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ABSTRACT
Introduction: We aimed to investigate whether associations between deficits in “mid-range” visual 
functions and deficits in higher-order visual cognitive functions in stroke patients are more in line 
with a hierarchical, two-pathway model of the visual brain, or with a patchwork model, which 
assumes a parallel organization with many processing routes and cross-talk.
Methods: A group of 182 ischemic stroke patients was assessed with a new diagnostic set-up for 
the investigation of a comprehensive range of visuosensory mid-range functions: color, shape, 
location, orientation, correlated motion, contrast and texture. With logistic regression analyses we 
investigated the predictive value of these mid-range functions for deficits in visuoconstruction 
(Copy of the Rey-Complex Figure Test), visual emotion recognition (Ekman 60 Faces Test of the 
FEEST) and visual memory (computerized Doors-test).
Results: Results showed that performance on most mid-range visual tasks could not predict 
performance on higher-order visual cognitive tasks. Correlations were low to weak. Impaired 
visuoconstruction and visual memory were only modestly predicted by a worse location percep-
tion. Impaired emotion perception was modestly predicted by a worse orientation perception. In 
addition, double dissociations were found: there were patients with selective deficits in mid-range 
visual functions without higher-order visual deficits and vice versa.
Conclusions: Our findings are not in line with the hierarchical, two-pathway model. Instead, the 
findings are more in line with alternative “patchwork” models, arguing for a parallel organization 
with many processing routes and cross-talk. However, future studies are needed to test these 
alternative models.
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Introduction

Deficits in visual functions are frequently occurring 
symptoms after stroke (Beaudoin et al., 2013; Nys, Van 
Zandvoort, De Kort, Van Der Worp et al., 2005). These 
symptoms have been associated with cognitive impair-
ments (Nys, Van Zandvoort, De Kort, Jansen et al., 
2005; Sand et al., 2013) and a poor functional and 
rehabilitation outcome (Nys, Van Zandvoort, De Kort, 
Van Der Worp et al., 2005). Visual deficits can range 
from visual-field deficits, such as a hemianopia, to 
higher-order visual disorders, such as recognition dis-
orders or disorders in visuoconstruction (Jones et al., 
2006; Rowe et al., 2009).

In a recent study, we reported on a new experimental 
set-up to diagnose the deficits in the intermediate stage 
of visual processing in a large group of stroke patients 

with lesions in (sub)corical areas distributed over the 
entire supratentorial region (Lammers et al., 2022). 
These visual sensory functions – which we called mid- 
range visual functions – involve the cortical processing 
of specific aspects of visual information, including the 
processes responsible for the perception of color, shape, 
location, orientation, contrast, texture and motion. The 
mid-range visual functions belong to the intermediate 
stage in which basic cues (such as color or orientation) 
are processed into structured representations, which can 
subsequently feed into higher order visual cognitive 
processes (Torfs et al., 2013; Vancleef et al., 2015). Our 
new experimental set-up involved a gaze-contingent 
presentation of the stimuli and is described in detail in 
the paper by Lammers et al. (2022). The aim of that 
study was to establish the prevalence of deficits in the 
mid-range visual functions and to evaluate their co- 
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occurrence. Results showed a relatively high incidence 
of half-field impairments with motion-perception being 
most prevalent (26%), followed by color (22%), texture 
(22%), location (21%), orientation (18%), contrast 
(14%), shape (14%) and glossiness (13%). Sixty-three 
percent of the stroke patients showed one or more mid- 
range visual deficits. With regard to the co-occurrence 
between the different mid-range visual functions, the 
results showed that the overlap between deficits was 
small and that they either occurred in isolation or co- 
occurred with only one or two other deficits.

At present, it is unclear what the consequences of 
different levels of proficiency on these mid-range visual 
sensory functions are for higher-order visual cognitive 
functions. Higher-order visual cognitive functions refer 
to cognitive processes involved in advanced processing 
of visual information. The different aspects of higher- 
order visual cognitive functions, including visual (emo-
tion) recognition, visuoconstruction and visual (work-
ing) memory, have been found to be interrelated 
(Mervis et al., 1999; Nys, Van Zandvoort, De Kort, 
Jansen et al., 2005; Weider et al., 2016). However, how 
these so-called mid-range and higher-order visual cog-
nitive functions are organized and interrelated remains 
unclear. There are essentially two opposing views.

The first view assumes a linear, hierarchical organi-
zation with a limited number of pathways that run from 
the primary visual cortex to different anterior areas. The 
information within a pathway “travels” in a serial fash-
ion from one stage to the next. One of the pioneers of 
the hierarchical view was Bay (1953) who postulated 
that basic visuosensory functions, such as shape or 
color perception, can have “knock-on” effects on 
higher-order visual cognitive functions by a process 
called “Funktionswandel.” Funktionswandel involves 
the transformations of basic sensations at a first, phy-
siological stage into a meaningful percept at a second, 
psychological stage. He stressed the possibility that 
minor sensory deficits, that might go unnoticed on 
standard vision examination, may have unexpected 
severe repercussions at higher cognitive levels. As an 
example, T. C. Nijboer et al. (2008) showed that subtle 
sensory impairments may have disturbing effects. They 
showed that hemi-metamorphopsia for faces in their 
stroke patients could likely be attributed to specific 
impairments in shape perception. In addition, various 
studies in patients with schizophrenia have investigated 
the role of basic visuosensory processes in the percep-
tion of facial emotional expressions (Jahshan et al., 
2017). For instance, it was shown that deficits in emo-
tion perception were preceded by deficits in contrast 
perception (Butler et al., 2009; Norton et al., 2009). 
Furthermore, in patients with Parkinson’s Disease 

(PD), it was found that an impaired emotion recogni-
tion could be related to a decreased contrast sensitivity 
(Hipp et al., 2014) and to an impaired visual-form 
processing (Marneweck & Hammond, 2014). In addi-
tion, some studies have shown indications that visuo-
sensory functions can be related to visuoconstructive 
abilities (Cohen et al., 2010; Ma-Wyatt & McKee, 
2006; Murray et al., 1990).

A typical example of limited processing streams is the 
“two-pathway model” (Goodale & Milner, 1992). 
According to the two-pathway model of Goodale and 
Milner (1992), there is a ventral pathway and a dorsal 
pathway, both starting in the primary visual cortex. The 
ventral pathway runs toward the mesial temporal lobe 
and is used for the recognition of, for example, faces or 
text. The dorsal pathway runs toward the frontal lobe 
and is related to the spatial aspects of the outside world 
and is used for action planning. As this model assumes 
that the complexity of visual information within each 
pathway increases systematically, this model would pre-
dict that “perception cues” (such as color, shape or 
texture) would provide input to “ventral” higher-order 
visual cognitive functions, such as visual emotion recog-
nition and visual memory. In contrast, “action cues” 
(such as orientation, location and motion) are used in 
“dorsal” higher-order visual cognitive functions, such as 
visuoconstruction.

The second view argues for a parallel organization 
with many processing routes and cross-talk between 
these routes (Gomez et al., 2015; Kravitz et al., 2011). 
Ettlinger (1956) and De Haan et al. (1995) have shown 
that deficits in mid-range visual functions, such as 
shape, location, color and motion, could not sufficiently 
explain the presence of visual recognition disorders (in 
either faces or objects) in agnostic patients. Based on 
these findings, De Haan and Cowey (2011) proposed an 
alternative model. This “patchwork model” of the visual 
brain postulates the existence of overlapping networks 
(with many interconnections) involving different nodes 
for the different sensory features. These networks are 
not restricted to two clusters (i.e., a “ventral” and a 
“dorsal” cluster), and the outputs of these networks 
feed into different cognitive systems for, amongst 
others, perception, memory, emotion, and different 
types of action, such as eye and limb movements.

In sum, with regard to the consequences of mid- 
range visual deficits, there is a paucity of data. Based 
on the little information that is available, there are con-
flicting suggestions regarding the functional architec-
ture. Linear, hierarchical pathway models, such as of 
Goodale and Milner (1992), suggest a stronger interde-
pendence between certain mid-range visual functions 
(e.g., shape, color and texture) and certain higher- 
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order cognitive functions (e.g., visual memory). In con-
trast, models that posit overlapping networks with a 
high level of feedback and cross-link (e.g., De Haan & 
Cowey, 2011) assume that the higher-order functions 
would be less dependent on specific mid-range visual 
functions.

At present, no studies have investigated the full 
range of mid-range visual functions in relation to 
various higher-order visual cognitive functions in 
stroke patients. Therefore, the aim of the current 
study is to investigate how deficits in a broad range 
of mid-range visual functions (i.e., color, shape, loca-
tion, orientation, contrast, texture and motion) are 
associated with performance on neuropsychological 
tasks assessing higher-order cognitive functions, 
requiring an advanced processing of visual informa-
tion (i.e., facial emotion recognition, visual recognition 
memory and visuoconstructive functioning), and 
whether these associations are in line with the two- 
pathway model or with an alternative patchwork 
model.

Materials and methods

Study design

This study is part of the multi-center cohort study “A 
functional Architecture of the Brain for Vision” 
(FAB4V) with the aim of assessing visual deficits in 
patients with ischemic stroke. Patients were admitted 
to one of the following hospitals in the Netherlands: 
University Medical Center Groningen (UMCG), 
Amsterdam University Medical Center 
(AmsterdamUMC), Radboud University Medical 
Center (Radboudumc), University Medical Center 
Utrecht (UMCU), Onze Lieve Vrouwe Gasthuis 
(OLVG), Maasziekenhuis Pantein, Rijnstate, 
Ommelander Ziekenhuis Groep and St. Antonius 
Ziekenhuis and Diaconessenhuis. The assessment took 
place at either the UMCG, AmsterdamUMC, 
RadboudUMC or the UMCU between September 2015 
and December 2019. The study was approved by The 
Medical Ethics Review Committee Utrecht (METC-nr 
2015.372) and a written informed consent was obtained 
from all participants prior to their participation.

In the current study, we used a subset of 182 patients 
of the original patient-group of 220 patients and the 
same HC-group as used in our previous study 
(Lammers et al., 2022). The study by Lammers et al. 
(2022) described the experimental set-up and investi-
gated the prevalence of deficits in mid-range visual 
functions and the co-occurrence between the different 
mid-range visual functions. The current study 

investigated the relationship between the performance 
on the mid-range visual tasks and three higher-order 
visual cognitive functions. The total number of patients 
in the current study is smaller, because not all patients of 
the original patient-group were able to perform the 
tasks assessing higher-order visual cognitive functions. 
This was due to time shortage or fatigue. In those cases, 
we registered this as missing data for that particular 
missing task.

A patient was assessed at a particular center based on 
where the hospital admission had taken place. The main 
test protocol was identical for each participating center. 
However, there was a slight difference in test-priority 
between the academic centers, and because not all 
patients were able to perform all tasks due to time 
shortage or fatigue, there is a minor variation in 
included higher-order tasks between the testing sites. 
The total number of patients that have performed a 
particular task is noted for each task (Table 2).

Participants

A group of 182 patients with a diagnosis of ischemic 
stroke was included in this study. Inclusion criteria 
were: (1) the presence of a symptomatic cerebral (cor-
tical or subcortical) ischemic stroke diagnosed by a 
neurologist and confirmed by computed tomography 
(CT) or magnetic resonance imaging (MRI), (2) age 
between 18–90 years old and (3) Dutch-speaking. 
Exclusion criteria included: (1) diagnosis of another 
neurological disease than an ischemic stroke, (2) diag-
nosis of a non-neurological disease affecting cognitive 
functioning, (3) history of substance abuse, (4) history 
of cognitive decline or impairment in daily life prior to 
the stroke and (5) presence of severe disturbances in 
consciousness or comprehension to the extent that task 
instructions could not be understood. The assessment 
took place between two weeks and six months post- 
stroke, in the subacute and early chronic phase (Wu et 
al., 2015).

A group of 49 healthy controls (HC’s) was included 
to determine whether performance on the mid-range 
visual task was impaired. This is the same HC group as 
described by Lammers et al. (2022). HC’s were volun-
teers, recruited via the Senior Lab of the University of 
Amsterdam (www.seniorlab.nl) or recruited by word or 
by mouth. In addition, a control group of 85 age- 
matched HC’s, recruited by word or by mouth, was 
included to determine the cutoff of the Doors task. 
Exclusion criteria for all controls included serious neu-
rological or psychiatric disorders, substance abuse or 
insufficient command of the Dutch language. All HC’s 
signed a written informed consent prior to participation 
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and were treated in accordance to the Declaration of 
Helsinki.

Neuropsychological measures

Visual assessment
The diagnostic assessment of the mid-range visual def-
icits is described in detail in the study by Lammers et al. 
(Lammers et al., 2022). In short, seven tasks were con-
structed for the assessment of the perception of color 
(isoluminant stimuli in the red-green range), shape 
(Efron shapes), location (dot in a circle), orientation 
(lines at different angles), contrast (bars with converging 
gray-level differences), texture (from Brodatz grayscale 
texture album) and correlated motion (different percen-
tages of dots moving in the same direction). Examples of 
the stimuli are presented in Figure 1.

All tasks, except for correlated motion, had the same 
format. A red fixation dot was presented at the center of 
the screen. After one second, a target stimulus was 
presented on the horizontal midline at either 5° to the 
left or at 5° to the right side of the fixation. Then, after 
1.5 seconds, two response items appeared in addition to 
the target stimulus for three seconds. One response item 
was presented 5° above the fixation dot and one was 
presented 5° below the fixation dot. One of the two 
response items differed from the target item on the 
midline on one critical dimension. The other response 
item was similar to the target item (see Figure 1 bottom 
right). Participants had to indicate which of the two 
response items was similar to the target stimulus on 

the midline within four seconds after the presentation 
of the response items (three seconds with the presenta-
tion of the items and an additional second with a black 
screen). Participants could respond by the use of a joy-
stick. In case of motoric problems, answers could be 
given verbally. Therefore, both patients with aphasic 
problems and motoric problems were able to perform 
the tasks.

The task assessing motion perception only involved a 
target stimulus, presented at 5° to the left or at 5° to the 
right side of the fixation. This target stimulus was a 
circle with moving dots in it. The percentage coherence 
of the moving dots was adaptively changed across trials 
and participants had to indicate whether the dots were 
moving downwards or upwards. This task has been 
shown to be a sensitive test for shape, location and 
motion perception (e.g., Van Den Berg et al., 2019). 
To control for eye fixations and eye movements, we 
used an eye-tracker (Eyelink 1000; SR Research Ltd, 
Canada). The target item was presented in a gaze con-
tingent fashion. This way, the target item always 
remained in the correct retinal position (of the horizon-
tal axis), independent of eye movements, which made 
separate hemifield-testing possible.

All tasks started with twelve practice trials (six per 
hemifield) and 24 test trials (twelve per hemifield), 
except for texture perception (32 trials, 16 per hemifield) 
and motion perception (48 trials, 24 per hemifield). The 
raw score for all tasks, except for motion perception, 
was the number of correct responses per hemifield. The 
raw score for motion perception was the lowest 

Figure 1. Examples of stimulus-pictures used to assess the perception of (A) color, (B) shape, (C) location, (D) orientation, (E) contrast, 
(F) texture and (G) correlated motion. In the bottom right, a schematic overview of the task assessing shape perception is presented.
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percentage coherence of the moving dots at which the 
direction of the dots could be perceived accurately. Per 
task, the lowest score of two hemifields was used for the 
analyses. By selecting the lowest scores, we were able to 
detect a possible impairment. As a lesion is mostly one 
sided, it is likely that in some patients a high score in one 
hemifield would have leveled out a (minor) impairment 
in the other hemifield. Therefore, taking a mean score 
would not be accurate. As described in the paper by 
Lammers et al. (2022), visual deficits occurred in all 
laterality-subgroups (lesion in right or left hemisphere 
or in both hemispheres); there were no significant dif-
ferences between the lesion-laterality subgroups on 
most visual features, except for texture perception.

Raw scores were compared with the HC-group. A 
percentile score of 5 or lower was treated as deviant. The 
cutoffs for each task are described in the supplementary 
materials in the paper of Lammers et al. (2022).

Facial emotion recognition
The Ekman 60 Faces Test of the Facial Expressions of 
Emotions – Stimuli and Test (FEEST; Voncken et al., 
2018; Young et al., 2002) was used in the assessment of 
facial emotion recognition. Sixty faces expressing one of 
the six basic emotions (anger, disgust, fear, happiness, 
sadness and surprise) are shown in a randomized order, 
each ten times for three seconds. Subsequently, six labels 
are displayed on the screen and participants have to 
indicate which of the six emotional expressions is 
shown. The raw total score ranges from 0 to 60. Based 
on the Dutch normative data of the FEEST in which age, 
educational level and sex into were taken into account 
(Voncken et al., 2018), a percentile score could be 
determined for the total score. A percentile score of 5 
or lower was treated as deviant.

Visuoconstructive functioning
The copy of the Rey–Osterrieth Complex Figure test 
(ROCF; Rey, 1941) was used to assess visuoconstructive 
functioning. The figure was placed in front of the parti-
cipant and the participant was asked to copy the figure 
as accurately as possible. The task involves 18 elements, 
which are all evaluated for their accuracy and relative 
position. The maximum score was 36 (2 points per 
element). Based on the normative data of this test, 
percentile scores, taking age into account, could be 
determined. A percentile score of 5 or lower was treated 
as deviant.

Visual memory
To assess immediate visual memory, we used a com-
puterized variant of the Doors Test (Schouten et al., 
2009), which is a subtest of the Doors and People Test 

(Baddeley et al., 1994). This test contains a four- 
alternative forced-choice paradigm, in which partici-
pants have to select a target between three distractor 
doors. For this test, we selected fifteen target doors and 
ninety distractor doors from the doors database of the 
University of York (https://www.york.ac.uk/res/ 
doors). This database contains 2000 different doors, 
categorized on a range of variables such as, shape, 
color, age, condition, function, door opening, sur-
rounding, glazing type and richness of detail 
(Baddeley et al., 2016). Fifteen target doors consecu-
tively appeared randomly at the center of a white 
computer screen. Each target door remained visible 
for 5 seconds. After the series of fifteen target doors, 
fifteen four-alternative forced-choice arrays followed. 
The patient had 13 seconds per array to select the 
target door from the distractors. They had to press 1, 
2, 3 or 4 on the keyboard to select the target door. In 
case of motoric problems, responses could be given 
verbally. All target doors were matched with three 
distracter doors based on similarity in color, shape 
and surrounding. A cutoff score for the Doors task 
was obtained by using the age-matched control group 
(n = 85). A percentile score of 5 or lower was treated as 
deviant.

Statistical analysis

First, we performed Spearman’s rho correlations 
between all mid-range visual functions on the one 
hand and the continuous scores on the FEEST, Rey 
Copy and Doors on the other hand. As we were parti-
cularly interested in the predictive value of mid-range 
visual functions for impaired higher-order visual cogni-
tive functions in patients, we performed logistic regres-
sion analyses (enter method). We dichotomized the 
scores on the FEEST, Rey and Doors as impaired versus 
non-impaired. As a considerable number of patients 
only made a few errors on a task, a continuous correla-
tion would mainly be based on the correlations between 
the higher scores. By calculating an “impaired” and a 
“non-impaired” group, we were able to put more weight 
on the “impaired” group, which allowed us to study the 
relationship between mid-range visual disfunctions and 
impaired performance on higher order visual functions.

We assessed whether scores on the visual tasks (color, 
shape, location, orientation, contrast, texture and 
motion) could discriminate between impaired and non- 
impaired higher-order visual cognitive functions, i.e., 
facial emotion perception, visual recognition memory 
and visuo-constructive functioning. For all models, we 
used the lowest scores (right or left hemifield) of the 
seven visual tasks as independent variables, while 
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controlling for age. With an additional logistic regres-
sion analysis, we investigated the predictive value of the 
number of deficits in mid-range visual functions on the 
higher-order visual cognitive functions. For all logistic 
analyses, the outcome variables were based on the nor-
mative data of the respective test. A percentile score of 5 
of lower was categorized as impaired.

To investigate whether “perception cues” (color, 
shape and texture) are related to “ventral” higher- 
order visual cognitive functions (visual recognition 
memory or emotion recognition) and whether 
“action cues” (orientation, location and motion) 
provide input for “dorsal” higher-order visual cog-
nitive functions (visuoconstruction), we created two 
compound scores: one “perception”- compound 
score (color, shape and texture) and one “action”- 
compound score (orientation, location and motion). 
To create these compound scores, the raw scores on 
the distinct visual tasks were converted into 
z-scores. Then, a mean z-score was calculated for 
both the perception-compound and the action- 
compound. The dichotomous (impaired/ non- 
impaired) outcome variable on the FEEST and 
Doors were used for “ventral” higher-order visual 
cognitive functioning, while the dichotomous 
(impaired/non -impaired) outcome variable on the 
Rey-copy was used for “dorsal” higher-order visual 
cognitive functioning.

Lastly, we also looked at individual patients for the 
presence of possible double dissociations. Previous stu-
dies have shown that these analyses can provide valuable 
information (De Haan et al., 1995). For this purpose, we 
first looked at the performance on the tasks assessing 
higher order visual cognitive functions in the patients 
with the most pronounced mid-range visual deficits. 
Then, we looked at the performance on the mid-range 
visual functions in the patients with the most pro-
nounced higher-order visual cognitive deficits.

All behavioral analyses were performed in IBM SPSS 
statistics 26. The alpha level was set at .05.

Results

Participants

The total group of 182 patients (65.8% male) who per-
formed the mid-range visual tasks had a mean age of 
59.7 years (SD = 12.9) and a mean educational level of 
5.3 (SD = 1.2). The group of 49 HC’s (59.2% male) who 
performed the mid-range visual tasks had a mean age of 
59.7 years (SD = 13.3). No significant differences between 
all patients and these HCs were found with regard to age 
(t = 1.13, p = .263) and sex (χ2 = .77, p = .381). There were 
no significant differences in stroke severity between the 
different testing sites (H (3) = 5,95, p = .114).

As described earlier, not all patients performed all 
higher-order visual tasks, because of time shortage or 
fatigue. Therefore, in Table 1, the clinical characteristics 
are separated for the patient subgroups who performed 
the FEEST, Doors and Rey-copy. As can be seen, the 
subgroups were comparable.

Correlations

Location was significantly correlated with both the 
FEEST, Rey Copy and DOORS. In addition, orientation 
and texture were significantly correlated with the 
FEEST. Lastly, color was significantly correlated with 
the DOORS. However, all correlations were low to 
weak (See Table 2 for all Spearman’s correlations).

Consequences of individual mid-range functions for 
higher-order visual functions

See Table 3 for a frequency table of patients with a 
deficit on a mid-range visual task and higher-order 
visual task. The procedure of determining whether a 
score on a mid-range visual function was impaired is 
described in detail in Lammers et al. (2022). In short, the 
performance of patients on each task was compared to 
an HC-group. The mean score minus 1.64 SDs of the 

Table 1. Clinical characteristics of subgroup of patients who performed the FEEST, Doors 
and Rey-Copy.

Characteristic
FEEST 

(n = 108)
Doors 

(n = 86)
Rey-copy 

(n = 92)

Age (M ± SD) 60.1 ± 11.1 61.9 ± 10.1 58.3 ± 14.3
Sex (%men) 67.6% 69.8% 67.4%
Education level (M ± SD) 5.2 ± 1.2 5.4 ± 1.3 5.4 ± 1.1
DART-IQ (M s SD) 102.0 ± 14.5 106.2 ± 13.6 106.3 ± 12.1
Left hemispheric lesion (%) 43.5% 44.2% 41.3%
Right hemispheric lesion (n) 40.7% 32.6% 42.4%
Bilateral lesion (n) 15.7% 23.3% 16.3%

Note. Education on a seven-point scale ranging from 1 (primary education) to 7 (university education); 
DART = Dutch Adult Reading Test – Intelligence Quotient; FEEST = Facial Expressions of Emotions: 
Stimuli and Test.
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HC-group on each visual task was used as the cutoff 
score for patients; a score of patients below this cutoff 
was treated as deviant.

The total number of deficits in mid-range visual tasks 
only significantly predicted impaired performance on 
the FEEST, but not performance on the Doors and Rey- 
copy (see Table 4). In addition, Table 5 shows the results 
of the logistic regression analyses (enter method) 
adjusted for age, with performance on all separate mid- 
range visual functions as predictors and the FEEST, 

Doors and Rey-copy as dependent variables. Impaired 
performance on the FEEST was significantly predicted 
by a worse score on the orientation-perception task. A 
worse location-perception score significantly predicted 
impaired performance on the Doors and Rey-copy.

Consequences of deficits in “perception cues” versus 
deficits in “action cues”

A compound-score for the “perception cues” (color, 
shape and texture) and a compound-score for the 
“action cues” (orientation, location and motion) was 
created. As can be seen in Table 6, the perception- 
compound could not significantly predict impaired 
performance on the FEEST and Doors (as “ventral” 
higher-order visual cognitive function) and the Rey- 
copy (as “dorsal” higher-order visual cognitive func-
tion). However, a worse action-compound signifi-
cantly predicted impaired performance on both the 
FEEST and the Rey-copy. Performance on the 
Doors was not significantly predicted by the action- 
compound.

Double dissociations between mid-range and 
higher-order visual cognitive functions

According to hierarchical models of the brain, def-
icits in “lower-order” visual functions must lead to 
deficits in higher-order visual cognitive functions. 
Therefore, we also looked at individual patients for 
the presence of possible double dissociations. First, 
we looked at the patients with the most pronounced 
mid-range visual deficits. There was one patient 

Table 2. Spearman’s correlations between mid-range visual 
functions and higher order visual cognitive functions (FEEST, 
Rey Copy and Doors).

FEEST (n) Rey Copy (n) Doors (n)

Color −.150 (94) .088 (79) .243a (74)
Shape .106 (105) .093 (89) .151 (84)
Location .265a* (104) .287** (89) .332** (82)
Orientation .321** (100) .235* (81) .058 (80)
Contrast .201 (92) −.036 (79) −.028 (69)
Texture .327** (89) .087 (77) .205 (69)
Motion −.080 (88) −.217 (66) .065 (59)

ap < .05 * p < .005

Table 3. Frequencies of mid-range visual deficits.
Number of patients with a deficits (percentage)

Mid-range function
Color 32 (20.9%)
Shape 18 (10.2%)
Location 36 (20.8%)
Orientation 27 (16.3%)
Contrast 17 (11.1%)
Texture 30 (20.1%)
Motion 31 (24.4%)
Higher-order function
FEEST 23 (21.3%)
Rey-Copy 21 (22.8%)
Doors 21 (24.4%)

Table 4. Logistic regression analyses, with the total number of deficits in the mid-range visual tasks as predictor and impaired/ 
non-impaired performance on FEEST, Doors and Rey-copy as outcome variable, adjusted for age.

Predictor
FEEST 

OR (95% CI), p – value
Doors 

OR (95% CI), p – value
Rey-copy 

OR (95% CI), p – value

Number of deficits in mid-range visual tasks 1.57 (1.07–2.30), .021 1.43 (.92–2.20), .111 1.19 (.80–1.78), .388

Note. OR = Odds Ratio; 95% CI = 95% Confidence Interval of the Odds Ratios; FEEST = Facial Expressions of Emotions: Stimuli and Test

Table 5. Logistic regression analyses, with raw scores on the mid-range visual tasks as predictor and impaired/ 
non-impaired scores on FEEST, Doors, and Rey-copy as outcome variable, adjusted for age.

Predictor
FEEST 

OR (95% CI), p – value
Doors 

OR (95% CI), p – value
Rey-copy 

OR (95% CI), p – value

Color 1.28 (.70 to 2.35), .423 .97 (.46 to 2.04), .935 .92 (.55 to 1.55), .761
Shape .83 (.48 to 1.42), .489 1.02 (.52 to 1.98), .945 1.18 (.73 to 1.90), .504
Location 1.16 (.75 to 1.42), .509 .50 (.27 to .95), .034 .59 (.38 to .93), .024
Orientation .67 (.47 to .95), .023 1.34 (.75 to 2.39), .322 1.15 (.74 to 1.80), .54
Contrast .62 (.34 to 1.14), .122 2.23 (.97 to 5.09), .058 1.80 (.68 to 4.76), .241
Texture .58 (.62 to 1.31), .582 .93 (.54 to 1.63), .807 1.07 (.70 to 1.66), .750
Motion 1.04 (.98 to 1.10), .206 1.00 (.90 to 1.11), .993 1.05 (.98 to 1.13), .197

Note. OR = Odds Ratio; 95% CI = 95% Confidence Interval of the Odds Ratios; FEEST = Facial Expressions of Emotions: Stimuli and 
Test
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with 6 out of 7 mid-range visual deficits. This 
patient also had an impaired performance on the 
Doors (raw score = 7, percentile score < 5) and the 
Rey-copy (raw score = 8, percentile score = 0). 
However, this patient’s performance on the FEEST 
was unimpaired (raw score = 48, percentile 
score = 58). More telling was the patient who suf-
fered from 5 mid-range visual deficits but this 
patient’s performance on both the Rey-copy (raw 
score = 46, percentile score = 21) and FEEST (raw 
score = 33, percentile score > 16) was unimpaired. 
This patient did not perform the Doors task.

Then, we looked at the subgroup of patients with 
the lowest performance on the higher-order visual 
cognitive tasks. For the Rey-copy, we found that five 
patients with a percentile score of 0 on the Rey- 
copy had no mid-range visual deficits at all. 
Similarly, regarding the FEEST, one patient had a 
percentile score of 0 and another patient had a 
percentile score of 2. Both these patients did not 
show any mid-range visual deficits. Lastly, with 
regard to the Doors, we found four patients with a 
percentile score lower than 3 who did not show any 
mid-range visual deficit.

When looking at the five patients with the lowest 
perception-compound, only one patient had an 
impaired performance on the FEEST (raw score = 27, 
percentile score = 0). In contrast, the other four 
patients had unimpaired performance on the 
FEEST (raw scores = 42, 48, 46, 37, with the respec-
tive percentile scores = 21, 58, 21, 7). Within the 
group of 10 patients with the lowest performance 
on the FEEST (with a percentile score below 2), 
only one patient had an impaired perception- 
compound (percentile score < 5), while all other 
patients had an unimpaired perception-compound.

Of the five patients with the lowest action- 
compound, who also performed the Rey-copy, 
three patients had an impaired Rey-copy (percentile 
scores of 0). The other two patients had a percentile 
score higher than 16. Of the 10 patients with the 
lowest performance on the Rey-copy (a percentile 
score of 0), three patients had an impaired action- 
compound (percentile score < 5). The other patients 
had an unimpaired action-compound.

Discussion

The main aim of this study was to investigate the 
relationship between “mid-range” visual functions 
and “higher-order” visual cognitive functions in 
stroke patients. In addition, we aimed to investigate 
whether this relationship is better described in 
terms of a hierarchical, two-pathway model 
(Goodale & Milner, 1992) or an overlapping net-
work model (De Haan & Cowey, 2011). 
Correlations between the mid-range visual functions 
and higher-order visual cognitive functions were 
low to weak. The logistic regression analyses 
showed that performance on the majority of mid- 
range visual tasks could not significantly predict 
performance on the tasks assessing higher-order 
visual cognitive functions. Amongst the full range 
of mid-range visual functions (i.e., color, shape, 
location, orientation, contrast, texture and motion), 
only the ability to perceive orientation significantly 
classified patients as having an impaired emotion 
recognition. An impaired visuoconstruction and 
visual memory was only significantly predicted by 
a worse perception of location. The odds-ratios 
were low in all these cases.

Apart from the group analyses, we also analyzed 
individual patients who showed or did not show 
mid-range visual impairments and/or higher-order 
visual cognitive impairments. Overall, the mid- 
range visual functions were associated with higher- 
order visual cognitive functions to a limited extent. 
In fact, we found several very clear double dissocia-
tions: there were patients who had selective deficits 
in mid-range visual functions without having any 
higher-order visual cognitive deficits, while there 
were at the same time patients with selective deficits 
in higher-order visual cognitive functions without 
having mid-range visual deficits. This indicates that 
deficits in mid-range visual functions and higher- 
order visual cognitive functions can occur relatively 
independently.

The findings of this independence are in line 
with earlier studies by Ettlinger (1956) and De 
Haan et al. (1995), who showed that the presence 
of visuosensory impairments in brain damaged 

Table 6. Logistic regression analyses with both the perception-compound and the action-compound as separate 
predictors and impaired/non-impaired scores on FEEST, Doors, and Rey-copy as outcome variable, adjusted for age.

Model
FEEST 

OR (95% CI), p – value
Doors 

OR (95% CI), p – value
Rey-copy 

OR (95% CI), p – value

“Perception”-compound .71 (.38–1.33), .285 .57 (.25–1.35), .202 .94 (.47–1.9), .869
“Action”-compound .24 (.11 – .54), .001 .61 (.29–1.29), .198 .42 (.19 – .93), .033

Note. OR = Odds Ratio; 95% CI = 95% Confidence Interval of the Odds Ratios; FEEST = Facial Expressions of Emotions: Stimuli and Test
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patients with various etiologies were not sufficient 
to create higher-order visual disorders, such as 
agnosia. Also, it has been suggested that there is 
not always a clear distinction between so-called 
lower-order visual functions and higher-order visual 
cognitive functions. For instance, it has been found 
that even so-called lower-order or mid-range visual 
functions, such as color, require several levels of 
processing and may thus as well be conceptualized 
as a higher-order visual process (T. C. W. Nijboer et 
al., 2006; Heywood & Cowey, 1996; Van Zandvoort 
et al., 2007).

Our findings are not in line with the hierarchical 
nature of the two visual-pathway model because of 
various reasons. First, we found that the perception- 
compound score (i.e., color, shape and texture) pre-
dicted neither visual recognition abilities (emotion 
recognition and visual recognition memory), nor 
visuoconstructive functioning, while the action- 
compound (i.e., orientation, location and motion) 
predicted both emotion recognition and visuocon-
structive functioning. Thus, we found no clear sys-
tematic two-pathway associations between visual 
recognition abilities and perception-cues, or a spe-
cific association between visuoconstruction abilities 
and action-cues. Second, the deficits in basic visual- 
sensory functions did not always create deficits in 
so-called higher-order visual cognitive functions. 
They often occurred independently. According to 
the two-pathway model, deficits in basic visuo- 
sensory functions must lead to deficits in higher- 
order, complex visual cognitive functions (Goodale 
& Milner, 1992).

Our results are more in keeping with the view of 
a parallel organization of visual functions, such as 
the “patchwork” model (De Haan & Cowey, 2011). 
In the “patchwork” model, separated nodes are 
described for all visual functions. According to 
this model, there are many overlapping networks 
consisting of constellations of retinotopic maps 
feeding into a number of different effector systems, 
such as perception, memory, action and affect (De 
Haan & Cowey, 2011; Kravitz et al., 2011). There 
are many interconnections between the different 
networks (Ponce et al., 2011), such as the interac-
tions between position and shape networks (Janssen 
et al., 2008) and the shape and color networks 
(Seymour et al., 2010). Indeed, our data did show 
some associations between visual functions. For 
instance, the perception of emotions was mainly 
related to orientation perception. This could reflect 
the required orientation reaction to emotion per-
ception (Nagy et al., 2005), which may be part of 

the extensive interconnections between (nonhier-
archical) visual networks. Also, our finding that 
location perception was related to both visuocon-
struction and visual memory suggests a possible 
overlap of different networks, instead of two hier-
archical pathways. However, it should be noted that 
future studies are needed to test this alternative 
“patchwork” model.

This study is subject to some limitations. Although all 
patients had passed the acute stage of recovery (two 
weeks), the range of time since stroke is large (between 
subacute and early chronic phase), which could have 
had minor effects on the results. However, if small 
differences in functioning due to the time since stroke 
would be present, then these would be expected to be 
present in both the mid-range visual functions and 
higher order visual cognitive functions. As the assess-
ment of the mid-range visual functions and the assess-
ment of the “higher-order” visual cognitive functions 
took place at the same time since stroke, differences in 
time since stroke would only have limited effect on our 
outcome.

A practical issue of the study concerns the use of a limited 
amount of higher-order visual cognitive tasks. Although we 
have used a very broad spectrum of mid-range visual tasks, 
we only included three higher-order visual cognitive tasks in 
our study. Our main goal was to evaluate the presence of a 
hierarchical pattern of lower-order visual functions and 
higher-order visual cognitive functions in the two pathways 
of the “two-pathway” model. To this end, we used three tasks 
that are used in clinical practice and that could represent 
higher-order functions requiring an advanced visual proces-
sing which would, according to the two-pathway model, be 
typical for the dorsal pathway (visuoconstruction) and the 
ventral pathway (emotion recognition and visual memory). 
Examining additional higher-order visual abilities, such as 
object recognition or visual guided reaching, could shed 
more light on the interconnections between the different 
visual cognitive processes.

Furthermore, although our results are not in line 
with the hierarchical nature of the two visual-pathway 
model, due to the above-mentioned limitations we can-
not rule out at least some claims of the two visual- 
pathway model. Therefore, more studies are needed to 
test an alternative model of the visual brain. Although 
we found that mid-range and complex higher-order 
visual deficits are not organized in a hierarchical man-
ner and not within two pathways, we have not yet 
reached a clear understanding on how these functions 
are organized. For example, with structural DTI and 
fMRI analysis, different networks of the visual system 
could be mapped and clarify the interconnections. From 
a clinical point of view, our findings indicate that 
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although mid-range visual functions occur frequently, 
they have limited effect on the more complex visual 
cognitive processes. The question may rise what the 
ramifications of mid-range visual deficits are for func-
tional outcome and daily living in the chronic phase 
post-stroke. For example, when a patient shows 
impaired shape and orientation processing without 
impairments in higher-order visual cognitive function-
ing, could these shape and orientation deficits still be 
predictors for daily-life functioning?

To conclude, this is the first study that investigated a 
comprehensive range of mid-range visual functions within 
the same paradigm in relation to different higher-order visual 
cognitive functions. The associations between mid-range 
visual functions and higher-order visual cognitive functions 
did not occur systematically. Moreover, the mid-range visual 
deficits did not show direct knock-on effects on higher-order 
visual cognitive functions. We conclude that the patterns 
between visual subprocesses suggest the existence of multiple 
networks instead of two pathways. Therefore, our findings 
are not supportive of the hierarchical two-pathway model but 
more in line with an alternative patchwork model. Future 
studies are needed to test this alternative model.
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