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Abstract

The concept of functional modularity in human visual processing was proposed 25 years ago with the distinction between
a ventral pathway for object recognition and a dorsal pathway for action processing. Lesions along these pathways yield
selective deficits. A 15-year-old patient (MW) presented with a seizure due to a lesion in the left occipitotemporal cortex.
Surgical resection of the lesion was performed with sparing of the classic language areas and visual fields. Postoperatively
MW had great difficulty reading and had a specific agnosia for more complex visual stimuli in the right hemifield. No deficit
was seen for lower level visual discrimination tasks. Gradual improvement of hemi-agnosia was paralleled by slower reaction
times reflecting a speed—accuracy trade-off. Absolute reading speed improved markedly over time, doubling at 6 weeks. MW
fully recovered after 18 months. Postoperative functional Magnetic Resonance Imaging (fMRI) illustrated an overlap of the
lesion with object and word processing areas. Diffusion Tensor Imaging showed damage to the white matter tracts [inferior
fronto-occipital fasciculus and inferior longitudinal fasciculus (ILF)] interconnecting ventral temporal areas. A transient
higher order deficit can result from a disruption of the neural network supporting visual word and object processing. Most
visual system research has focused on cortical areas, while the underlying subcortical network received much less attention.
We believe that white matter tracts, in particular the ILF, play a critical role in object perception by connecting visual areas
along the ventral visual stream. Lesions of the ILF should be taken into consideration in agnosia.

Keywords Occipitotemporal cortex - Visual agnosia - Visual pathways - Visual perception - Reading - Visual processing -
Ventral visual pathway

Introduction

About 25 years ago, the concept of functional modularity
in human visual processing was proposed with the distinc-
tion between a ventral pathway for object recognition and a
dorsal pathway for action processing [1]. This regional spe-
cialization theory was further supported by monkey research
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[2, 3], lesion studies [4—13], positron emission tomography
(PET) [14, 15], and fMRI studies [16]. Human fMRI studies
have provided substantial evidence that the occipitotemporal
cortex is organized according to specific object classes or
features, similar to the inferior temporal cortex (ITC) in the
monkey.

Case

A 15-year-old right-handed patient (MW) was admitted with
a secondary generalized seizure. MRI revealed a T2 hyperin-
tense lesion without contrast enhancement in the left occipi-
totemporal cortex, located in Brodmann area (BA) 37, with a
slight extension into BA 20 (MNI space coordinates: x —36
to —60 mm, y —52 mm to —78 mm, z § mm to — 16 mm)
(Fig. 1). Clinical and ophthalmological examination was
normal. A verb generation task-based fMRI showed a left-
lateralized language system. The lesion was located just
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Fig. 1 Preoperative MR imaging of the brain. a Axial T2-weighted image shows a hyperintense lesion in the left occipitotemporal region. b
Coronal T1-weighted imaging with gadolinium. ¢ fMRI retinotopic mapping: the lesion is located just anterior to the lower order visual areas

anterior to the retinotopic lower order visual areas (Fig. 1c).
Surgical resection was performed and pathology revealed
a dysembryoplastic neuroepithelial tumor (DNET). In the
first days after surgery, the patient could detect simple visual
stimuli in the contralateral hemifield, but was unable to rec-
ognize more complex shapes. He was not aware of this defi-
cit and did not report visual symptoms. Reading, particularly
long words, was dramatically impaired.

Methods

Written informed consent was obtained from the patient and
his parents for further psychophysical testing and advanced
imaging according to study s61263, approved by the local
ethical committee.

Stimuli and testing

Visual categorization tasks were performed in a stereoscope
with continuous eye movement tracking (ISCAN, 125 Hz),
ensuring fixation in an electronically defined window
throughout the experiment. Images from two LCD monitors
were presented to the eyes with the use of customized mir-
rors at a viewing distance of 56 cm (1 pixel =0.028°). Stim-
uli were presented either in both visual hemifields, either
on the horizontal meridian (9.5° lateral from the fixation
point) or in the lower visual quadrant (9.5° lateral and 4.5°
below the fixation point). Presentation in the lower visual
quadrant excluded any interference from a possible ‘pie-in-
the-sky’ visual field deficit. Stimulus size varied between 7°
and 8.5°. The fixation point (0.14 X 0.14°) was located in the
center of the screen. The patient was instructed to report the
presence of the target or distractor stimulus by means of a
left or right button press. All stimuli were presented on the
screen for a fixed period, and the patient could only respond
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after stimulus offset. Trials were aborted if fixation was not
maintained. Each task was preceded by a short training ses-
sion of 30 trials. Tasks were completed after 100 correct
trials per hemifield.

Extensive psychophysical testing included different visual
categorization tasks for 1 week (1w), 6 weeks (6w) and 3
months (3m), and 18 months (18m) after surgery. The pro-
portion of correct trials and reaction times (RTs) were cal-
culated at all time points.

Visual stimuli

In the object recognition task, the patient had to discrimi-
nate between achromatic photographs of birds (target) and
other stimuli (distractors: other animals, fruits, bodies, faces,
objects, and sculptures) displayed in the lower visual quad-
rants (stimulus size 7°) [17]. Birds appeared randomly in
10% of trials. All stimuli were presented for 800 ms.

The LOC localizer categorization task consisted of
objects (target: shapes and outlines) and scrambled objects
(distractors: scrambled shapes or outlines) presented in the
lower visual quadrants. Stimuli (size 8.5°) were presented
for 800 ms.

Low-level visual processing was assessed by discrimi-
nating straight lines (/, \) and simple curved (C, D) stimuli,
presented in the left and right visual hemifield. Stimuli (size
8.5°) were presented for 800 ms.

Motion perception was tested at 6w using dynamic ran-
dom dot stimuli with vertical and horizontal motion at differ-
ent coherences (i.e., the percentage of dots defining motion).
Stimuli were shown for 1800 ms.

Stereopsis was tested at 3m using foveally presented dis-
parity-defined stimuli in a 3D categorization task (Verhoef
et al. 2016). A stereo-acuity test to evaluate local stereopsis
was followed by a 3D-structure discrimination task using
stimuli with different coherences.
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Reading

Reading was assessed 1w, 6w, and 18m after surgery using
the same 128-word text from a local newspaper printed on
a blank sheet (A4, Arial font size 12, double line spacing).
Reading was audio-recorded to evaluate reading speed and
reading errors.

Grasping

Grasping was filmed during a delayed visually guided grasp-
ing task in which the patient had to fixate and grasp a small
sphere presented in both hemifields.

Statistical analysis

Errors were defined as incorrectly categorized stimuli, hits
as correctly detected targets (% hits was calculated based on
all the presented targets) and false alarms as incorrect detec-
tion of the target (% false alarms based on all the presented
distractors). The sensitivity index (d’) was calculated for
every experiment on the z-scored hit rates and false alarm
rates [d’ = z (hit rate) — z (false alarm rate)], with a higher
d’ indicating better target detection. Reaction times (RTs),
including the standard error of mean (+ SEM), were calcu-
lated as the time difference between the go-signal and button
press. Abort trials due to loss of fixation or early response
were excluded. Custom made scripts (Matlab) were used
for data analysis. Differences in RTs were calculated using
Friedman’s test.

Anatomical and functional MRI

Preoperative fMRI (Philips Achieva 3T) was used to deter-
mine language lateralization and assess retinotopy. Post-
operative fMRI was performed at 18m with three differ-
ent localizers: an LOC localizer (comparing objects and
outlines to scrambled objects and outlines), an FFA local-
izer (comparing faces and scrambled faces), and a VWFA
localizer comparing words and phase-scrambled words.
Preprocessing was performed using FMRIPREP version
1.1.4, a Nipype-based tool [18]. Physiological noise regres-
sors were extracted applying CompCor [19]. Frame-wise
displacement [20] was calculated for each functional run.
SPM12 was used to identify task-specific activations at the
single-subject level. Data were smoothed using SPM12 with
a 6 mm FWHM Gaussian isotropic kernel. Each condition
was modeled by a boxcar function convolved with a hemo-
dynamic response function in the GLM. Noise regressors
and frame-wise displacement were added to the model as
covariates of non-interest. First-level T contrasts for “faces
versus scrambled faces”, “objects versus scrambled objects”
and “words versus scrambled words” were calculated and

thresholded at p < 0.05 FWE corrected. Clusters with t val-
ues > 4.9 were used for figures. Language fMRI was also
repeated at 18m.

At 18m, diffusion tensor imaging was performed with
along tract quantitative analysis, using Explore DTI [21].
The right inferior longitudinal fasciculus was segmented in
24 segments and the left (due to the lesion) in 15 corre-
sponding segments. The inferior fronto-occipital fasciculus
(IFOF) was bilaterally segmented in 18 segments. Non-par-
ametric statistics (Kruskal-Wallis) were used to compare the
FA values within one segment, with correction for multiple
comparisons.

Results
Visual stimuli

At 1w, performance in the object recognition task was much
worse for stimuli presented in the right hemifield (d’ left
5.38, d’ right 1.67). General performance as well as hit rate
were lower for stimuli presented in the right lower quadrant
(percent correct—Ileft 100%; right 88.9%; percent hits—left
100%, right 57.1%), while the percentage of false alarms
was higher (left 0%, right 6.8%). The patient responded sig-
nificantly slower for stimulus presentations on the right side
(334 +6 ms) compared to left (268 +5 ms; Friedman test
for non-parametric repeated measures: 64; df=1, p<0.001).
At 6w, a partial recovery of the deficit was present (91.7%
correct; 57.1% hits, d’ 2.04, false alarms 3.2%), whereas, at
3m, performance improved markedly (95.2% correct; 100%
hits, &’ 3.97), although false alarms were still present (5.1%)
(Fig. 2). RTs changed significantly over time: at 6w, RTs
increased further compared to 1w (441 +9 ms), while at 3 m,
RTs decreased, but were still higher (385 + 12 ms) than at
1w (Friedman test 60.62; df=2, p <0.001) (Fig. 2). Thus,
improved performance for contralesional presentations was
paralleled by slower RTs, indicating a speed—accuracy trade-
off. At 18m, performance normalized and RTs recovered
(292 +20 ms).

The patient performed remarkably well in line and curve
orientation categorization in both visual hemifields (>98%
correct, % hits: 100, d’ > 4). No difference in RTs was
found for line stimuli presented in both hemifields (right:
425 + 8.1 ms; left: 408 +7 ms; Friedman test 0.36; df=1;
p=0.55), while the patient did react slightly slower for
curved lines presented on the contralesional side (365 +6
versus 388 +5 ms; Friedman test 8.33, df=1, p=0.004).

In the LOC localizer categorization task, performance
was excellent in both the left and right lower visual quad-
rants at 1w (resp. 98 and 97% correct; 98 and 96% hits, &’
4.11 and 4.47) but RTs were longer for stimuli in the right
hemifield (428 +£9 versus 388 +5 ms; Friedman test 9.00,
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Fig.2 Performance in the
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df=1; p=0.0027). RTs in the LOC localizer categorization
task returned to normal at 6w (389 +9 ms; Friedman 6.67,
df=1, and p=0.01).

Motion perception at 6w was intact for both hemifields
(percent correct >97%, % hits: >94%, d’ > 4.4). Finally,
stereovision tested foveally at 3m was intact (% correct: 98;
% hits: 96, and d’ 4.4).

Reading

Absolute reading speed improved dramatically over time. At
1w, the patient was able to read the 128-word text in 180 s,
while, at 6w, he could read the same text in 85 s. We noticed
particular difficulties reading longer words, in which case
the patient performed multiple saccades before making a

pronunciation attempt. At 18m reading, the 128-word text
took 65 s.

Grasping

In a simple visually guided grasping task, we did not observe
any deficit. No subjective grasping difficulties were present,
and the subject could perform fine motor commands in eve-
ryday life without any changes.

Postoperative imaging

At the cortical level, structural MRI showed the resection
encompassing Brodmann areas 37 and 20 at 6m (Fig. 3).
At the subcortical level, imaging characteristics typical
for late Wallerian degeneration (T2 hyperintensity and T1

Fig. 3 Postoperative MR imaging of the brain at 6 months, T1-weighted imaging. a Axial. b Sagittal. ¢ Coronal
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hypointensity) in the sagittal stratum (Fig. 4) were present
at 18m. These changes even occurred in remote areas and
were not present on the previous scans.

Language fMRI at 18m showed identical activations
compared to the preoperative fMRI. The LOC localizer
only showed activations in the contralesional hemisphere,
at the homotopic location of the lesion (Fig. 5). The FFA
localizer showed right-sided activations partly overlap-
ping with LOC (Fig. 5). The VWFA localizer showed
unilateral left-sided activations just anterior to the lesion
(Fig. 5).

On qualitative DTI tracking, the posterior part of the
left ILF could not be tracked (due to the presence of the
lesion) (Fig. 6). On along tract analysis, all segments of
the left ILF had decreased FA values compared to the
right ILF. Over all segments combined the left ILF (FA
0.44 +0.05) had a lower FA value compared to the right
(FA 0.56 +0.02) reflecting degeneration of the tract. The
left IFOF also showed a significant decrease in FA values
in its posterior segments (closer to the lesion); however,
overall there was no statistical difference between the left
(FA 0.50+0.039) and right IFOF (FA 0.56 +0.080).

Fig.5 Functional MRI. LOC (green), VWFA (copper), and FFA (yel-
low) localizers were used in an fMRI session performed 18 months
after surgery. LOC activation was not obtained on the side of the
resection

Fig.4 Structural MRI at 18 months. Upper panels: T1 weighted
imaging (left: axial, center: coronal, right: sagittal), lower panels:
FLAIR imaging (left: axial, center: coronal, right: sagittal) illustrates

late Wallerian degeneration of fiber tracts of the sagittal stratum (SS).
Both the ILF and IFOF are located in the SS
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IFOF LEFT

Fig.6 DTI tracking of the ILF and IFOF performed 18 months after
resection, the lesion is hyperintense. L: left. The left ILF is inter-
rupted due to the resection as seen on the qualitative tracking of the
fiber tracts. Quantitative along tract analysis of the ILF and IFOF is
shown on the right, from anterior to posterior. We cannot track the

Discussion

Both functional imaging and lesion studies support the
theory of parallel visual processing with a dorsal stream
encoding vision for action and a ventral stream supporting
recognition. We describe a patient with a selective deficit
in object and word processing due to a well-circumscribed
lesion confined to the left occipitotemporal cortex and
underlying white matter. Selective impairment of higher
order visual processing can result from cortical and subcor-
tical damage to the ventral visual stream network, which is
critically involved in object and word processing.

In patient DF [4], lying at the basis of the refinement
of the dual-stream hypothesis [1], occipitotemporal lesions
including the LOC were bilateral and extensive, rendering a
complete visual agnosia with an intact dorsal parietal stream.
In patient MW, a restricted ventral occipitotemporal lesion
resulted in temporary visual agnosia in the contralateral
hemifield (hemi-agnosia). While performance on simple
line and curve orientation was normal in the contralesional
hemifield, the recognition of complex shapes was heavily
impaired. RTs were markedly increased for complex visual
processing and improved performance over time was par-
alleled by slower reaction times reflecting speed—accuracy
trade-off. Complete recovery was present at 18m. The dis-
crimination of simple visual stimuli was not affected, most
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ILF at the site of the lesion; however, anterior from this lesion, we
observe decreased fractional anisotropy (FA) values, reflecting Wal-
lerian degeneration. The IFOF shows minor degeneration close to the
lesion

likely because the optic radiations and early visual areas
were spared. It is important to note that the patient was
essentially unaware of his perceptual deficit. Indeed, patients
with visual hemi-agnosia can compensate by fixating on an
object. Increased RTs during recovery can be explained by
the recruitment of ipsi- and contralateral brain regions due
to plastic reorganization. Hemi-agnosia has been reported
in stroke patients with occipitotemporal cortical lesions
[11-13] but without testing at different time points and
without paying attention to the extent of subcortical damage.

Disorders of visual perception can, indeed, result from
lesions to subcortical ventral visual pathways [22, 23]. In
MW, Wallerian degeneration of the left ILF was present with
decreased FA values on diffusion-based tractography. The
ILF represents the major white matter tract connecting the
occipitotemporal cortex, with its posterior part connecting
the occipital lobe to posterior occipitotemporal areas (e.g.,
VWFA) and its anterior part projecting to the anterior tem-
poral pole. Brain stimulation studies support the view that
this tract subserves visual recognition in humans [24, 25].
Implication of the right ILF was also mentioned in progres-
sive prosopagnosia [26].

In addition to hemi-agnosia, important reading difficulties
were present, especially for longer words. Impaired reading
could not be explained by a pure visual field deficit, since the
effects of word-length are typically modest in hemianopic
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dyslexia [27]. Moreover, visual field testing did not reveal
hemianopia. Absolute reading speed improved markedly
over time, doubling at 6w and recovering to normal at 18m.
The reading deficit was attributed to a lesion of the VWFA,
an area involved in word recognition, and even more so to
the ILF, the white matter tract interconnecting the VWFA.
The VWFA is located in the left occipitotemporal sulcus
bordering the fusiform gyrus [28]. The peak activation on
fMRI (MNI x = —43, y = —54, z=—12) is in close relation
to the area of resection [29]. Pure alexia after resection of the
VWFA has been described [8] and electrical stimulation on
electrodes near the VWFA can produce temporary reading
deficits [30]. In MW, postoperative VWFA activations were
still present anteriorly, adjacent to the lesion. Complete ILF
lesions can cause pure alexia, similar to VWFA lesions [31].

Motion perception, everyday actions and performance
during a visually guided grasping task were unaffected in
patient MW, suggesting sparing of the dorsal visual path-
way. Palinopsia, defined as the persistence or reappearance
of images after cessation of a visual stimulus, has been
reported in dysfunction of the ventral (e.g., face palinopsia)
and dorsal visual stream (e.g., motion palinopsia), but was
not present in this patient [32]. It is important to note that
patients with higher order visual deficits due to occipitotem-
poral lesions are very rare, because the striate cortex needs
to be intact with sparing of the optic radiations.

We believe that subcortical pathways should be taken
into account as a potential cause of visual hemi-agnosia,
a consideration that has not been reported in the previous
studies. Although we propose that the ILF and its cortical
projections are implicated in the deficits of MW, the relative
contribution of cortical and subcortical involvement cannot
be inferred from this single case study.

The current case study has several limitations. First, we
did not compare RTs for left- and right-sided presentations
in the complex recognition task during follow-up at each
time point. The main message which we try to convey, how-
ever, is the impairment in performance not RTs, with more
false alarms and less hits, not occurring on the normal side
and recovering at 18 m. Theoretically, MW could have been
less alert at the different time points; however, across trials
and tasks, this young patient performed consistently with
a low standard error of mean (in RTs), indicating a simi-
lar level of alertness and motivation. Moreover, differences
in RTs were quite high, e.g., RTs at 6w were 65% higher
for right- versus left-sided presentations at 1w. Second, by
presenting the stimuli for a fixed duration of 800 ms and
only then allowing a response, the patient could already
have decided which button which he is going to press while
awaiting the go—cue (stimulus offset). Since the decisional
process was not delayed in any other task, and thus, we only
observed consistent differences for the object recognition
task which the decreased performance is based on a true

perceptual deficit. A third possible weakness of the study
is the sensitivity of testing for dorsal stream involvement
which could have been too low to detect subtle impairments
of this pathway. A final limitation resides in the fact that we
were unable to anticipate for this deficit, and therefore, no
extensive preoperative data are present.

Conclusion

Hemi-agnosia in combination with reading difficulties can
occur after occipitotemporal lesions in the dominant hemi-
sphere. Such specific lateralized higher order visual deficits
result from selective damage to the ventral visual stream,
which is critically involved in object and word processing.

Most visual research, in monkeys and humans, has
focused on cortical areas, while the underlying subcortical
network has received much less attention. We believe that
the ILF can play a critical role in object perception by con-
necting visual areas along the ventral visual stream and that
lesions of this white matter tract should be taken into con-
sideration in agnosia patients.
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