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Abstract: One of the most fundamental, and most studied, human cognitive functions is working
memory. Yet, it is currently unknown how working memory is unified. In other words, why does
a healthy human brain have one integrated capacity of working memory, rather than one capacity
per visual hemifield, for instance. Thus, healthy subjects can memorize roughly as many items,
regardless of whether all items are presented in one hemifield, rather than throughout two visual
hemifields. In this current research, we investigated two patients in whom either most, or the entire,
corpus callosum has been cut to alleviate otherwise untreatable epilepsy. Crucially, in both patients
the anterior parts connecting the frontal and most of the parietal cortices, are entirely removed.
This is essential, since it is often posited that working memory resides in these areas of the cortex.
We found that despite the lack of direct connections between the frontal cortices in these patients,
working memory capacity is similar regardless of whether stimuli are all presented in one visual
hemifield or across two visual hemifields. This indicates that in the absence of the anterior parts of the
corpus callosum working memory remains unified. Moreover, it is important to note that memory
performance was not similar across visual fields. In fact, capacity was higher when items appeared in
the left visual hemifield than when they appeared in the right visual hemifield. Visual information
in the left hemifield is processed by the right hemisphere and vice versa. Therefore, this indicates
that visual working memory is not symmetric, with the right hemisphere having a superior visual
working memory. Nonetheless, a (subcortical) bottleneck apparently causes visual working memory
to be integrated, such that capacity does not increase when items are presented in two, rather than
one, visual hemifield.
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1. Introduction

Working memory is a key cognitive process in humans. It is needed to achieve goals, such as
navigating through traffic, understanding situations, and producing coherent language. Due to its
prominence, working memory has been extensively investigated. However, several fundamental issues
remain unsolved. Firstly, when it comes to visual working memory the location of the neural basis is
unclear. Some studies suggest that it resides mainly in the frontal cortical areas [1,2], whereas other
research suggests that occipital areas are the primary source [3,4]. Secondly, it is unclear what unifies
visual working memory. In other words, why is capacity roughly the same regardless of whether all
items are presented in one visual hemifield, or across the entire visual field? This question is based on
the observation that visual information in the left hemifield is projected to the right hemisphere and
vice versa [5–8]. Thus, if each hemisphere would have its own, independent, memory storage, then
items that are presented across the visual field capacity should be the sum of the capacity when items
are presented in the left and the right hemifield—we will elaborate on this in more detail later on.

A prime candidate underlying the unification of visual working memory seems to be the corpus
callosum. In humans, nearly all communication between the cerebral hemispheres flows through the
corpus callosum [9–11]. Thus, if full-field working memory is housed in both hemispheres, then it
seems almost inevitable that the unification of memory processing relies on the corpus callosum.

Interestingly, both issues are related. This can be understood by assuming that working memory is
located in the frontal cortical areas. The brain contains two frontal cortices—one in the left hemisphere
and one in the right hemisphere. Let us consider what happens if the connections between the left and
right frontal cortex are severed. If the frontal cortex is indeed the seat of working memory, then this
would cause two independent working memory storages. As mentioned, it is important to note
that visual information from the left hemifield is initially processed by the right hemisphere and
vice versa [5–8]. Thus, if there are two independent working memory storages, it could be that the
working memory storage in the left hemisphere exclusively (or primarily) stores visual information
coming from the right hemifield and the storage in the right hemisphere records information from the
left hemifield. In some sense, this is what disunified working memory implies, not one integrated
storage for the entire visual field, but different independent storages for different parts of the visual
field. In other words, if working memory is housed in the frontal cortex, and the corpus callosum
unifies working memory, then it can be expected that severing the frontal parts of the corpus callosum
disunifies working memory.

If two independent memories exist, this can be clearly established. Let us assume that each
independent working memory has a capacity of N, i.e., each storage can contain N items. That means
that the storage in the left hemisphere can record N items from the right visual field and similarly for
the other hemisphere. Thus, if the subject is presented with 2N items, with N items in each hemifield,
then all items can be stored. Yet, if the same 2N items are presented within one hemifield only N of
them can be recorded. In short, if working memory storage is disunified and each hemisphere has its
own storage that only stores items of one visual field, then memory capacity will be double when items
are presented bilaterally (i.e., in two visual fields) rather than unilaterally (i.e., in one visual field).
Note that under normal circumstances working memory is unified. That is, although working memory
may be somewhat elevated when items are presented bilaterally rather than unilaterally capacity does
not double in the bilateral condition [12,13].

Interestingly, visual attention, which is arguably closely related to working memory [14,15],
can sometimes be disunified in healthy subjects. For instance, during multiple object tracking
(MOT, [16–19]) the subject attentively follows multiple moving items at once. Interestingly, the number
of items that a subject can track during MOT doubles when the items are presented bilaterally, rather than
unilaterally, even when controlling for average distance between the items [20,21]. This suggests
that MOT is disunified, and each cerebral hemisphere tracks moving objects in one visual field
independently from the other hemisphere. Indeed, electroencephalogram (EEG) research has revealed
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that when a tracked item crosses from one visual field to another, a transfer of information seems to
occur, where one hemisphere informs the other [22].

In the current research, we investigated two split-brain patients in whom the anterior parts of the
corpus callosum have been removed. This removal prevents direct communication between the frontal
parts of the cerebral cortex. We studied if the visual working memory in these patients remains unified,
or is split. If it is split, this would suggest that working memory is seated in the frontal cortex and
is unified through the anterior parts of the corpus callosum. However, if working memory remains
unified, then one of these two assertions is likely invalid.

2. Method

2.1. Participants

We tested two split-brain patients in this investigation. In Experiments 1–3 we tested patient
MC. MC was 21 years old at the time of this study. He received his first callosotomy, in which 2/3 of
the anterior part of the corpus callosum was cut, when he was 16 years old. The remainder of the
anterior part of the corpus callosum was cut when MC was 17 years old. In total, 4/5 of the entire
corpus callosum of MC (the entire anterior part of the corpus callosum) was severed (leaving only the
splenium and the posterior part of the isthmus intact). The IQ of MC was 85 both before and after
the operation.

In Experiments 4 and 5 we tested DDC. DDC had undergone full corpus callosum resection
in order to relieve drug-resistant epilepsy. Moreover, his anterior commissure was almost entirely
removed as well. See Fabri et al., 2006 [23], Pizzini et al., 2010 [24], and Corballis et al., 2010 [25], for a
detailed description of this patient.

See Figure 1 for recent Magnetic Resonance Imaging (MRI) scans of MC and DDC. The studies
were approved by the ethical committee of the Marche Polytechnic University, Ancona, Italy,
Protocol n. 210/655. Both subjects were extensively informed before each experiment and explicitly
consented before participating.
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Figure 1. Magnetic Resonance Imaging (MRI) scans of patient MC (left) and DDC (right).

2.2. Stimuli and Procedure

In all experiments, the participant was seated 50 cm away from the screen (width of the screen:
46◦ of visual angle; height: 26◦). The fixation spot was black (luminance: 0 cd/m2) and had a diameter
of 0.86◦. The background was light gray (Commission Internationale de l’Eclairage (CIE) x, y: 0.279,
0.304; luminance: 5.56 cd/m2).
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See Figure 2 for an overview of the procedure. Each trial started with a red fixation spot
(radius 0.36◦, CIE: x, y: 0.641, 0.341 luminance: 11.9 cd/m2) in the centre of the screen on an otherwise
blank, white, background (CIE: x, y: 0.289, 0.317 luminance: 63.2 cd/m2), presented for 0.5 s. Then the
memory display, consisting of a fixation spot and 6 cartoon pictures (size: 2.37◦ × 3.35◦) and the same
white background, appeared for 0.12 s. The cartoon pictures were presented on an imaginary circle
around fixation (radius of the circle: 6.57◦). There were four conditions, left visual field, right visual
field, upper field, and lower field. In the first condition, all items appeared in the left visual field,
the items were distributed evenly across the imagery circle, with the first item at 15◦ and the final item
at 165◦ where 0◦ is a straight line, up from fixation, 90◦ is a straight line to the right from fixation, etc.
In the second condition, the items appeared on the imaginary circle from 105◦ to 255◦. In the third
condition the items appeared on the imaginary circle from 285◦ to 75◦. Finally, in the fourth condition
the items appeared on the imaginary circle from 195◦ to 345◦. Thus, in all conditions the inter-item
distance was identical, but in the first two conditions all items appeared in one visual field, whereas in
the final two conditions the items appeared distributed across both visual fields. In one third of the
trials, all of the items appeared in the left visual field, in another third, all of the items appeared in the
right visual field, in one sixth the items appeared in the upper field and in anther sixth of the trials the
items appeared in the lower field. All conditions were randomly intermixed throughout the session.
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Figure 2. From top to bottom, an overview of Experiments 1–5. In all of the experiments, visual
working memory was tested. MC performed Experiments 1–3 and DDC performed Experiments 4 and
5. “Diverso” indicates different, meaning that the item at the cued location changed from memory to
test display. “Uguale” indicates same, meaning that the item at the cued location was the same in both
the memory and test display.

Subsequently the fixation spot was presented again, on an otherwise blank white background,
for 1 s. Then, the test display appeared for 1 s. The test display was identical to the memory display
(with the addition of a 2-pixel wide cue, length of the cue: 3.95◦, CIE: x, y: 0.279, 0.304 luminance:
5.56 cd/m2) on 50% of the trials. Each location was equally likely to be cued. On the other 50% of the
trials, the test display was identical to the memory display (with the addition of a cue), except that the
cartoon picture at the cued location in the test display was different from the cartoon picture at the
cued location in the memory display. After offset of the test display, the participant indicated whether
the item at the location indicated by the cue changed from the memory display to the test display.

Experiment 2 was the same as Experiment 1, except instead of cartoon pictures, we employed
colored rectangles (height: 2.85◦, width: 1.13◦). Possible colors: cyan, CIE: x, y: 0.214, 0.312 luminance:
51.2 cd/m2; green, CIE: x, y: 0.293, 0.606 luminance: 44.7 cd/m2; yellow, CIE: x, y: 0.405, 0.521 luminance:
56.7 cd/m2; light green, CIE: x, y: 0.314, 0.59 luminance: 46.4 cd/m2; blue, CIE: x, y: 0.148,
0.072 luminance: 6.47 cd/m2; red, CIE: x, y: 0.641, 0.341 luminance: 11.9 cd/m2; purple, CIE: x,
y: 0.286, 0.147 luminance: 18.4 cd/m2; red-blue, CIE: x, y: 0.502, 0.265 luminance: 12.9 cd/m2. For each
trial, 6 colors were randomly selected. The background color of the screen was dark gray (CIE: x, y:
0.279, 0.304 luminance: 5.56 cd/m2) and the fixation spot and the cue were white (CIE: x, y: 0.289,
0.317 luminance: 63.2 cd/m2).

Experiment 3 was the same as Experiment 2, except now the memoranda consisted of white
oriented rectangles (CIE: x, y: 0.289, 0.317 luminance: 63.2 cd/m2). Possible orientations of the rectangle:
0◦, 45◦, 90◦, and 135◦ (where 0◦ indicates vertical, 90◦ horizontal, and 45◦ and 135◦ right oblique and
left oblique, respectively). If a rectangle changed from memory to test display, its orientation changed
by 90◦.
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See Figure 2 for an overview of the procedure of Experiments 4 and 5. Experiment 4 was the
same as Experiment 2 except for the following changes. The memory display, consisted of a fixation
spot and 2 colored rectangles. In the left visual field condition, the items appeared at 225◦ and 315◦.
In the right visual field condition, the items appeared at 45◦ and 135◦. In the upper field condition,
the items appeared at 315◦ and 45◦. In the lower field condition, the items appeared at 225◦ and 315◦.
Moreover, the test display consisted only of the fixation spot and a cue highlighting one location. Finally,
the response display appeared and remained visible until the participant responded. The response
display consisted of four differently colored rectangles, among them both colored rectangles that were
present in the memory display. Experiment 5 was the same as Experiment 4, except now instead of
2 colored rectangles, 2 oriented rectangles (similar to Experiment 3) were presented.

In all of the experiments, each session consisted of 3 blocks of 24 trials. MC performed 288 trials,
across 4 sessions of Experiment, 1504 trials across 7 sessions of Experiment 2, and 576 trials across
8 sessions of Experiment 3. DDC performed 288 trials across 4 sessions of Experiment 4 and 144 trials
across 2 sessions of Experiment 5. The number of trials per experiment was determined by logistical
constraints. That is, we had a limited amount of testing time per subject, and distributed this time over
several experiments. The experiments were self-paced, such that the subject took as many breaks as
deemed necessary, leading to a variable amount of trials per allotted time slot.

2.3. Analysis

We calculated capacity in Experiments 1–3 as follows: Capacity = set size * 2 * (accuracy—0.5).
In Experiments 4 and 5, capacity was calculated as follows: Capacity = set size * 4/3 * (accuracy—0.25).
The logic behind these formulas is that if the subject does not know the answer, he will have to guess
randomly and, thus, have an accuracy of 50% in Experiments 1–3 and 25% in Experiments 4 and 5.
If he does know the answer, his accuracy is 100%. Moreover, the subject will know the answer on
capacity/set size fraction of the trials. Bilateral capacity was defined as the average of the capacity in
the upper and lower field conditions. Unilateral average was defined as the average of the capacity in
the left and right visual field conditions, whereas unilateral sum was defined as the sum of the capacity
in the left and right visual field conditions.

3. Results

See Figure 3 for an overview of the results. We tested statistical differences between capacity in
the different conditions through permutation testing, where we compared accuracy in the bilateral
condition to capacity of the unilateral sum of capacity or the unilateral average of capacity. The main
result is that in all of the experiments the bilateral capacity was significantly lower than the sum of the
capacities in the unilateral conditions, and in 4 of the 5 experiments this difference was significant
(Exp.1: p = 0.006, Exp.2: p < 0.001, Exp.3: p < 0.001, Exp.4: p = 0.033, and Exp.5: p = 0.089). Yet,
in none of the experiments bilateral capacity was significantly larger than the unilateral average (Exp.1,
p = 0.87; Exp.2, p = 1; Exp.3, p = 0.131; Exp.4, p = 0.817; Exp.5, p = 0.583). However, on average,
across Experiments 1–3, the bilateral capacity was slightly higher than the average unilateral capacity
(i.e., 12.9% higher), whereas across Experiments 4 and 5, the bilateral capacity was 22.7% higher than
average unilateral capacity. Note that these results are similar to what is found in healthy adults,
in whom bilateral working memory capacity is slightly higher in the bilateral than the unilateral
conditions but far from being the sum of the capacities per hemifield [12,13].
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1–3, the bottom panel shows the results of Experiments 4 and 5. LVF indicates left visual field, RVF right
visual field, Bilateral is the average of upper and lower field. Avg indicates the average of the unilateral
conditions, Sum indicates the sum of the unilateral conditions. Capacity is depicted on the y-axis.
The results clearly show that across experiments capacity in the bilateral condition is only slightly
higher than the average capacity in the unilateral conditions.

4. Discussion

To summarize our results, in two patients without the anterior part of the corpus callosum visual
working memory capacity was similar in the bilateral and the unilateral condition. This suggests that
visual working memory remains largely unified in the absence of most of the corpus callosum.

4.1. Visual Working Memory versus General Working Memory

One important point of note here is that we investigated visual working memory, however, this may
not generalize to working memory in general. Specifically, visual short-term memory consists of
different stages that have different features and different neural underpinnings. Iconic memory [26,27] is
considered to be the most low-level representation of visual stimuli. This storage seems to be retinotopic
and represents unbound visual features [26]. Its neural basis seems to be the early visual cortex [28].
Fragile visual short-term memory is an object-based visual memory [29], which is less low-level than
iconic memory, but is still visual and not cognitive in nature. Furthermore, this visual store seems to
be located in the occipital cortex, specifically V4 [3,29]. The final visual short-term memory storage
is visual working memory, which may be less visual specific, and more abstract in nature [26,29,30].
This visual storage may be more based in anterior cortical structures [31]. This subdivision of visual
short-term memory is not uncontroversial [32,33]. Yet, the main point here is that visual short-term
memory may not be a perfect proxy for working memory in other settings. Working memory is often
thought of as a short-term memory storage in which abstract information is held and manipulated. Yet,
the early stages of visual short-term memory storage is mainly passive and sensory specific. Moreover,
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working memory is thought to be closely related to attention [14,15], whereas the early stages of visual
short-term memory seem to be attention independent [34,35]. However, note that the early stages of
visual short-term memory are only assessed when the memory probe appears shortly after the visual
display has disappeared and no visual masks appear in between the visual display and the memory
probe [26,29]. Yet, in the current task we employed a change detection task in which a visual mask
(either as test display or response display) did appear. Thus, we can be fairly confident that in the
current set-up visual working memory, and not one of the earlier visual short-term memory storages,
was assessed.

Thus, one limitation of our research is that it is not completely certain that we have only probed
visual working memory, but other types of visual memory as well. There are two other noteworthy
limitations. First, as nearly all (visual) working memory studies show, when it comes to capacity there
are strong individual variations. This indicates that working memory is not uniform across individuals.
Here, we generalized, based on two individuals, to the population at large. Our research concerns the
neural basis of the unity of working memory, and not working memory capacity. It seems less likely that
individual variations play a large role here. Yet, we do not yet know for sure that the neural processes
underlying the unity of working memory are similar across individuals. Second, our study only
addresses visual working memory. Since cognition and visual perception are substantially different in
many respects, it is not certain that our findings regarding visual working memory generalize to other
types of (cognitive) working memory.

4.2. Asymmetry of Visual Working Memory

In our current data, we found that DDC performed better when items appeared in the left visual
field. Since information in the left visual field is projected to the right hemisphere, this indicates that
storage of visual information is superior in that hemisphere. This finding is in line with what we found
in our previous studies [36,37]. Note that it is also congruent with several studies that also suggest that
in healthy adults the right hemisphere is more important for visual working memory than the left
hemisphere [38,39].

Although both hemispheres seem to contribute differently to visual working memory,
some unification does seem to occur. After all, if each hemisphere would store information completely
independently of the other, then capacity in the bilateral condition should be the sum of the capacity in
the unilateral conditions. However, this is not the case, neither with healthy adults, or patients without
most, or all, of the corpus callosum.

4.3. Subcortical Unification

If we did indeed assess visual working memory, then our results seem somewhat surprising.
After all, as mentioned, there are several indications that visual working memory is located in the
frontal cortical areas. Moreover, these areas are directly connected across hemispheres through the
anterior parts of the corpus callosum. Thus, it seems that cutting these connections should disunify
visual working memory. However, this does not automatically follow. After all, it is possible that
other, indirect, routes underly the unity of visual working memory. Note that the spontaneous
regeneration of these direct connections is unlikely. In MC, the operation was performed recently.
In DDC, the operation was performed more than two decades ago. However, fairly recent brain
imaging revealed that no parts of the corpus callosum had spontaneously regenerated [24,25].

One possibility is that unification does not occur directly through connections between the frontal
structures, but indirectly via the occipital cortex. That is, visual information is initially processed in
the occipital cortex. During this processing the information is shared across hemispheres through
the posterior part of the corpus callosum. Subsequently, this information is processed and stored in
the frontal cortical areas. If this is how visual working memory is unified, then the anterior corpus
callosum plays no role in its unification. Note that such an explanation may be able to explain why
visual working memory is unified in MC, yet it cannot explain why visual working memory is unified
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in DDC. However, this is not a decisive argument against this explanation since DDC’s capacity was so
low that his data are inconclusive.

The second possibility is that visual working memory is unified through subcortical structures.
This may seem unlikely, but other attention related processes are subcortically unified as well, so it
may not be impossible. A prominent example of subcortical unification of an attentional process is
the attentional blink. The attentional blink denotes the phenomenon that when two targets in a rapid
visual stream follow each other with a delay between these targets of 200–500 milliseconds, the second
target is often missed [40,41]. That is, attentional engagement with the first target seems to cause an
‘attentional blink’ for the second target. In healthy adults, the attentional blink occurs across visual
fields. If there are two rapid visual streams, one in each hemifield, then the second target is often
missed, even if the targets appear in separate streams. Interestingly, this cross-hemisphere blink also
occurs in split-brain patients [42,43]. Thus, even in the absence of the corpus callosum the attentional
blink remains unified across visual fields. Note that such subcortical unification of an attention related
process is possible, but it does not always occur. For instance, when healthy adults perform a visual
search task, their search efficiency is similar regardless of whether items are displayed bilaterally or
unilaterally. However, split-brain patients perform a visual search twice as efficiently when items are
presented bilaterally [44,45], suggesting that visual search becomes disunified, i.e., each hemisphere
searches through one visual field independently of the other—without the corpus callosum. For a
more extensive overview of which attentional processes are unified or split in the absence of the corpus
callosum, see our recent overview work [37,46]. In short, given that some attentional processes are
unified through subcortical structures, it is possible that the same holds for visual working memory.

5. Conclusions

In the current research we have shown that visual working memory remains unified in the absence
of the anterior parts of the corpus callosum. This implies that visual working memory is not located in
the frontal cortex and/or visual working memory is not unified through direct callosal connections
between the frontal cortices. Moreover, DDC’s performance indicates that visual working memory is
not a symmetric capability, since the right hemisphere seems to have somewhat superior capacity.
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