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Abstract The main model of visual processing in pri-

mates proposes an anatomo-functional distinction between

the dorsal stream, specialized in spatio-temporal infor-

mation, and the ventral stream, processing essentially

form information. However, these two pathways also

communicate to share much visual information. These

dorso-ventral interactions have been studied using form-

from-motion (FfM) stimuli, revealing that FfM perception

first activates dorsal regions (e.g., MT?/V5), followed by

successive activations of ventral regions (e.g., LOC).

However, relatively little is known about the implications

of focal brain damage of visual areas on these dorso-

ventral interactions. In the present case report, we inves-

tigated the dynamics of dorsal and ventral activations

related to FfM perception (using topographical ERP

analysis and electrical source imaging) in a patient suf-

fering from a deficit in FfM perception due to right

extrastriate brain damage in the ventral stream. Despite

the patient’s FfM impairment, both successful (observed

for the highest level of FfM signal) and absent/failed FfM

perception evoked the same temporal sequence of three

processing states observed previously in healthy subjects.

During the first period, brain source localization revealed

cortical activations along the dorsal stream, currently

associated with preserved elementary motion processing.

During the latter two periods, the patterns of activity

differed from normal subjects: activations were observed

in the ventral stream (as reported for normal subjects), but

also in the dorsal pathway, with the strongest and most

sustained activity localized in the parieto-occipital

regions. On the other hand, absent/failed FfM perception

was characterized by weaker brain activity, restricted to

the more lateral regions. This study shows that in the

present case report, successful FfM perception, while

following the same temporal sequence of processing steps

as in normal subjects, evoked different patterns of brain
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activity. By revealing a brain circuit involving the most

rostral part of the dorsal pathway, this study provides

further support for neuro-imaging studies and brain lesion

investigations that have suggested the existence of dif-

ferent brain circuits associated with different profiles of

interaction between the dorsal and the ventral streams.

Keywords Perceptual deficit � Form-from-motion � EEG �
Brain lesion

Introduction

Converging evidence from human and animal data indicate

that form and spatiotemporal processing (such as motion

perception) are carried out by separate neural pathways in

the visual cortex (Mishkin and Ungerleider 1982; Tootell

et al. 1996; Goodale and Milner 1992). However, less is

known about their functional interactions (Ungerleider and

Haxby 1994; Maunsell and Newsome 1987). Also, since

different features of a single object in the visual scene

(such as its motion, color, or form) are processed by dif-

ferent visual areas, these areas are presumed to commu-

nicate for an integrated percept to arise (Tononi et al. 1992;

Bullier 2001).

Form stimuli defined by motion (here called form-from-

motion, FfM) have been designed and used to study

interactions between dorsal and ventral stream processing,

as FfM perception requires the integration of visual motion

information over time to extract the form (Gulyas et al.

1994; Schoenfeld et al. 2003; Wang et al. 1999; Matheson

and McMullen 2010).

Several brain imaging studies have investigated the

neural mechanisms of FfM perception. Both positron

emission tomography (PET, Gulyas et al. 1994) and

functional magnetic resonance imaging (MRI, Wang et al.

1999) have revealed the activation of a large cortical net-

work, including the dorsal (posterior temporal) and ventral

regions (inferior and lateral temporo-occipital) of the visual

pathway. The temporal dynamics of the activations evoked

by FfM perception were studied using magnetoen-

cephalography (MEG, Schoenfeld et al. 2003) and revealed

a series of three processing steps: first, activation of area

MT?/V5, followed by the lateral occipital cortex (LOC)

and finally the inferior temporal cortex (IT). Thus, in the

case of FfM perception, dorso-ventral interactions

appeared to occur in a sequential manner with, first,

involvement of the most lateral regions of the dorsal

pathway dedicated to motion processing, followed by

activation of ventral brain regions implicated in form

processing.

Additionally, neuropsychological studies of perceptual

deficits following brain damage have revealed cases of

selective FfM blindness (Blanke et al. 2007; Cowey and

Vaina 2000; Regan et al. 1992; Schenk and Zihl 1997;

Vaina 1989; Gilaie-Dotan et al. 2011; Vaina et al. 2010).

In these patients, neither basic motion perception nor

static form perception was impaired, suggesting the

existence of cortical region(s) and/or anatomical con-

nection(s) dedicated to FfM processing. Diverse brain

lesions were linked to FfM selective perception deficit in

those studies, either located in ventral regions or in dif-

ferent parts of the dorsal regions, notably in its parieto-

occipital part where no FfM-related activations were

found in imaging studies. This points to the need for

additional investigation to elucidate the anatomo-func-

tional basis of FfM processing. Case studies of patients

with fragmentary FfM perceptual deficits following focal

brain damage are particularly helpful to clarify the

respective contributions of the remaining healthy cortical

circuits.

In this study, we combined electrical neuroimaging with

neuropsychology to investigate FfM processing in a patient

with a specific deficit in FfM perception (i.e., the patient

presented normal perception for form and more elementary

motion). The deficit was due to predominant ventral stream

damage and led to important difficulties in perceiving

forms in motion (confirmed by abnormally large perceptual

thresholds in FfM perception). Neural mechanisms of FfM

processing were investigated using high-density event-re-

lated potential (ERP) mapping and source localization for

both successful and absent/failed FfM perception. We

found that successful FfM perception (observed for high

levels of FfM signal) presented an identical temporal

sequence of three processing steps as observed in healthy

subjects (Schoenfeld et al. 2003), with the first step

involving motion specific dorsal regions. Importantly, in

contrast to healthy subjects, at the later stages of successful

FfM perception strong parieto-occipital activations were

found, followed by co-activation in dorsal and ventral

regions.

These observations suggest that dorsal and ventral co-

activations, with an implication of parieto-occipital cortex,

may be associated with an FfM perception deficit caused

by right posterior ventral brain damage.

Materials and methods

Experimental procedure

Patient

Twelve months prior to the present FfM experiment,

clinical investigations in this left-handed 65-year-old

female physician with a history of memory and attention
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deficits revealed the presence of a triventricular hydro-

cephalus. The condition was due to a pineal cyst located at

the floor of the third ventricle. The cyst was eventually

resected by a right occipital approach.

Following surgery, the patient noted a left homony-

mous paracentral scotoma. Computerized perimetry

[OCTOPUS 2000R automated perimeter; Interzeag AG,

Switzerland; as used in Blanke et al. (2007)] revealed a

left homonymous paracentral scotoma located along the

horizontal meridian, with preserved visual sensitivity in

the fovea and remaining left upper/lower field (Fig. 1b).

Follow-up examinations showed good recovery during the

following months and stabilization within 4 months post-

surgery, with visual acuity returning to normal. Magnetic

resonance imaging (MRI) revealed a right lateral and

medial occipital hemorrhage extending toward the tem-

poral lobe. The extent of the lesion was re-examined and

confirmed during a control MRI examination 12 months

post-surgery (Fig. 1a).

Neuropsychological examinations revealed symptoms of

memory deficit, spatial disorientation, prosopagnosia

(Benton face recognition test), spatial and visual agnosia

(Visual Object and Space Perception test). Color percep-

tion (Farnsworth 100 hue test) was also moderately

impaired, but reading, writing, language, praxis and exec-

utive functions were unaltered. The patient, although

functionally independent, was still reporting mild difficul-

ties in her daily life for fine visuo-motor coordination and

for perception of moving objects.

Assessment of her psychophysical thresholds in visual

motion perception and in FfM perception revealed a dis-

sociation: compared with a control group, her visual per-

formance was normal for motion perception (detection of

motion direction) and for motion in depth perception, but

was severely impaired for FfM perception. This status was

considered pathological based on the 99 % prediction

intervals calculated for the three tasks, as defined by the

routine normed examination used at the Ophthalmology

Fig. 1 Neurological and neuropsychological status. a Magnetic res-

onance imaging (T1-MRI with contrast agent) showing the right

lateral and medial occipital brain damage extending toward the

temporal lobe. Magnified view depicts the MRI slice presenting the

largest extent of the lesion (red arrow). b Visual field testing with

computerized perimetry (for left and right eye). Level of darkness

indicates visual acuity (with smaller dots representing 100 %

detection accuracy). c Stimulus example, with form oriented right-

ward (e.g., correct response in the FfM task), whereas 100 % of

coherent motion is directed to the left (e.g., correct response in VM

task). For illustration purpose, the contour is depicted in red, and

white arrows indicate the direction of the dots moving coherently.

d Behavioral testing results in the FfM task (black bars) and the VM

task (white bar) during the ERP recoding (mean ± standard devia-

tion). Note, her performance is at chance level in the FfM task at

20 % CM, but almost 100 % correct in the VM task, reflecting her

deficit compared to controls
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Department of the Geneva Hospital that is based on a

normative study (Losey et al. 1998) and comparable to the

one used in other centers (Regan et al. 1992; Barton et al.

1995).

Follow-up evaluations 11 months after the lesion con-

firmed normal visual motion perception, while her severe

FfM perception deficit persisted (same tests as above). FfM

processing was further evaluated and confirmed in the

present study using a slightly modified design to be used

during the electroencephalography (EEG) experiments (see

next section). Written informed consent was obtained and

the experiments were approved by the local Ethical Com-

mittee of the University Hospital of Geneva in accordance

with the Declaration of Helsinki.

Stimuli

Stimuli used were identical to those described previously

(Blanke et al. 2007) and presented on a 20-inch computer

monitor (Sony Trinitron Multiscan model no. GDM-

20SE1VT; frame rate, 70 Hz; 640 pixels 9 480 pixels),

with a viewing distance of 100 cm. Stimuli consisted of

white dots (32.5 cd/m3 as mean luminance) randomly

positioned on a black background. Each stimulus contained

1000 dots (each dot had a diameter of 0.068�), randomly

positioned to maintain constant density over the presenta-

tion field. Dots were programmed to be displaced with a

velocity of 2�/s during the presentation. Random dot

kinematogram stimuli were presented for 300 ms and

alternated with a white fixation cross displayed on a black

background, presented for 1500 ms. This was used to

facilitate fixation during the task as the patient was asked to

maintain the gaze fixed during stimulus presentation.

A borderless static area representing a capital letter ‘‘E’’

was defined in the center of the presentation field (12� 9 12�)
and covered 28.6 % of the presentation area. This letter could

be oriented to the right (canonical) or left. Dots outside this

area were plotted at random locations (for a random life time

between 15 and 300 ms) giving the impression of flickering

dots. Inside the area, dots could be either noise dots, equivalent

to those located outside the form, or signal dots moving

coherently. The proportion of dots moving coherently inside

the form defined the percentage of coherent motion (% CM).

Dots moving out of the form area reappeared on the opposite

side such that the density was held constant. The motion

direction and the form orientation of each FFM stimuli in each

block varied independently and randomly between left and

right. Stimuli were produced beforehand using the Cogent

Graphics Matlab toolbox (http://www.vislab.ucl.ac.uk/

cogent.php) and displayed during the experiment using

E-prime (Psychology Software Inc., Pittsburgh, PA, USA).

Task

Two tasks with physically identical stimuli were performed

by the patient during the EEG experiment. In the form-

from-motion task (FfM task), the patient was asked to

indicate the orientation of the letter ‘‘E’’ (whether the arms

of the letter were directed toward the left or right). In the

visual motion task (VM task), the patient had to indicate

the direction of the dots moving coherently (left or right).

Therefore, depending on the task, the patient had to either

focus on the orientation of the depicted letter (FfM task), or

on the direction of the coherent motion within the letter

(VM task) to be able to respond correctly (left or right

button press; the responses were collected via E-prime

response box, Psychology Software Inc., Pittsburgh, PA,

USA).

Data recording and analysis

Control participants

The normative data used to initially test the present patient

were obtained from a group of healthy participants

(n = 34; age range from 21 to 69), reported in a normative

study (Losey et al. 1998). To further describe the patient’s

deficit, comparisons were made against a group of brain-

damaged patients (n = 8; 54.1 ± 16.9; mean age ± stan-

dard deviation), reported in a previous publication (Blanke

et al. 2007), and a group of healthy subjects of similar age

(n = 11; 56.4 ± 9.0; mean age ± SD).

Patient behavior

To confirm the patient’s FfM perception deficit, we per-

formed two preparatory measurements before the EEG was

recorded. On both occasions, her psychophysical FfM and

VM thresholds were determined. This was done 8 days

before the EEG recording as well as on the day of the EEG

recording to ensure the stability of her FfM and VM

thresholds (12 months after lesion onset).

Based on her FfM performance, we selected three dif-

ferent levels of % CM for the EEG experiment that

reflected three different levels of FfM perception: 0 % CM

(FfM perception absent in the patient and healthy subjects),

20 % CM (successful FfM perception in healthy subjects,

but chance performance in the patient) and 100 % CM

(successful FfM perception in the patient and healthy

subjects). In addition, the patient’s VM perception was also

tested for the same % CM levels, for which she performed

normally at all three levels. For the patient’s performance,

see Fig. 1c.
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EEG acquisition and pre-processing

Continuous EEG was acquired in a Faraday cage, with a

Geodesics Netamps system (Electrical Geodesics Inc.,

Eugene, OR, USA) from 128 electrodes (impe-

dances\50 kX; vertex reference; 500 Hz sampling rate:

band pass filter 0.1–200 Hz). EEG epochs were calculated

from 100 ms before to 400 ms after stimulus onset, band

pass filtered between 1 and 40 Hz and averaged separately

for each condition (0, 20 and 100 % CM) to calculate the

event-related potential (ERP). In addition to the application

of an automated artifact criterion of ±100 lV, data were

visually inspected to reject epochs with transient noise like

eyeblinks, eye movements and muscular artifacts. Elec-

trodes located laterally and above the eyes were used to

detect eye movements as the patient was told not to explore

the stimulus, but to maintain the gaze fixed. The baseline

was defined as the mean value of the averaged amplitude

from 100 ms before to 0 ms (stimulus onset). Signal from

electrodes with artifacts was replaced with interpolated

data from neighboring electrodes. ERP data were down-

sampled to a 111-channel montage used in the estimation

of the inverse solution. All pre-processing steps (filtering,

baseline correction and interpolation) were also applied to

single events without artifacts and used to calculate the

ERPs. These single events were later used for statistical

analysis.

ERP mapping

ERPs from 0 to 400 ms were analyzed using a spatio-

temporal clustering algorithm. The rationale behind this

approach relies on the fact that ERP maps do not change

randomly over time, but remain stable for a period of time

before changing to another stable configuration (this

dynamics reflects the succession of macroscopic brain

processing steps). Moreover, since a given spatial config-

uration of the electric field on the scalp corresponds to a

specific contribution and/or distribution of underlying

neuronal generators, different topographical map configu-

rations between experimental conditions reflect distinct

brain activation patterns (Lehmann et al. 1987; Michel

et al. 1999, 2001; Murray et al. 2008; Pascual-Marqui et al.

1995; Brunet et al. 2011). This method was applied to the

dataset from each task to reveal the distinct dynamics of

brain activity in each experimental condition, showing

when their corresponding ERP maps differed.

To identify the most dominant scalp topographies

appearing in the ERPs over time, the algorithm used was

based on a modified k means approach, with the optimal

number of dominant topographical maps being determined

by a cross-validation criterion (see Brunet et al. 2011;

Murray et al. 2008, for details). Next, the condition

specificity of the dominant scalp topographies was tested

statistically. To do so, ERP maps were fitted back to the

single trials by computing their frequency of occurrence

and global explain variance (GEV; corresponding to the

goodness of fit of a map during a given time period). These

dependent variables were then subjected to statistical

analysis using unpaired t tests with single trials as repeated

measures. A similar analysis procedure has previously been

applied to study a wide variety of cognitive processes in

healthy subjects [such as perception (Lopez et al. 2011),

attention (Plomp et al. 2009), social interaction (Thirioux

et al. 2010, 2014)] as well as in clinical populations

(Michel and Murray 2012).

Distributed source localization

Electrical brain sources underlying the ERP maps of

interest (i.e., those which differ between conditions) were

estimated using the local autoregressive average method

[LAURA, (Gonzalez Andino et al. 2001; Grave de Peralta

Menendez et al. 2004)]. Importantly, the brain lesion was

taken into account in the spherical model with anatomical

constraints implemented for the inverse solution (Spinelli

et al. 2000). That is, the patient’s structural MRI was used

to compute the lead field and to position the solution points

in individual gray matter (around 4900 points evenly dis-

tributed). Finally, inverse solution results were projected

onto the brain template from the Montreal Neurological

Institute (MNI).

The analysis was performed using the Cartool software

by Denis Brunet (http://brainmapping.unige.ch/cartool).

Results

Behavior

The patient’s deficit in FfM perception (elevated per-

ceptual threshold of 20 % CM) and normal VM percep-

tion (perceptual threshold at 0.95 % CM) was initially

defined on the basis of normative data (Losey et al.

1998). For the purposes of the present study, additional

comparisons were conducted: first, with a group of brain-

damaged control patients (perceptual thresholds at 8.7 %

CM ± 4.4 SD for FfM and at 0.8 % CM ± 0.4 SD for

VM); secondly, with a group of age-matched healthy

individuals (perceptual threshold at 9.8 % CM ± 5.5 SD

for FfM and at 0.8 % CM ± 0.39 SD for VM). The

patient’s performance was evaluated with respect to the

controls, using corresponding subsequent t distributions

from which the 99 % confidence prediction intervals were

derived and perception deficit inferred (Blanke et al.

2007). Two tests conducted 1 week apart, before the EEG
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recording, confirmed the stability of pathological FfM

perception (with the patient’s perceptual thresholds at

19.0 and 20.9 %), while VM perception remained normal

(1.2 and 0.7 %).

During the EEG experiment, the patient’s performance

was consistent with her previously defined deficit (Fig. 1c).

As expected, when there was no directed/coherent motion

presented (i.e., 0 % CM stimuli), the patient was at chance

level in both tasks (FfM task: 52.8 % ± 5.8 SD; VM task:

52.5 % ± 3.1 SD). Critically, for the 20 % CM stimuli, the

patient was at chance level in the FfM task (48.8 % ± 6.2

SD of correct responses), while in the VM task, she was

able to perceive the coherent motion direction from the

same FfM stimuli (90.6 % ± 6.0 SD correct). Finally, for

the 100 % CM stimuli, her performance was high in both

tasks (FfM task: 98.0 % ± 1.0 SD; VM task:

98.4 % ± 1.0 SD). In summary, the behavioral results

during the EEG recoding were consistent with the evalu-

ation carried out prior to the EEG study: in the VM task

which is associated with dorsal motion processing, the

patient did not show any impairment whereas in the FfM

task, additionally associated with ventral processing, per-

sistent perceptual deficits were found.

ERP mapping

ERPs obtained for each condition were subjected to a

topographical cluster analysis (see ‘‘Materials and meth-

ods’’). This method entails segmenting the temporal course

of activity into distinct dominant scalp map configurations.

Identified ERP maps were then subjected to statistical

analysis at the single trial level (t test) to demonstrate their

specificity with regard to the different conditions.

FfM task

As depicted in Fig. 2, the temporal cluster analysis, applied

to ERPs from the three conditions, identified a total of ten

maps during the period from stimulus onset to 400 ms.

Importantly, of the ten ERP maps, six differentiated the

experimental conditions over three consecutive time peri-

ods: 160–180 ms (maps 4 and 5), 180–270 ms (maps 6 and

7) and 270–310 ms (maps 8 and 9). The topographic dif-

ferences between conditions were further confirmed by

statistical analysis applied on both the frequency of

occurrence of the maps and their GEV (see Table 1 and

‘‘Data recording and analysis’’ for details of the statistics).

During the first period (160–180 ms), experimental con-

ditions that included coherent motion FfM stimuli (20 and

100 % CM) showed the same ERP map, 5, whereas a

different ERP map, 4, was found in the 0 % CM condition.

During the two following time periods (180–270 and

270–310 ms), the 100 % CM condition (successful FfM

perception) was characterized by two ERP maps (ERP

maps 7 and 9), while the 0 and 20 % CM conditions (FfM

perception absent/failed) were characterized by distinct

ERP maps (maps 6 and 8). Importantly, the temporal

dynamics of the maps differentiating the conditions in the

present patient echoed the results obtained in healthy

subjects reported in an earlier study by Schoenfeld et al.

(2003), where three time periods (195–230, 230–340 and

340–470 ms) were linked to different functional processing

steps in FfM perception.

In summary, the analysis of ERP topographies showed

that each experimental condition evoked a specific

sequence of three topographical maps during the time

period from 160 to 310 ms (see Fig. 2 for illustration).

During the first period (160–180 ms), conditions contain-

ing coherent motion (20 and 100 % CM) were distin-

guished from the condition without coherent motion (0 %

CM). This was independent of FfM perception and linked

to motion processing. The second and third periods

(180–270 and 270–310 ms) differentiated absent/failed (0

and 20 % CM) from successful FfM perception (100 %

CM). Note that before 160 ms and after 310 ms, the three

conditions presented identical ERP maps (respectively,

maps 1, 2, 3 and map 10), with no statistical differences

found at any other time periods and for any other ERP

maps.

VM task

The same analysis of ERP topographies was applied to the

control VM task. As illustrated in Fig. 3, a total of nine

ERP maps were identified, including four ERP maps that

differed between the conditions. These topographical dif-

ferences were found during two consecutive time periods,

150–170 ms (ERP maps C and D) and 170–190 ms (ERP

maps E and F) and were confirmed by statistical analysis

(duration; GEV, see Table 2). Conditions with coherent

motion (20 and 100 % CM) were characterized during both

time periods by the same maps (ERP maps D and F), while

the 0 % CM condition was characterized by two other

maps (ERP maps C and E). To summarize, topographical

analysis of ERP revealed that from 150 to 190 ms, absent

VM perception (0 % CM condition) evoked a different

sequence of topographical maps than conditions associated

with successful VM perception (20 and 100 % CM

conditions).

Source localization

FfM task

After having identified the ERP maps that were specific to

the different conditions, we applied the source
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reconstruction model built using the patient’s brain with its

anatomical characteristics due to the lesion (see detailed

descriptions in ‘‘ERP mapping’’; and results summary in

Table 3A). As illustrated in Fig. 4, successful FfM per-

ception (indexed by ERP maps 7 and 9) was characterized

by brain activations in extra striate cortex including both

dorsal and ventral regions, with first stronger activity in

parieto-occipital cortex and weaker activations in temporo-

occipital regions (ERP map 7, 180–270 ms), followed by

additional activity in the left posterior temporal cortex and

bilateral frontal regions (ERP map 9, 270–310 ms). In

contrast, absent/failed FfM perception elicited much

weaker activity at first (map 6; 180–270 ms), followed by

activity limited to the temporo-occipital cortex (map 8;

270–310 ms). This strongly focused posterior activation

observed for absent/failed FfM perception contrasted with

the distributed set of more dorsal and frontal regions acti-

vated during successful FfM perception. Based on previous

studies (Wang et al. 1999; Schoenfeld et al. 2003), brain

activations were expected initially in dorsal regions (e.g.,

posterior temporal) followed by a shift of activity to ventral

regions (e.g., temporo-occipital cortex). Compared to the

patterns from neurotypical subjects, activations in the

present patient showed two main differences: stronger

Fig. 2 ERP-topographical analysis: FfM task. In the upper half of the

figure, superimposed ERP traces of all recorded scalp electrodes are

shown for the 0 % (black), 20 % (red) and 100 % CM (green)

conditions from stimulus onset to 400 ms. In the lower half of the

figure, results from the topographical clustering analysis are shown by

depicting the ERP maps found in the different experimental

conditions. Successful FfM perception was associated with ERP

maps 7 and 9 in the time period from 180 to 310 ms, whereas ERP

maps 6 and 8 in the same time period were associated with absent

FfM perception. The presence of coherent motion (20 and 100 %

CM) is characterized by the presence of map 5 from 160 to 180 ms;

consequently, each condition presents a specific sequence of three

ERP maps during the 160–310 ms time period
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activity in the parieto-occipital cortex followed by co-ac-

tivation of the dorsal and ventral regions (Fig. 4).

VM task

EEG source reconstruction was also applied on the topo-

graphical maps that dissociated the conditions in the VM

task. The results, summarized in Table 3B (see also Fig. 5),

revealed stronger activations along the dorsal stream for

successful VM perception during the two time periods of

interest (ERP maps D and F, respectively, occurring

between 150–170 and 170–190 ms) as compared to absent

VM perception (characterized by ERP maps C and E).

Discussion

In this study, we investigated FfM perception in a patient

suffering from a selective perceptual deficit for FfM fol-

lowing focal right medial occipital brain damage. Despite

her abnormal perceptive threshold in FfM perception, the

patient was able to perceive FfM stimuli at high signal to

noise ratio (100 % CM), allowing us to investigate evoked

brain activity related to successful and absent/failed FfM

perception. In the critical 20 % CM condition, the patient

was not able to perceive FfM, but perceived VM normally.

Analysis of the dynamics of ERP topographies revealed

three distinct stages of FfM processing: first, an early

processing step (160–180 ms) linked to motion processing,

followed by two distinct time periods from 180 to 270 and

from 270 to 310 ms, which distinguished successful FfM

perception from absent/failed FfM perception. Successful

FfM perception was characterized during the second time

period by strong activations in parieto-occipital regions

(rostral part of the dorsal stream). During the third period,

this activity was supplemented by co-activation of the

posterior temporal (lateral part of the dorsal stream) and the

temporo-occipital regions (ventral stream). The temporal

dynamics of the three processing steps for the present

patient were similar to that reported in healthy subjects,

albeit the underlying patterns of brain activation were

different, suggesting the existence of multiple brain circuits

involved in FfM perception.

FfM perception

Anatomical perspective

Similar to the present case, a number of studies have

reported a specific FfM perceptual deficit following ventral

brain lesions (Blanke et al. 2007; Vaina 1989; Regan et al.

1992). Also, in some of the patients, the brain damage led

to an abnormal increase of FfM perceptual threshold, but

not to complete FfM blindness. Interestingly, other cases of

brain lesions have been described where the same FfM

deficit was linked to damage in dorsal regions, either

including the more lateral part or the more parietal part

(Blanke et al. 2007; Regan et al. 1992; Cowey and Vaina

2000; Schenk and Zihl 1997; Vaina et al. 2010). Globally,

these studies have causally demonstrated the role of both

ventral and dorsal regions in FfM perception.

The involvement of both neuronal visual pathways in

FfM processing has been confirmed by imaging studies

showing FfM-related activation of the dorsal area MT?/

V5, as well as ventral and lateral occipital regions such as

the latero-occipital cortex (LOC) and ventro-occipo-tem-

poral cortex (Wang et al. 1999; Gulyas et al. 1994;

Schoenfeld et al. 2003). In the present case study, electrical

brain imaging analysis revealed that successful FfM per-

ception (at 100 % CM) was also associated with multiple

activations in both the dorsal and ventral regions. The

dorsal activity observed in the posterior temporal regions

likely corresponds to area MT?/V5. The implication of

MT?/V5 was expected because of its well-known central

role in visual motion processing (Born and Bradley 2005),

as exemplified in monkey electrophysiological recordings

investigating the neural correlates of moving surfaces

(Andersen and Bradley 1998; Bradley et al. 1998; Dodd

et al. 2001; Grunewald et al. 2002), or in human imaging

studies of FfM and Structure from Motion perception (SfM

is a 3D version of FfM supported by different brain

Table 1 Fitting for the FfM task: ERP map comparison for each time

period and each condition (% CM)

Time period 160–180 ms 180–270 ms 270–310 ms

CM

Maps comparison 4 vs. 5 6 vs. 7 8 vs. 9

0 %

GEV t216 = 4.21

p\ 0.0001

t216 = 12.20

p\ 0.0001

t216 = 7.29

p\ 0.0001

Occurrence frequency t216 = 2.11

p\ 0.05

t216 = 2.770

p\ 0.01

t216 = 2.86

p\ 0.01

20 %

GEV t229 = 1.53

p = 0.13

t229 = 11.01

p\ 0.0001

t229 = 7.50

p\ 0.0001

Occurrence frequency t229 = 2.49

p\ 0.5

t229 = 2.67

p\ 0.01

t229 = 2.24

p\ 0.05

100 %

GEV t178 = 7.22

p\ 0.0001

t178 = 3.80

p\ 0.0005

t178 = 0.76

p = 0.45

Occurrence frequency t178 = 3.46

p\ 0.001

t178 = 3.39

p\ 0.001

t178 = 3.40

p\ 0.01

Statistical results are shown for the GEV and frequency of occurrence

of each ERP map
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circuits; for a review see (Born and Bradley 2005) and

further discussion below). Another lateral posterior region

located more ventrally was found to be activated, pre-

sumably the LOC mainly known for being implicated in

static object perception (Grill-Spector et al. 1998; Malach

et al. 1995). Moreover, its role in form processing appears

to be independent of the visual cue; LOC activity can relate

to perceptual persistence of motion-defined grouping

(Ferber et al. 2003), or can be adapted to a given shape

regardless of the cue used (Self and Zeki 2005). Further-

more, the strongest activations measured for successful

FfM perception and not observed for absent/failed FfM

perception, were located in the parieto-occipital regions,

part of the dorsal pathway, possibly corresponding to areas

V3A and/or IPS. While parieto-occipital activity in

response to FfM processing has not been reported in brain

imaging studies (Schoenfeld et al. 2003; Wang et al. 1999;

Gulyas et al. 1994), these supplementary visual motion

areas were found to be fundamental for 3D motion and

more specifically for SfM processing (Vanduffel et al.

2002; Orban et al. 1999; Paradis et al. 2000; Peuskens et al.

2004; Gulyas et al. 1994; Andersen 1989; Zhuang et al.

2008; Brouwer and van Ee 2007; Cottereau et al. 2014).

Interestingly, overlapping activations for SfM and line

drawings have been reported in an area located in the

vicinity of the IPS region (Murray et al. 2003), which

suggests its potential role in processing related to form

perception. From a purely anatomical perspective, brain

Fig. 3 ERP-topographical analysis: VM task. In the upper half of the

figure, superimposed ERP traces of all recorded scalp electrodes are

shown for the 0 % (black), 20 % (red) and 100 % CM (green)

conditions from stimulus onset to 400 ms. In the lower half of the

figure, results from the topographical clustering analysis are shown by

depicting the ERP maps found in the different experimental

conditions. Successful VM perception (20 and 100 % CM) was

associated with ERP maps D and F in the time period from 160 to

190 ms, whereas ERP maps C and E in the same time period were

associated with absent VM perception (0 % CM)
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activity evoked by successful FfM perception in the present

patient echoed the converging evidence from both lesion

case studies and brain imaging studies, pointing to the role

of both the dorsal and the ventral streams in FfM

processing. However, the observation of activations in the

parieto-occipital regions is noteworthy: while being novel

compared to brain imaging studies, it corroborates the

cases of FfM perceptual deficit after parieto-occipital

lesions.

Temporal dynamics

The ERP mapping analysis revealed similar dynamics of

scalp topographies in the present patient compared to

healthy subjects from a comparable study (Schoenfeld et al.

2003). That is, in the FfM task, experimental conditions

were differentiated by three processing steps: a first period

(160–180 ms) linked to motion processing (see ‘‘VM

control task’’ for detailed discussion), and second and third

periods (180–270 and 270–310 ms) linked to FfM pro-

cessing. Regarding the brain sources underlying this

sequence of stable processing states, the first period was

equivalent to normal subjects, with activation in dorsal

regions. However, while only ventral regions were acti-

vated in normal subjects during the second and third pro-

cessing steps, we found activity, respectively, in parietal

regions followed by co-activation of dorsal and ventral

regions. Importantly, we did not observe these specific

patterns in the absent/failed FfM perception condition.

Analogous co-activation of dorsal and ventral regions

involving parieto-occipital regions has been reported in a

study investigating SfM processing (Jiang et al. 2008). In

that study, the timing overlap (206–355 ms) between

Table 2 Fitting for the VM task: ERP map comparison for each time

period and each percentage coherent motion (% CM)

Time period 150–170 ms 170–190 ms

CM

Maps comparison C vs. D E vs. F

0 %

GEV t170 = 5.89

p\ 0.0001

t170 = 6.02

p\ 0.0001

Occurrence frequency t170 = 1.98

p\ 0.5

t170 = 1.10

p = 0.27

20 %

GEV t188 = 7.09

p = 0.0001

t188 = 2.45

p\ 0.05

Occurrence frequency t188 = 4.23

p\ 0.0001

t188 = 2.31

p\ 0.05

100 %

GEV t197 = 6.62

p\ 0.0001

t197 = 1.56

p = 0.12

Occurrence frequency t197 = 4.84

p\ 0.0001

t197 = 2.22

p\ 0.05

Statistical results are shown for the GEV and frequency of occurrence

of each ERP map

Table 3 Major brain

activations (strongest to

weakest) differentiating

conditions

(A) FfM taska

Time period 160–180 ms 180–270 ms 270–310 ms

0 % CM Left parieto-occipital

Left posterior temporal

Right parieto-occipital

Left parieto-occipital

Bilateral temporo-occipital

Left temporo-occipital

Right parieto-occipital

Right temporo-occipital20 % CM Left parieto-occipital

Left posterior temporal

Right temporo-occipital

Left temporo-occipital

100 % CM Left parieto-occipital

Right parieto-occipital

Left temporo-occipital

Left parieto-occipital

Left posterior temporal

Bilateral frontal

Right parieto-occipital

Left temporo-occipital

(B) VM taskb

Time period 150–170 ms 170–190 ms

0 % CM Right parieto-occipital

Left temporo-occipital

Left parieto-occipital

Left temporo-occipital

Right parieto-occipital

Right temporo-occipital

20 % CM Left posterior temporal

Right parieto-occipital

Right posterior temporal

Left parieto-occipital

Bilateral frontal

Right parieto-occipital

Left posterior temporal

100 % CM

a Three time periods between 160 and 310 ms. b Two time periods between 160 and 190 ms
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parieto-occipital, early posterior temporal and later tem-

poro-occipital activations was the same as in the third

processing step found in the present patient. In summary,

analysis of the temporal dynamics revealed that while the

three processing steps linked to FfM perception described

in normal subjects were preserved in the patient, successful

FfM perception was associated with activations of the

parieto-occipital regions and co-activation of dorsal and

Fig. 4 Inverse solution: brain activation related to FfM processing.

a Brain activity corresponding to maps 7 and 6 occurring between

180 and 270 ms are shown for successful FfM perception and for

absent FfM perception, respectively. Brain activations related to

successful FfM perception (map 7) were located in dorsal regions: left

parieto-occipital cortex (maximum), right parieto-occipital cortex

(with weaker activations in posterior temporal cortex and left

temporo-occipital cortex). b Brain activity corresponding to maps 9

and 8 occurring between 270 and 310 ms are shown for successful

FfM perception and for absent FfM perception, respectively. Brain

activations related to successful FfM perception (map 9) were located

in dorsal regions [left parieto-occipital cortex (maximum), left

posterior temporal cortex, right parieto-occipital cortex] and in

ventral regions (left temporo-occipital cortex and in bilateral frontal

regions)

Fig. 5 Inverse solution: brain activation related to VM processing.

Brain activity corresponding to maps F and E occurring between 170

and 190 ms are shown for successful VM perception and for absent

VM perception, respectively. Brain activity related to successful VM

perception (map F) was located in the bilateral frontal cortex and in

the dorsal regions (bilateral parieto-occipital cortex and left posterior

temporal cortex)
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ventral regions. This pattern of brain activations has not

been observed in FfM studies in healthy subjects, but was

previously described in studies investigating SfM

processing.

FfM perception and the model of the visual system

While it is clear that the posterior temporal region of the

dorsal stream and temporo-occipital regions of the ventral

stream are essential for FfM processing, the role of the

parieto-occipital regions remains unclear. On the one hand,

studies of brain-lesioned patients revealed some cases of

FfM deficit following parieto-occipital damage, providing

a causal link between the most rostral regions of the dorsal

pathway and FfM perception. On the other hand, brain

imaging studies of FfM perception have not reported any

activity in these parieto-occipital regions. That same brain

region has been functionally linked to SfM processing in

both brain lesion studies (Cowey and Vaina 2000; Vaina

1989) and imaging studies (Jiang et al. 2008; Zhuang et al.

2008), and while FfM and SfM have been functionally

double dissociated in brain lesion studies (Vaina 1989;

Vaina and Gross 2004), it could be the case that FfM and

SfM are partly supported by some common circuits within

the dorsal pathway before being segregated.

This hypothesis is reinforced by further refinements of

the classic visual system model that suggest the existence

of different circuits within the dorsal pathway [see

(Matheson and McMullen 2010) for a human model and

(Galletti and Fattori 2003) for a similar model in monkey].

For instance, comparison of brain responses to different

types of motion based on complexity (e.g., random motion,

coherent motion, FfM and SfM) revealed a gradient of

functional specificity among the dorsal regions from the

more lateral parts to the most rostral parts, while no

functional specificity was observed in the regions of the

ventral pathway (Paradis et al. 2000; Orban et al. 1999).

Similarly, patient studies seem to suggest that brain dam-

age to temporal regions is more often linked to FfM per-

ceptual deficits, whereas lesions extending toward the

parietal lobe are linked to both SfM and FfM perceptual

deficits (Schenk and Zihl 1997; Vaina 1989; Cowey and

Vaina 2000). Accordingly, some authors (Vaina et al.

2010; Matheson and McMullen 2010; Castelo-Branco et al.

2006) have suggested that FfM processing could be shared

between two dorsal sub-streams: a lateral and a rostral

occipito-parietal pathway (whereas SfM processing can

dissociate them since it involves solely the rostral part).

Also, placing FfM processing at functional cross-roads

within the dorsal pathway implies that the dedicated brain

circuits are more likely to be versatile. This view explains

the location diversity in brain-damaged patients leading to

FfM perceptual deficits (Blanke et al. 2007; Vaina et al.

2010; Matheson and McMullen 2010; Schenk and Zihl

1997; Cowey and Vaina 2000; Regan et al. 1992), as well

as cases of functional dissociation between FfM and SfM

in lesioned patients (Vaina 1989; Vaina and Gross 2004).

Moreover, in the case of the present patient, the versatility

of the brain circuits involved in FfM processing could

explain the activation of the rostral part of the dorsal

stream in successful FfM perception. This contribution

may however be too small to be measured in normal sub-

jects using neuroimaging approaches, but could be revealed

in the present patient due to the impact of the ventral lesion

on normal FfM processing. Furthermore, here the

involvement of these parieto-occipital regions was fol-

lowed by dorsal and ventral co-activations, as reported in

purely SfM processing (Jiang et al. 2008), thus demon-

strating the importance of the interplay between the dorsal

and ventral regions involved in this brain circuit. In com-

parison, when the percentage of coherent motion was too

low for the patient (but large enough for normal subjects)

to perceive FfM, motion information was processed by the

more lateral part of the dorsal stream but could not be

subsequently integrated into a form; the most dorsal cir-

cuits were not activated and neither parieto-occipital

activity nor dorsal and ventral co-activation was found.

VM control task

Temporal clustering of the ERP maps revealed different

topographies between 150 and 190 ms for incoherent (0 %

CM) and coherent motion (20 and 100 % CM). The latency

of these differences is consistent with previous studies

showing that processing of coherent motion occurs around

170 ms (Heinrich 2007; Kuba et al. 2007; Niedeggen and

Wist 1999; Mercier et al. 2009). During this time window,

stronger activations were found for the coherent motion

conditions in the posterior temporal, parieto-occipital and

parietal regions (see Fig. 5). As discussed previously, the

posterior temporal cortex activation most likely corre-

sponds to the area MT?/V5 activity (de Jong et al. 1994;

Dupont et al. 1994, 1997; Goebel et al. 1998; Tootell et al.

1995; Tootell and Taylor 1995; Watson et al. 1993) and

activations in the parieto-occipital cortex may correspond

to area V3a and/or IPS (Braddick et al. 2000; Sunaert et al.

1999). Moreover, the parietal activity matched the activa-

tion of area V6 (Fattori et al. 2009; Pitzalis et al.

2006, 2010), known to be involved in motion processing

and self-motion recognition (Pitzalis et al. 2010, 2013).

These results show distributed activations over the dorsal

pathway for successful motion perception, with a similar

dynamic as reported in normal subjects. Also, it is inter-

esting to note that, as in the FfM task, brain activations

related to the VM task were mainly localized in the con-

tralesional hemisphere.
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Study limitations

Like any single case study, the present report has to be

considered with caution and it would benefit from exten-

sion to a larger cohort. Nevertheless, patients presenting a

specific perceptual deficit are rare, and comparison

between patients is rendered difficult due to their dissimi-

larity (e.g., lesion size, location and diversity of deficits).

Another limitation of this case study concerns the com-

parison of brain activation with precisely age-matched

controls performing exactly the same task. However, the

results showed three processing steps with timings that are

equivalent to what has been reported in the literature.

Although some brain activity patterns are different from

what have been previously described, this study provides

insights to bridge the gap between lesion studies and

imaging studies in healthy participants. More generally, the

present findings are coherent with several previous studies

that have reported alternative functional circuits in brain-

damaged patients, potentially due to lateral and/or feed-

back connections (see for instance the case of patients with

intact MT?/V5, suffering from motion deficit due to

damage in the ventral region (Gilaie-Dotan et al. 2013), for

other cases and additional discussion see (Vaina et al.

2000, 2010; Gilaie-Dotan 2015). Hence, the use of brain

imaging methods in brain-damaged patients may provide

important insights toward a better understanding of the role

of auxiliary pathways in visual deficits and can thus refine

the current model of the visual system.

Conclusion

In the present case report, we applied ERP topographical

analysis and brain source localization to investigate an FfM

perceptual deficit following medial occipital brain damage.

Our results extend previous findings where successful FfM

perception was shown to activate both dorsal and ventral

visual streams during three distinct time windows. While

the earliest time period is dedicated to elementary motion

processing and involves the dorsal stream, the two later

periods are linked to FfM processing. In comparison to

normal subjects, during these later periods, strong

involvement of the parieto-occipital regions preceding co-

activation of the dorsal and ventral regions was revealed.

Though the timings of the three processing steps were

preserved, this atypical pattern of brain activation (only

observed for successful FfM perception) can be explained

by the implication of the more rostral part of the dorsal

pathway, due to the location of the brain lesion. These

results suggest the existence of an auxiliary brain circuit of

dorso-ventral interactions involved during successful FfM

processing.
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