresponded with
the LI in the acquired patients, but not the congenital ones.
However, in both groups, the degree of visual field loss pre-
dicted the degree of RTSD. Finally, T1 structural MRI was
superior to diffusion-weighted imaging in visualizing the optic
tract atrophy. More recently, Patel and colleagues demonstrat-
ed asymmetry of optic tract fractional anisotropy using diffu-
sion tensor imaging (DTI) as early as 3 months, claiming the
earliest noninvasive evidence of RTSD in any species [51•].

ERG Evidence of RTSD

Stoerig and Zrenner were the first to demonstrate a reduction
in signal on the pattern electroretinograms (pERG) in a patient
with a cortical lesion and a homonymous hemianopsia [52].

In 1999, Porello and Falsini analyzed eight patients with
post-geniculate infarcts or surgical resection and found that
responses were reduced in the blind hemiretina of both eyes
as compared to the seeing hemiretina [53]. Of note is that the
phenomenon was observed when using low-temporal and
high-spatial frequency stimuli (the 6 Hz–5 c deg−1 and not
the 15 Hz–0.58 c deg−1 stimulus), reflective of parvocellular
pathway activity and consistent with previously described an-
imal studies showing predominant loss of X cells in RTSD.
Furthermore, the amplitude of signal loss correlated inversely
with the age at onset of the lesion, in agreement with similar
observations in primate studies. As the authors point out, the
pERG abnormalities do not necessarily reflect structural loss
of RGCs, and in fact, some patients demonstrated significant
loss of corresponding signal within weeks of injury, obviously
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too early to reflect RTSD. They conclude that RGC dysfunc-
tion may, in some cases, precede actual death of neurons.
They further demonstrated that pERG abnormalities did not
necessarily only occur in patients with optic atrophy observed
on funduscopy. In reviewing the drawings of the lesions pro-
vided in the paper, one of the lesions appears close to the
LGN, offering another possible explanation for the relatively
fast changes observed.

Perhaps the most interesting finding of this study was that
while the amplitude of signal loss in the temporal hemiretina of
the eye ipsilateral to the lesion correlated with time since injury
and inversely with age at time of injury, this was not true of the
nasal hemiretina in the contralateral eye. They attribute this
difference to the higher RGC density in the nasal hemiretina,
conferring upon them a greater resistance to RTSD early in life,
making the phenomenon less time-dependent.

Azzopardi and colleagues utilized pERG to study
blindsight, the ability to unconsciously detect objects in the
blind field in the absence of conscious visual perception in
certain patients following striate cortex injury [54]. These au-
thors studied three patients with complete cerebral
hemispherectomies (that include not just striate cortex but
extrastriate cortex as well, ostensibly sparing the LGN and
optic tract) who did not demonstrate blindsight.
Interestingly, they found that evidence of RGC degeneration/
dysfunction was no worse in these patients compared with
those with only striate cortical lesions from other studies.
Thus, absence of blindsight is not likely related to RTSD,
but rather to loss of extrastriate association areas. Their results
correlated well with the pathological findings of Herbin et al.
in monkeys [28].

Visualizing RTSD Using Optical Coherence
Tomography

Retinal Nerve Fiber Layer Analysis

The advent of OCT in clinical practice, which visualizes indi-
vidual retinal layers though analysis of the interference pattern
of low coherent light rays aimed at the retina, has provided a
new means to study RTSD in the human visual system.
Figure 1 provides a review of the anatomy of the RNFL.
Since axons of the RNFL destined for the ipsilateral LGN
(non-decussating fibers) enter the optic nerve through the su-
perior and inferior sectors of the optic nerve head (ONH) and
those fibers that will synapse with the contralateral LGN (de-
cussating fibers) enter through the nasal and temporal sectors
of the ONH, atrophy of these regions on OCT would be ex-
pected in the ipsilateral and contralateral eye, respectively,
when RTSD resulted from a unilateral occipital lesion.
Indeed, as early as 2005, in two patients with incidentally
discovered occipital infarcts, Mehta and Plant demonstrated

RNFL thinning within the regions nasal and temporal to the
disc (band atrophy) in the eye contralateral to an infarct and
thinning of the superior and inferior arcuate bundles in the
ipsilateral eye [55]. Since the patients were asymptomatic
and unaware of their homonymous hemianopsia, and since
there was band atrophy observed on funduscopy, it was con-
cluded that these were likely congenital infarcts. The authors
argued that the presence of RTSD on OCT in patients with
incidentally found occipital infarct could indicate its congen-
ital onset and therefore avoid the workup that might be neces-
sitated by an adult-onset stroke. But was this the case? Would
OCT only show thinning after congenital lesions? Jindahra
and colleagues used OCT to analyze the RNFL of seven pa-
tients with congenital lesions causing homonymous
hemianopsia (HH), 19 patients with acquired HH, and 22
controls [56•]. In both the congenital and acquired groups,
they found thinning of the superior and inferior fibers in the
eye ipsilateral to the lesion (the eye with the nasal
hemianopsia or “non-crossing fiber defect eye”) and thinning
predominantly of the nasal side and temporal side of the disc
in the eye contralateral to the lesion (the eye with the temporal
hemianopsia or “crossing fiber defect eye”), consistent with
RTSD. Surprisingly, the authors found that while the degree of
RTSD was slightly greater in the congenital group than in the
acquired group, this difference was not statistically different.
This finding challenged the long-standing dogma that RTSD
did not occur following adult-onset lesions, even after extend-
ed periods of time. This concept was based on the lack of
funduscopic evidence of optic atrophy or obvious changes in
the RNFL in such patients, such as the 86-year-old woman
who presented to Newman and Miller 57 years after a cortical
infarction left her with a HH [57], prompting the authors to
cite this as “strong evidence against the occurrence of acquired
transsynaptic degeneration in the visual system of adults.”But
Jindahra’s work indicated that the RTSD might be clinically
occult, observable only with the help of OCT. The same group
subsequently reported RTSD of the RNFL in seven patients
with congenital and 14 with acquired quadrantanopia, show-
ing the most pronounced thinning in the superior hemiretina in
patients with inferior quadrantanopia and vice versa [58].
Looking at these results together with patients with complete
hemianopsias, they were able to demonstrate a linear relation-
ship between the degree of RTSD and the average of the two
eyes’ mean deviation score (which is the mean of the degree
that a patient’s light sensitivity score deviates from an age-
matched control at each point on a Humphrey visual field).
A cross-sectional study of 38 patients with HH and a longitu-
dinal study of 11 patients with homonymous defects were then
performed to investigate the time course of RTSD [59••]. The
cross-sectional study demonstrated a logarithmic relationship
between the degree of thinning and the time elapsed since the
stroke. The speed of RTSD was highest in the first few years,
after which it slowed down and reduced to just slightly higher

16 Page 6 of 15 Curr Neurol Neurosci Rep (2017) 17: 16



than the background age-related thinning after 10 years. The
authors were able to derive an equation which could predict
the mean RNFL thickness in the event of RTSD from cortical
injury: Mean RNFL (μm)=110.3− (9.08) * (elapsed time in
log years)− (0.4) * (age at time of measurement). The longitu-
dinal study allowed for serial measurements in each individual
patient and confirmed maximal degeneration in the first
2 years, with a linear course during that time period and a
mean slope of 4.4 μm/year, which is approximately 10 times
that of simple age-related thinning. Thus, Cowey’s observa-
tions that RTSD occurred primarily in the first few years after
a lesion in monkeys was now confirmed in humans.

Most notably, the time course study of Jindahra et al.
found that those patients with less RTSD on OCT in the
first few years after stroke were observed to demonstrate a
greater degree of visual field recovery, providing a real-
life clinical use for serial OCT in stroke patients with HH
as a potential prognosticator of clinical improvement.
Finally, their study found that patients with smaller
hemianopic defects did not tend to show RTSD, either
due to a limitation of the sensitivity of OCT RNFL mea-
surements or due to some protective effect of the sur-
rounding surviving neurons that represented uninjured
cortex.

Goto and colleagues confirmed Jindahra’s findings in
seven patients with acquired occipital disease (six were
stroke) of varying durations using spectral domain OCT
(SD-OCT), which has greater resolution and accuracy

than the previous technique of time domain OCT [60].
Interestingly, they found RNFL thinning superonasally,
but not inferonasally, in the contralateral eye, in accor-
dance with prior study showing greater band atrophy at
1 o’clock on the nasal side [61]. It should be noted that
Goto and colleagues’ observation of RNFL thinning even
at the first visit (some of which were just a few months
post-infarct) prompted them to consider a direct retro-
grade degeneration due to optic tract injury as a contrib-
uting mechanism.

Park and colleagues studied RNFL thickness in 46 pa-
tients who had suffered infarction of different territories,
including 8 ACA (anterior cerebral), 21 middle cerebral
(MCA), and 17 posterior cerebral artery (PCA) infarc-
tions, and found evidence of RTSD in all three groups,
with the most significant effect, not surprisingly, in the
PCA group [62•]. Similar to other studies, they found a
logarithmic correlation between time after infarction and
degree of RNFL thinning. While the presence of apparent
RTSD within the retina following ACA and MCA strokes
is intriguing, it is not clear to the author that such atrophy
is truly trans-synaptic since the optic tract itself is per-
fused by the anterior choroidal artery, a branch off the
proximal MCA, and therefore, RNFL thinning in such
cases could simply be simple retrograde. Similarly, the
anterior optic chiasm and even sections of the distal optic
nerves may be perfused by branches off the proximal
ACA and anterior communicating arteries.

Fig. 1 Simplified representation of the anatomy of the retinal nerve fiber
layer. Fibers carrying information from the temporal peripheral visual
field which will contribute to the contralateral optic tract (crossed
fibers) enter the optic nerve from the nasal side of the retina (N). Fibers
carrying information from the nasal peripheral visual field which will
contribute to the ipsilateral optic tract (uncrossed fibers) arc above and
below themaculopapular bundle to enter the optic nerve from the superior

(S) and inferior (I) sides of the retina. The maculopapular bundle which
enters from the temporal side of the retina (T) contains fibers serving the
central temporal visual field which will contribute to the contralateral
optic tract (crossed) and the central nasal visual field, which will
contribute to the ipsilateral optic tract (uncrossed). ONH optic nerve
head, F fovea
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Ganglion Cell Layer Atrophy in RTSD

With the advent of SD-OCT, improvements in axial resolution
have allowed for further segmentation of retinal layers and
measurement of the combined thickness of the ganglion cell
layer (GCL) and the adjacent inner plexiform layer (IPL).
Such analysis can complement RNFL assessment in clinical
practice in several ways. For example, bymeasuring the GCL-
IPL complex thickness within the macula, rather than in a
circumpapillary fashion, one can visualize neuronal atrophy
due to papilledema or anterior ischemic optic neuropathy
when there is still fiber swelling at the disc obscuring RNFL
atrophy (although if the papilledema is severe, accurate GCL
measurement is affected and artifactual GCL thinning may
appear). Furthermore, since the measurements are performed
in a rectangle around the macula, observed thinning can easily
be related to the associated visual field loss with a simple
mirror image relationship (left superior GCL thinning leads
to right inferior visual field loss, for example), avoiding the
complex relationship between RNFL bundles and visual field
sectors that have been mapped most notably by Garway-
Heath [63]. In 2012, Yamashita demonstrated homonymous
GCL thinning in both eyes corresponding to the side of PCA
infarction in three patients, 20, 36, and 12 months following
the stroke [64]. Since the GCL thinning in the last patient was
obvious by 12 months in the last patient, the implication was
that RTSD of the GCL likely begins much earlier, although
serial OCTs were not performed throughout that year to fur-
ther elucidate this. The case series has the advantage that all
subjects had suffered strokes, which offers a clear-cut date of
onset of injury to the occipital cortex. The disadvantage, how-
ever, as pointed out by the authors, is that LGN ischemia
might also occur in the setting of a PCA infarction, thus shed-
ding some doubt on whether pure occipital damage would
cause RTSD of the GCL. This point was addressed by a series
of eight patients studied by Keller and colleagues in which
four had suffered an intraparenchymal hemorrhage, two were
status post-occipital lobectomy, and one had suffered a toxo-
plasmosis encephalopathy [65]. Latency between injury and
OCT ranged from 1.4 to 9.8 years in this series. Since the
majority of patients had quadrantanopia, the authors were able
to show a correlation between the sector affected and the cor-
responding region of the occipital lobe affected. Furthermore,
the degree of GCL atrophy in each quadrant showed a strong
correlation to the pattern deviation scores in the corresponding
quadrant on the Humphrey visual field.

Mitchell and colleagues studied the GCL of 22 patients
with homonymous visual field loss due to occipital cortical
disease of varying etiologies, including stroke, hemorrhage,
tumor, encephalitis epilepsy mapping surgery, and multiple
sclerosis, and found RTSD of the GCL in 15 patients, some
of whom showed no RNFL thinning at all [66•]. The study
required as an inclusion criteria exoneration of optic tract or

LGN involvement, following careful review of MRI by two
authors independently, one of whom was a neuroradiologist.
This study utilized a normalized asymmetry score (NAS), de-
fined as the summed contralateral sectors− the summed ipsi-
lateral sectors, all divided by the contralateral sectors, as a
reflection of the degree of GCL-IPL asymmetry, and com-
pared this NAS to a group of 15 controls. The study indicated
obvious RTSD of the GCL-IPL as early as 1 year, again indi-
cating that RTSDmust begin even earlier. A strong correlation
between the degree of asymmetry and latency since occipital
injury was demonstrated, and interestingly, the results sug-
gested that some degree of RTSD continued on as far out as
10 years, with a plateau effect observed afterwards. Perhaps
the most noteworthy finding in this study was the lack of
observed RTSD of the GCL in two patients with
quadrantanopia whose injury had occurred 10 years or more
prior to assessment (one with infarct and one with epilepsy
mapping surgery). Thus, RTSD clearly does not occur in all
patients, at least as observable by OCT of the GCL, but the
factors responsible for its presence or absence remain unclear.
A more detailed look at one patient from this study can be
found in Fig. 2.

The greater sensitivity of GCL assessment over RNFL
assessment for the detection of RTSD was further demon-
strated by Herro and Lam, who showed GCL but not RNFL
thinning in nine patients who had suffered an ischemic
stroke, although the time between stroke and OCT was
not known [67]. The results of Shin and colleagues, who
looked at 11 patients with quadrantanopia from a variety of
causes, were similar: a significant thinning of the GCL was
observed in 20 of 22 eyes, and RNFL thinning was only
observed in 15 [68]. It may be added that not only is GCL
thinning more apt to occur following occipital lobe damage,
but when it is present, its association with the cortical dam-
age (as opposed to some occult retinal phenomenon) is
more easily discerned as the atrophy respects the vertical
meridian in both eyes. Conversely, the more complex pat-
tern of RNFL thinning demonstrated by Jindahra and others
must be carefully analyzed to differentiate RTSD from con-
comitant optic atrophy of other causes. See Table 2 for a
summary of reports of RTSD in the human visual system.

Fig. 2 Case study demonstrating retrograde trans-synaptic degeneration
(RTSD) in the retinal GCL, but not RNFL. A 42-year-old woman
presented after a year of intermittent headaches and brief episodes of
blurry vision. a MRI with contrast revealed an enhancing mass in the
right occipital lobe. The mass was resected and the pathology was
consistent with a meningioma. Following the resection, the patient
reported a new, constant loss of vision in her left visual field. b
Humphrey visual fields revealed a left homonymous central field
defect. c OCT of the GCL revealed homonymous thinning of the right
side of both retinas consistent with RTSD. d OCT of the RNFL on the
same day did not reveal evidence of RTSD. GCL ganglion cell layer,
RNFL retinal nerve fiber layer, OCT optical coherence tomography, OD
right eye, OS left eye

b
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RTSD in Multiple Sclerosis

In 2014, Gabilondo and colleagues published their obser-
vations of RTSD using OCT in a large cohort (n= 100) of
patients with multiple sclerosis or clinically isolated syn-
drome [69••]. They found a strong correlation between a
decrease in visual cortex volume and the degree of RNFL
thinning, even when accounting for confounding events
such as optic neuritis (ON), so that a decrease of 1 cm3

in the volume of visual cortex correlated to a 0.6 reduc-
tion in the mean RNFL. They also showed an association
between the degree of NAA drop-off on MR spectroscopy
and mean RNFL thickness, and an association between
optic radiation lesion burden and RNFL thinning. Even
though acute ON was accounted for, it has become appar-
ent that OCT shows background RNFL thinning in MS
patients apart from acute demyelinating events. Therefore,
since there was no analysis of laterality or attempt to
correlate exact cortical lesion location to corresponding

retina degeneration, it is possible that these results do
not indicate true RTSD, but rather reflect the fact that
the background attrition of cortical fibers is roughly
equivalent across the central nervous system in patients
with MS, depending on the severity of their condition.
ATSD was also observed: patients with a history of ON
were found to have lower visual cortex volumes, and the
decrement in volume was greater in patients with severe
ON. On the whole, a history of ON predicted a 3-cm3

reduction in visual cortex volume. Such a relationship
was not seen between ON and precentral gyrus volume,
supporting the notion that the link reflected true ATSD of
the visual pathway.

Petracca and colleagues analyzed GCL-IPL and total
macular volume as well as RNFL and compared them to
various measurements of cortical involvement using MRI
in a cohort of 25 patients with primary progressive mul-
tiple sclerosis who had not had optic neuritis [70]. Their
finding that RNFL thickness correlated with thalamic and

Table 2 Selected reports of RTSD in the retina

Author Year Methods Etiology n Time of lesion

Dejerine 1892 Autopsy Presumed stroke 1 Adult

Haddock et al. 1950 Funduscopy (atrophy) Traumatic occipital injury 1 Adult

Hoyt et al. 1972 Funduscopy (atrophy) Cerebral hemiatrophy 3 Congenital

Beatty et al. 1982 Autopsy Angiomatous malformation 1 Adult

Fletcher et al. 1988 Funduscopy Ganglioglioma 1 Congenital (presumed)

Jacobson et al. 1997 Funduscopy (Cupping) Periventricular leukomalacia 17 Congenital

Uggetti 1997 MRI of LGN Periventricular leukomalacia, Chiari 5 Congenital

Porello et al. 1999 ERG Mixed 8 Adult

Mehta et al. 2005 OCT of RNFL, funduscopy PCA infarct 2 Congenital (presumed)

Jindahra et al. 2009 OCT of RNFL NR 26 Adult (19), congenital (7)

Guedes et al. 2011 MRI of optic tract; funduscopy Occipital ependymoma 1 Adult

Bridge et al. 2011 MRI of optic tract and LGN Mixed 3 Adult

Jindahra et al. 2012 OCT of RNFL (quadrantanopia) Mixed 21 Adult (14), congenital (7)

Jindahra et al. 2012 OCT of RNFL PCA infarct 49 Adult

Yamashita et al. 2012 OCT of GCL PCA infarct 3 Adult

Park et al. 2013 OCT of RNFL ACA, MCA or PCA infarct 46 Adult

Millington et al. 2014 MRI of optic tract Mixed 26 Adult (17), congenital (9)

Keller et al. 2014 OCT of GCL Mixed 8 Adult

Gabilondo et al. 2014 OCT of RNFL; MRI MS 100 Adult (all with multiple sclerosis)

Vien et al. 2014 OCT of GCL, RNFL TBI 1 Adult

Shin et al. 2014 OCT of GCL Mixed 10 Adult

Mitchell et al. 2015 OCT of GCL, RNFL Mixed 15 Adult

Herro et al. 2015 OCT of GCL Infarct 9 Adult

Meier et al. 2015 OCT of GCL Abscess 1 Adult

Yamashita et al. 2016 OCT of GCL PCA infarct 7 Adult

Schwartz et al. 2016 OCT of GCL Mixed 3 Adult (2), childhood (1)

Patel et al. 2016 DTI of optic tract PCA infarct 12 Adult

Goto et al. 2016 OCT of RNFL PCA infarct/hemorrhage 7 Adult

16 Page 10 of 15 Curr Neurol Neurosci Rep (2017) 17: 16



cortical volume suggested RTSD, but since macular vol-
ume did not correlate with either thalamic or visual cortex
volume, and since GCL-IPL thinning did not correlate
with visual cortex volume, alternative mechanisms for
re t ina l a t rophy outs ide of RTSD were posi ted .
Interestingly, they found that while GCL-IPL thickness
was associated with cortical lesion number and volume,
RNFL was not, suggesting that a common processing was
affecting neuronal bodies in the cortical gray matter and
retina, with relative sparing of axons. As in any MS study,
differentiating RTSD in the retina from a direct effect of
global degeneration proved challenging, but larger longi-
tudinal studies with a greater capacity to match the spe-
cific location of retinal atrophy with corresponding re-
gions in the cortex may help answer this question.

RTSD in Patients with Parkinson’s Disease?

The advent of OCT has allowed measurements of retinal pa-
rameters of patients with a wide array of degenerative diseases,
including Parkinson’s disease (PD). One case–control study
revealed RNFL thinning in patients with PD and visual hallu-
cinations as compared to PD patients without hallucinations
and controls [71]. With the assumption that patients with PD
and hallucinations have dysfunction of the primary visual cor-
tex or visual association cortex, the authors concluded that the
RNFL thinningmight be the product of RTSD. The same group
performedMRI with DTI in patients with PD with and without
visual hallucination and found reduced fractional anisotropy in
the left optic nerve, atrophy of the left LGN, and an increase in
diffusivity in the left optic radiation in the group with halluci-
nations, but no differences in visual cortex volume [72]. The
authors surmised that loss of retinal cells due to direct effects of
PD (alpha-synuclein inclusion bodies had previously been
demonstrated in the inner nuclear layer, inner plexiform layer,
and even GCL) [73] might lead to anterograde trans-synaptic
degeneration of the LGN and optic radiations, thus placing the
patients at greater risk of visual hallucinations.

Time Course of RTSD

As mentioned previously, Jindahra showed a rate of atro-
phy of the RNFL of 4.4 μm/year within the first 2 years
following occipital lobe injury and found a logarithmic
relationship between years past the injury and the degree
of thinning. GCL thinning also follows a logarithmic
curve based on Mitchell and colleagues’ study, but
Yamashita’s analysis of seven patients with PCA stroke
indicated a linear relationship [74]. These observations
of GCL are based on cross-sectional analysis, and to my
knowledge, there is no prospective longitudinal study of

RTSD of the GCL at this point, although our group has
begun such a study.

Interocular Differences

One would think that RTSD following unilateral occipital
injury would affect the RNFL and GCL of both eyes to an
equal extent, but this may not always be the case.
Interestingly, in Yamashita’s 2016 study of seven patients
with PCA stroke, there was increased thinning in the
superotemporal and inferotemporal RNFL in the eye ipsi-
lateral to the stroke, but thinning with the nasal sectors of
the contralateral eye did not reach statistical significance.
This is contrary to Théoret and colleagues’ findings in
cats that the contralateral retina was affected to a greater
extent. The latter finding might reflect the fact that there
is a greater number of crossing fibers in a given eye, to
account for the fact that the temporal field is slightly larg-
er in each eye. The author has found that RTSD of the
GCL may develop in one eye before the second as well,
but the factors responsible for such interocular differences
in timing and extent of RTSD remain unclear.

Pupillary Findings in RTSD

As pointed out in one case report showing RTSD of the GCL
[75], one does not find a relative afferent pupillary defect
(RAPD) in association with the RTSD, even though a contra-
lateral RAPD is the norm following direct optic tract injury,
due to the fact that there is a greater degree of crossing fibers
than non-crossing fibers in each optic tract. This is not too
surprising since the fibers responsible for the consensual pu-
pillary response project to the midbrain and not the LGN and
are therefore unlikely to be affected by RTSD. Quantitative
analysis of pupillary function in patients with RTSD would
help confirm this observation.

Pitfalls

As mentioned previously, direct retrograde retinal degenera-
tion may be mislabeled as RTSD if optic tract damage is not
carefully ruled out. In one recent case report, for example,
obvious corresponding thinning of the RNFL and GCL was
demonstrated as early as 2 months following severe head trau-
ma [76]. While this was attributed to RTSD, there was no
occipital lobe damage reported on the MRI (only intraventric-
ular hemorrhage layering within the bilateral occipital horns),
but diffuse axonal injury was shown. It is quite possible, there-
fore, that the observed retinal changes were the consequence
of posttraumatic optic tract injury, which is known to occur
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[77] and may occur unilaterally depending on the vectors of
blunt head trauma. Such an interpretation would be more con-
sistent with the presence of such early retinal atrophy.
Nevertheless, the study is notable for the fact that a significant
(although not complete) improvement in visual fields was
noted over time despite the progression of retinal atrophy,
indicating that some degree of visual field loss is due to dys-
functional neurons that may come back online with time.

Clinical Utility of RTSD of the Human Visual System

It is still too early to know the extent to which our relatively
newfound knowledge that RTSD occurs in the majority of
human patients who acquire cortically based vision loss will
result in any changes in clinical practice. One potential use, as
put forth by Schwartz and colleagues, would be to diagnose
likely visual field defects in patients with cortical disease who
cannot tolerate formal visual field testing [78]. While structur-
al assessment with OCT could never replace the functional
testing of formal visual field testing (or confrontational visual
field testing, for that matter), one can envision its utility in
predicting and addressing suspected homonymous visual field
(VF) loss in a patient who could not sit for VF testing.

A second use would be as a prognosticator of visual field
recovery. It is logical to presume that patients with secondary
retinal degeneration from a cortical insult would be less likely
to recover their vision loss since, firstly, the lack of RTSD
suggests true structural loss within the cortex and, secondly,
since any cortical plasticity that might occur with time (or, as
some believe, with “visual restoration therapy”) would likely
not restore vision if the neurons responsible for upstream ac-
quisition of the visual image had degenerated. Indeed,
Jindahra’s finding that greater RNFL thinning was associated
with a smaller chance of improvement supports this assump-
tion. The problem of course is that, by the time OCT shows
clear-cut RTSD, the time window for recovery of cortically
mediated visual field loss is essentially over. In this regard,
the degree of VF improvement is more likely to serve as a
predictor of whether RTSD will show up on a future OCT.
Perhaps future means of assessment will increase our sensitiv-
ity for the early changes of RTSD in the retina, allowing its
practical use for prognosis.

A third use of RTSD is to aid in pinpointing the onset of an
occipital stroke that was incidentally found on MRI.

Preventing RTSD?

It remains to be seen as to whether any intervention will de-
pendably reduce RTSD in the human retina or, even if it does,
whether that would reduce permanent visual field loss. It is
possible that VRT, to the extent that it effects recovery after

occipital lobe injury, might do so by reducing RTSD in the
retina, by stimulating the ganglion cells, although it is hard to
imagine why VRTwould be stimulating those cells more than
the regular light stimulation of typical daily activity. There is
some evidence that neuroprotective agents might reduce
ATSD: memantine, for example, when given to 16 monkeys
with experimental glaucoma, resulted in less neuronal shrink-
age in the occipital cortex than placebo [79], and intravitreal
injection of the calcium channel blocker lomerizine decreased
secondary atrophy of the LGN in rats with previous retinal
lesions [80]. It is possible that RTSD could be similarly
blocked following cortical lesions.

Key Points:

& Retrograde trans-synaptic degeneration (RTSD) is defined
as the secondary death of neurons following damage to
their target neurons.

& RTSD within the retina has been demonstrated patholog-
ically in numerous feline and primate studies.

& Retrograde trans-synaptic degeneration occurs in the hu-
man visual system following occipital cortex injury and
can be demonstrated using optical coherence tomography
(OCT) of the retina and with specialized MRI of the optic
tract.

& OCT analysis of the retinal nerve fiber layer (RNFL) and
ganglion cell layer (GCL) both demonstrate RTSD, but
GCL analysis appears to be more sensitive and offer a
clearer demonstration of the phenomenon.

& The speed of RTSD is greatest within the first 2 years,
occurring in the RNFL at a rate of 4.4 μm/year. Clear
evidence of RTSD typically becomes apparent by 1 year,
and progression may continue over the course of a decade.

& Animal studies indicate that RTSD of the ganglion cell
layer affects mostly the B cells of the parvocellular
pathway.

Conclusions

Although the idea of RTSD of the human visual system fol-
lowing cortical damage was controversial for much of the
twentieth century, recent work using MRI and OCT has
shown definitively that it does occur, both following
congenital/neonatal lesions and those acquired as an adult.
This is in accordance with a wealth of previous animal data
showing the phenomenon pathologically. RTSD of the human
visual system becomes easily apparent with OCT by 1 year
and likely begins within a few months, if not immediately,
following injury to the visual cortex. The speed of atrophy
slows down after the first 2 years, but continues on steadily
for up to 10 years. If we take into account this degeneration,
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we can conclude that the damage to the central nervous system
following cortical injury, even after an acute stroke, is one that
occurs for over a decade. Whether or not the recognition of
this form of RTSD will prove clinically useful, and whether
strategies to arrest it will help us in our attempt to restore
vision loss following cortical injury, remain to be elucidated.
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