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Human Dorsolateral Prefrontal Cortex Is Not Necessary for
Spatial Working Memory
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A dominant theory, based on electrophysiological and lesion evidence from nonhuman primate studies, posits that the dorsolateral
prefrontal cortex (dIPFC) stores and maintains working memory (WM) representations. Yet, neuroimaging studies have consistently
failed to translate these results to humans; these studies normally find that neural activity persists in the human precentral sulcus (PCS)
during WM delays. Here, we attempt to resolve this discrepancy. To test the degree to which dIPFC is necessary for WM, we compared
the performance of patients with dIPFClesions and neurologically healthy controls on a memory-guided saccade task that was used in the
monkey studies to measure spatial WM. We found that dIPFC damage only impairs the accuracy of memory-guided saccades if the
damage impacts the PCS; lesions to dorsolateral dIPFC that spare the PCS have no effect on WM. These results identify the necessary

subregion of the frontal cortex for WM and specify how this influential animal model of human cognition must be revised.
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ignificance Statement

translation of animal models of human cognition.

High-level cognition depends on working memory (WM) as a critical building block, and many symptoms of psychiatric disorders
may be the direct result of impaired WM. Canonical theory posits a critical role for the dorsolateral prefrontal cortex (dIPFC) in
WM based on studies of nonhuman primates. However, we find that spatial WM in humans is intact after dIPFC damage unless it
impacts the more caudal PCS. Therefore, the human dIPFC is not necessary for spatial WM and highlights the need for careful

~
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Introduction

Working memory (WM) is the process by which one maintains
task relevant, but no longer externally available, information.
Most higher-level cognitions rely on these maintained WM rep-
resentations, and some psychiatric symptoms may be the result of
their disruption (Park and Holzman, 1992; Goldman-Rakic,
1994; Conklin et al., 2000; Sweeney et al., 2000), which together
has motivated an intense search into the neurobiological mecha-
nisms that support WM. According to the dominant theory in the
field, neural activity in dorsolateral prefrontal cortex (dIPFC)
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stores and maintains WM representations (Goldman-Rakic,
1995). The primary evidence for this theory rests on two compel-
ling findings from nonhuman primates. First, neuronal activity
in monkey dIPFC neurons selective for the spatial location of a
remembered target persists during the retention of that location
(Funahashi et al., 1989). Second, experimental lesions of the
dIPFC impair the animal’s ability to remember locations in the
contralesional visual field (Funahashi et al., 1993). However,
neuroimaging studies typically fail to find persistent activity in
the human dIPFC during spatial WM delays (Courtney et al.,
1998; Srimal and Curtis, 2008). Instead, researchers consistently
find that neural activity persists more caudally in the precen-
tral sulcus (PCS), the putative human homolog of the monkey
frontal eye field (Courtney et al., 1998; Srimal and Curtis,
2008). Therefore, the role of the dIPFC in spatial WM remains
inconclusive. This controversy has existed for decades (Curtis
and D’Esposito, 2004) and continues to drive theoretical ques-
tions about the role of the PFC in WM (Sreenivasan et al.,
2014; D’Esposito and Postle, 2015). For instance, research
questions whether the PFC actively stores WM representa-
tions or directs attention to representations stored in sensory
cortices (Lebedev et al., 2004; Emrich et al., 2013; Ester et al.,
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Figure1. a,Rationale and hypotheses of the current study. Neural activity persists in the monkey dIPFC during the retention interval of MGS tasks (Funahashi et al., 1989). Lesions to the monkey

dIPFC cause impaired MGSs, especially when made into the visual field contralateral to the lesion (Funahashi et al., 1993). Hypothesis 1: These monkey data predict that lesions to human dIPFC will
impair spatial WM performance, including the accuracy of MGSs. However, human neuroimaging studies typically find persistent activity or multivoxel decoding of information restricted to the PCS,
posterior to the likely homolog of the monkey principal sulcus in the dIPFC (Courtney et al., 1998; Srimal and Curtis, 2008; Jerde et al., 2012; Sprague et al., 2014). Hypothesis 2: These data predict
that lesions to human PCS, not dIPFC, will impair WM performance. b, MGS task used to measure WM ability. ¢, Dependent variables measured in the current study. Derived from eye tracking data,
we measured the following: saccadic response time (in milliseconds), time between the offset of the fixation after the delay and the initiation of the MGS; primary saccade error (in degrees of visual
angle), the deviation between the position of the eye following the first primary saccade and the target; final saccade error (in degrees of visual angle), the deviation between the target and the
position of the last fixation before the target feedback was re-presented; saccade gain (ratio), amplitude of the saccade divided by the amplitude of the target.

2015; Pasternak et al., 2015). In the current study, our goal was
to resolve the discrepancies between the prevailing animal
model of human WM and evidence from human neuroimag-
ing studies (Fig. 1a) and simply test the hypothesis that dam-
age to the human dIPFC will cause spatial WM impairments.
We consider this a critical first step before testing hypotheses
about the precise mechanisms (e.g., storage or attention) the
PFC may or may not use to support WM.

To test the degree to which dIPFC is necessary for WM, we
compared the performance of patients with dIPFC lesions and
neurologically healthy controls on a memory-guided saccade
(MGS) task similar to that used in the monkey studies (Fig.
1b). In this task, participants remembered the spatial location
of a transient stimulus throughout a variable delay period.
Shortly thereafter, a cue instructed participants to make an eye
movement to the remembered location. To control for the
potential effects on visual acuity and saccade execution, par-
ticipants also performed a visually guided saccade task. We
split patients into two groups: those whose lesions encroached
on the PCS and those whose lesions did not (Fig. 2). This
distinction allowed us to test different predictions based on
conflicting results between human neuroimaging and nonhu-
man primate studies. Whereas nonhuman primate results pre-
dict that patients with dIPFC lesions will be impaired in WM
performance, human neuroimaging results predict that only
those patients whose lesions impact the PCS will be impaired.
To assess WM performance, we measured the distance in de-
grees of visual angle between the cued target location and the
participants’ eye position after the MGS (Fig. 1¢).

Materials and Methods

Subjects. We recruited 12 patients (4 female, mean age 37.4 years, age
range 19—46 years) with surgical resections of cortical tissue from the
dIPFC (5 right-sided lesions, 7 left-sided lesions) from New York
University’s Patient Registry for the Study of Perception, Emotion,
and Cognition (Fig. 1). Three patients had lesions of the PCS, and the
other nine patients had lesions that covered other areas of the dorso-
lateral PFC but spared the PCS. All patients previously underwent
surgical resection to treat cortical tumors or focal epilepsy (Table 1).
All patients had no clinical evidence of hemispatial neglect. The
amount of time that had passed since their surgery varied from 0.22
years to 16.42 years, with a mean of 3.97 years. It is important to note
that, because a significant amount of time had passed since surgical
intervention, any potential acute oculomotor deficits would have
been resolved. Nine neurologically healthy individuals (3 female,
mean age 31.8 years, age range 20—45 years) served as age-matched
experimental controls. All subjects gave written informed consent
before participating and were compensated monetarily. All proce-
dures were approved by the human subjects Institutional Review
Board at New York University.

Oculomotor procedures. Monocular eye-movement data were collected
at either 500 Hz or 1000 Hz using an SR Research EyeLink 1000 eye-
tracker. Subjects sat in a darkened room while their head was stabilized
using a chin rest to eliminate head movement and help them remain
comfortable during the task. Nine point calibrations were performed at
the beginning of each session as well as between runs whenever necessary.
Experimental stimuli were displayed against a gray background, and ex-
perimental tasks were programmed in MATLAB (The MathWorks) us-
ing the MGL toolbox.

Experimental procedures. All subjects performed blocks of two differ-
ent saccade tasks. Each block consisted of a visually guided saccade (VGS)
task followed by an MGS task. Between blocks, subjects were encouraged
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Figure 2.  a, dIPFClesions from patients overlaid on the left hemisphere of structural MRI slices. Five patients had dIPFC lesions that spared the PCS but impacted portions of the middle and
superior frontal gyri as can be seen in the lesion overlap reconstruction. Three patients had dIPFC lesions that further encroached upon the PCS. The Z numbers below indicate the slice planes in
standardized MNI space (millimeters above anterior commissure). Color bar represents the number of patients (n = 8) with lesions to that part of brain. These lesions are more circumscribed than
those typically caused by neurovascular events. Patients with right hemisphere lesions (n = 4) were flipped to generate the overlap lesion reconstruction. b, Example patient (dIPFC2) with a
resection of the dIPFC (blue area) that spared the PCS (red line). ¢, Example patient (PCS1) with a resection (red area) that removed a portion of the PCS (white line). For more details, see Materials
and Methods. For demographic, etiologic, and neuropsychologic data, see Table 1. d, Individual lesion reconstructions for each of the PFC patients with resections of dIPFC sparing the PCS. e, PCS
patients with resections of dIPFCimpacting the PCS. Asterisks denote that the patient was excluded because of failure to maintain central fixation when the memory cue appeared in the periphery
for at least 50 trials (for details, see Table 3).

Table 1. Demographic data and lesion information on the sample of patients with prefrontal cortex resections”

Age (years) Gender Handedness Education (years) Lesion size (ml) Years since resection Hemisphere Cause for resection
dIPFC1 46 M Right 16 41.07 59 Left Glial tumor
dIPFC2 41 F Right 17 139.62 16.42 Right Epilepsy
dIPFC3 23 F Right 16 36.24 0.73 Left Oligodendroglioma (low-grade)
dIPFC4 45 M Right 16 1.98 0.88 Left Cavernoma
dIPFC5 19 M Right 14 2.01 0.22 Right Astrocytoma (low-grade)
dIPFC6° 44 F Right 18 28.36 25 Left Oligodendroglioma (low-grade)
dIPFC7° 4 M Right 13 33.79 467 Left Neoplasm (glioma)
dIPFC 8 33 M Right 17 114.03 3.65 Right Focal cortical dysplasia
dIPFC9? 30 M Right 16 22.24 6.97 Left Hamartoma with balloon cells
PCS1 39 M Right 14 56.56 43 Right Tumor
PCS2 27 M Right 18 154.45 5.78 Left Epilepsy
PCS3 37 F Right 17 2837 5.64 Right Focal cortical dysplasia

“dIPFC, dIPFC resection sparing the PCS; PCS, prefrontal cortex resection impacting the PCS.
OExcluded because of failure to maintain central fixation when the memory cue appeared in the periphery for a minimum of 50 trials.

to take breaks as necessary to remain both comfortable and alert
throughout the experiment. All subjects were instructed to complete as
many blocks as possible up to a limit of 10 total blocks (mean blocks
completed = 9.1, range = 4-10).

MGS task. Subjects began by fixating a preparation stimulus (black
cross over white dots) at the center of the screen. A target (yellow, 0.5°
diameter dot) then briefly flashed (200 ms) at a random location of 10
degrees eccentricity from the central fixation point. No targets were pre-
sented near the cardinal axes to prevent verbalizing of locations (e.g., up,
down). We instructed subjects to remember the location of the dot for a

variable delay period (3, 3.5, 4, 4.5, or 5 s). At the end of the delay period,
a sound coupled with the disappearance of the fixation point instructed
the subject to shift their gaze to the spatial location of the target they were
holding in memory. After 800 ms, the target was re-presented on the
screen (as a green dot for 700 ms) to provide feedback to the subject. They
were trained to look at the target if their gaze was incorrect (i.e., displaced
from the target). Afterward, an intertrial interval (blue square at central
fixation, 1.5 s) was displayed to notify subjects that the current trial had
ended and a new one was about to begin (Fig. 1b). Each run consisted of
a total of 30 trials.
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Table 2. Neuropsychological scores from patients following prefrontal cortex resections”
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WAIS-IV Digit Span WCST

Cognitive level FsIQ v PRI PSI WMI Forw Back Cat PE NPE L LTL
dIPFC1 Superior 124 132 m m 122 81 36 3 19 34 25 21
dIPFC2 Average 106 110 92 m 108 62 16 0 3 2 1 1
dIPFC3 Average 100 122 9% 92 83 64 32 5 50 45 55 25
dIPFC4 Average 100 103 98 89 m 96 31 4 27 27 34 16
dIPFC5 High average 18 150 102 9% 105 85 90 1 10 2 2 1
dIPFC6° High average 119 122 13 114 m 81 86 5 42 61 45 25
dIPFC 7 Low average 82 98 86 Al 80 95 86 3 14 12 16 16
dIPFC 8° Low average 80 83 86 84 80 97 97 3 5 34 16 5
dIPFC9° Superior 126 130 115 114 122 62 19 4 27 92 58 25
PCS1 Average 99 100 97 97 100 62 86 5 70 61 55 25
PCs2 High average 110 108 109 105 108 86 19 5 77 50 45 25
PCS3 Low average 82 95 88 74 83 97 97 0 2 1 1 1

“dIPFC, dIPFC resection sparing the PCS; PCS, prefrontal cortex resection impacting the PCS; FSIQ, Full-Scale Intelligence Quotient; VCl, Verbal Comprehension Index; PRI, Perceptual Reasoning Index; PSI, Processing Speed Index; FSIQ, VCl,
PRI, PSI, and WMI were derived from the WAIS-IV and have a mean of 100 and SD of 15. Digit Span: Forw, immediate recall of aurally presented digits in the order given (in performance percentiles); Back, same but recall in reverse order;
Cat, number of categories completed; PE, perseverative errors; NPE, nonperseverative errors; CL, conceptual level responding; LTL, learning to learn (all in percentiles relative to normative performance from general population matched for

age and education).

%Excluded because of failure to maintain central fixation when the memory cue appeared in the periphery for a minimum of 50 trials.

Table 3. Descriptions of the amount, usability, and reasons for excluding trials during the MGS task used with the study sample”

Group Trials Usable trials (%) No MGS (%) No left MGS (%) No right MGS (%) Broke fixation (%) Broke fixation left (%) Broke fixation right (%)
(L 270 78 0 0 0 22 14 8
(L2 300 87 7 4 3 6 4 2
L3 300 91 4 2 2 5 3 2
L4 300 86 3 2 1 n 5 6
(TL5 210 91 4 3 1 5 0 5
Le 120 99 0 0 0 1 1 0
aLz 300 95 3 2 1 2 2 0
(TL8 300 55 14 7 7 31 15 16
L9 300 92 4 2 2 4 2 2
dIPFC1 300 97 1 1 0 2 1 1
dIPFC2 240 62 14 8 6 25 1" 14
dIPFC3 240 88 1 0 1 n 7 4
dIPFC4 300 82 1 1 0 17 10 7
dIPFC5 300 81 6 3 3 13 7 6
dIPFC6° 300 0 100 56 44 100 56 44
dIPFC7° 300 0 78 41 37 100 52 48
dIPFC 8’ 150 28 48 22 26 50 26 24
dIPFC9® 300 0 97 52 45 100 55 45
PCS1 300 54 8 5 3 37 18 19
PCS2 300 58 1 1 0 41 26 14
PCS3 300 62 24 13 n 17 7 10

“dIPFC, dIPFCresection sparing the PCS; PCS, prefrontal cortex resection impacting the PCS; No MGS, percentage of trials in which the subject did not generate an MGS before the feedback was presented; No left/right MGS, same broken down
by whether the cue was in the left or right visual field; Broke fixation, looked away from the fixation point (almost always towards the location of the visual cue) during the cue or delay period; Broke fixation left/right, same broken down

by whether the cue was in the left or right visual field.

®Excluded because of failure to maintain central fixation when the memory cue appeared in the periphery for a minimum of 50 trials.

Visually guided saccade task. The VGS task was introduced to control
for confounds of visual acuity and saccade preparation because they do
not include any memory component and require participants only to
follow a target location on the screen. Although most oculomotor deficits
resulting from lesions resolve themselves rather quickly, it was still pos-
sible that some oculomotor deficits could exist. Therefore, this task also
served as a baseline performance of saccade accuracy, gain, and response
time. For each run, a target (green dot) appeared for 1200 ms in one of the
same target locations from the MGS experiment, then jumped to another
location in the other hemifield, repeating until 30 saccades had been
made. Subjects were instructed just to follow the target with their eyes,
maintaining their gaze directly on it until the position changed.

Analysis. Eye-movement data were transformed into degrees of visual
angle using a third-order polynomial algorithm that fit eye positions to
known spatial locations and then scored offline with an in-house
MATLAB function-graphing toolbox (iEye). Saccades were defined as
when eye velocity exceeded 30 degrees/s or when velocity failed to reach
30 degrees/s, confirmed by visual inspection. Error was defined as dis-

tance between the response location and the target location, expressed in
degrees of visual angle. Saccadic gain was examined as another expression
of targeting error and was defined as the ratio of saccade amplitude/target
eccentricity. Saccadic response time represents the amount of time, in
milliseconds, between the onset of the response cue and saccade onset.

Error and gain were calculated for the initial saccade after central
fixation offset (primary saccade) as well as the last corrective saccade
before target feedback was presented (final saccade). Trials where sacca-
dic response time exceeded 900 ms or were <100 ms were discarded from
analysis. Trials where subjects prematurely broke fixation were also dis-
carded. We then excluded subjects who were unable to complete at least
50 total trials from further analysis. Four patients with PFC damage were
excluded because they failed to maintain central fixation when the mem-
ory cue appeared in the periphery for at least 50 trials. These patients are
marked in Figure 1c. Tables 2 and 3 indicate neuropsychological and task
behavior.

Patients were split into two groups: those whose dIPFC lesions ex-
tended into the PCS and those whose lesions spared the PCS. Because
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Figure3. Performance on WM (MGS) and control (VGS) tasks. a, Radial histograms of the accuracy of primary MGSs, the final position of the eye after corrective saccades, but before feedback,
and the accuracy of visually guided saccades. Each line indicates the mean error of an individual patient or healthy control at each radial location. Shaded half represents performance in the visual
field contralateral to the lesion. b, Group average error on MGS and VGS tasks. Error bars indicate SEM. Patients with PCS lesions generated primary MGSs with more spatial error than controls. *p <
0.01. The individual performance is plotted in Figure 4.

patient groups consisted of both left and right lesions, we grouped results ~ we averaged control results into one group category. We compared the
into contralesional and ipsilesional categories. In the control group, we ~ MGS accuracies within each group and found that performance did not
compared leftward and rightward trials across all performance metrics ~ depend on the narrow range of delays used (Wilcoxon Rank-Sum).
(Wilcoxon Rank-Sum). Because no significant differences were found, Therefore, we collapsed our analyses across the different delays. Statisti-
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cal analysis of performance results across 4.0
groups was performed (Kruskal-Wallis
ANOVA) for all metrics. When results were
statistically significant, we compared ipsile-
sional and contralesional patient performance
with controls (Wilcoxon Rank-Sum). 3.0
Neuropsychological examination. A trained,
licensed, neuropsychologist (M.R.M.) admin-
istered a battery of neuropsychological tests.
The Wechsler Adult Intelligence Scales, Edi-
tion IV (WAIS-1V) (Wechsler et al., 2008) was
used to measure general intellectual functions.
The WAIS-1V yields four primary indices: Ver-
bal Comprehension, Perceptual Reasoning,
Working Memory, and Processing Speed, as
well as a Full-Scale Intelligence Quotient, a
composite of the four indices. We report the
scores (standard scores) relative to the age-
matched normative sample of the WAIS-1V,
with a mean of 100 (SD = 15). The Working
Memory Index contains two subtests, Digit
Span and Arithmetic. Digit Span measures ba- 00l

2.0

saccade error (deg)
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sic short-term memory, attention, and concen-
tration and was calculated for Digits Forward
(number strings recalled in the same order as
presented), Digits Backward (number strings
recalled in reverse order as presented), and
Digit Sequencing (number strings recalled in
numerical order). We report cumulative per-
centiles of each patient’s performance for the
Digit Span Forward and Backward tests. Pa-
tients were also manually administered the
Wisconsin Card Sorting Test (WCST) 64 Card Version (Greve, 2001),
which is a well-established measure of concept formation and problem
solving and is sensitive to “executive” dysfunction following PFC damage
(Milner, 1963; Drewe, 1974; Stuss et al., 2000). The test yields several
measures of performance, such as the number of completed categories,
the number of perseverative and nonperseverative errors, conceptual
level responses (measure of insight into sorting principles), and learning
to learn (change in conceptual efficiency across the changing categories).
We report the percentile of the patient’s performance for the WCST
relative to normative performance from the WCST-64 normative sample
matched for age and education.

Figure 4.

Results
In contrast to the disruption in MGS accuracy caused by damage
to monkey dIPFC, here we found that damage to human dIPFC

primar
MG

final VGS

MGS

Performance on WM (MGS) and control (VGS) tasks. Each dot represents the mean performance of an individual
patient or healthy control, and lines connect the same participant. Open dots represent the performance in the visual field
contralateral to the lesion; or in the healthy controls, it represents the left visual field. Filled dots represent the ipsilesional visual
field (or right visual field in controls). The group mean performance is plotted in Figure 3.

had no effects on MGSs. The accuracy (Wilcoxon Rank-Sum,
p = 0.36), gain (Wilcoxon Rank-Sum, p = 0.41), and response
times (Wilcoxon Rank-Sum, p = 0.19) of their MGSs were all no
different from the controls (Figs. 3-5). Thus, despite large and
variable lesions of the dIPFC, these patients had completely
normal spatial WM. The PCS patients, on the other hand, were
significantly impaired compared with the controls. They made
hypometric MGSs with significantly higher error (Wilcoxon
Rank-Sum, p = 0.009), reduced gain (Wilcoxon Rank-Sum, p =
0.002), and slowed response times (Wilcoxon Rank-Sum, p =
0.009) (Figs. 3-5).

In general, the patients’ performance on neuropsychological
tests of intelligence, memory, and speeded responding were
within normal limits (Table 2), making it unlikely that perfor-
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Figure5.  Groupaverage (a) saccade gainsand (b) response times of MGS and control VGS tasks. The MGS errors made by the PCS patients were hypometricin gain and slower (~75 ms) compared

with the control group. *p << 0.05. Error bars indicate SEM.
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Table 4. Correlations between demographic, neuropsychologic, and lesion variables with dependent variables derived from performance on MGS task”

WAIS-IV Digit Span WCST
Years since Lesion size
Age (years) resection (ml) FSIQ val PRI WMI Forw Back (at PE NPE [N LTL
Primary saccade —021(0.61) —0.04(0.97) 0.07(0.85)  —0.62(0.100 —0.68(0.06) —0.16(0.70) —0.41(0.31)  —0.02(0.97) 0.57 (0.14) 0.19 (0.64) 0.44(0.27) 038 (0.36) 0.29 (0.49) 0.20 (0.63)
error, contralateral
Primary saccade —048(023) —0.01(0.97) 023(0.58)  —043(0.28) —051(0.200 —0.06(0.88) —0.36(0.37) —0.31(0.46) 0.48(0.23) 0.30(0.48) 0.60 (0.11) 0.48 (0.23) 0.39(0.33) 0.27 (0.51)
error, ipsilateral
Saccadic response 0.22 (0.59) 0.71(0.04)  0.68 (0.06) 0.10(0.80)  —0.12(0.77) 0.03 (0.94) 0.30 (0.46) 0.19(0.66) —0.18(0.66) —0.56(0.17) —0.25(0.55) —0.46(0.25) —0.59(0.13) —0.51(0.20)
time, contralateral
Saccadic response 0.10(0.81) 0.65(0.08)  0.77(0.02)* —0.01(0.97) —032(0.43) 0.08 (0.84) 0.24 (0.56) 0.10(0.81)  —0.13(0.77)  —0.30(0.47) 0.06(0.90) —0.18(0.67) —032(0.44) —0.29(0.50)

time, ipsilateral

“Values are correlation coefficient (p).
*Significant after correcting for multiple comparisons using false discovery rate.

mance on the MGS task could be attributed to general cognitive
dysfunction. We found that MGS accuracy did not correlate with
demographic factors, such as age, or clinical factors, such as size
of lesion or time between resection and testing (Table 4). Thus,
the results cannot be dismissed due to age-related cognitive de-
cline often found in patients with neurovascular damage (e.g.,
stroke), or to reorganization of function following brain damage.
We only found that slower initiation of MGSs was associated with
alarger volume of resected tissue. Such slowing hardly aligns with
predictions from PFC theories of WM. Moreover, MGS perfor-
mance did not correlate with clinical neuropsychological test per-
formance, including indices of intelligence and auditory WM
(Table 3). In general, however, the dIPFC patients had difficulties
with the WCST, a sensitive measure of executive dysfunction, as
evidenced by low scores on one or more of the performance
indices (Table 2). For instance, they had particular difficulties
adapting to the changing sorting rules over time, as measured by
the learning to learn index (mean dIPFC performance = 13th
percentile).

On average, PCS patients generated MGSs that fell short of the
memorized target location by 3 degrees when directed into the
contralesional hemifield and by 2 degrees into the ipsilesional
hemifield (Figs. 3, 4). Upon closer examination of the pattern of
saccades, however, we noticed that the PCS patients often made
several quick saccades following the primary hypometric MGS,
but before any visual feedback about the target location (Fig. 6).
These secondary corrective saccades were not randomly directed;
they were almost always directed toward the location of the mem-
ory target and eventually abolished any differences in WM accu-
racy between the PCS patients and controls (error df = 4, H =
7.5, p = 0.11; gain df = 4, H = 4.64, p = 0.32). They were
compensatory in nature as they significantly reduced the overall
error in all three PCS patients (Wilcoxon Rank-Sum, PCS1, p =
1.5-15; PCS2, p = 1.0-12; PCS3, p = 2.2-6). The PCS patients
generated more of these corrective saccades during the memory
response epoch and had more trials with corrective saccades than
the dIPFC patients or controls (Fig. 6). Therefore, given time, the
PCS patients compensated for initially inaccurate MGSs.

Discussion

Patients with damage to the dIPFC that spared the PCS have
spatial WM abilities that are indistinguishable from healthy con-
trols. These patients typically made either a single MGS that fell
within one degree of the memorized target location on average or
an accurate first saccade followed by a small corrective one that
only slightly improved accuracy between one-fourth and one-
half ofa degree. These results have several important implications
for PEC theory. First, lesions to the human dIPFC did not impact
spatial WM abilities, a finding inconsistent with the dominant
theory of PFC and the supporting monkey data that is taught in
most contemporary neuroscience textbooks (Purves, 2012; Kan-

del, 2013; Squire, 2013; Gazzaniga et al., 2014). Because we used a
similar WM task used in the monkey studies, and we compared
lesions with homologous dIPFC areas, we conclude that there
must be some differences between the species in the necessary
neural substrates for WM. This discrepancy highlights the need
for careful cross-species translational work, a need that will con-
tinue to be taxed as we, as a field, target the neurobiological
mechanisms of higher-level cognitions.

Our results appear incompatible with two previous studies
reporting that strokes affecting the human dIPFC impair the ac-
curacy of MGSs (Pierrot-Deseilligny et al., 1991; Ploner et al.,
1999). However, the strokes in these studies damaged large por-
tions of the PFC, including the PCS, which we agree causes hy-
pometric MGSs. We considered alternative explanations to our
conclusion that the human dIPFC is not necessary for spatial
WM. Neural plasticity might compensate for loss of function
following brain damage (Voytek et al., 2010). A distributed net-
work of brain areas likely supports WM functions. Indeed, spa-
tially tuned activity in neurons persist during the delay periods of
MGS tasks in a distributed network of monkey brain areas, in-
cluding the dIPFC (Funahashi et al., 1989), frontal eye field
(Bruce and Goldberg, 1985), lateral intraparietal area (Gnadt and
Andersen, 1988), and superior colliculus (Paré and Wurtz, 1997).
It is possible that this network reorganized to compensate for the
dIPEC resections. Although possible, we found no relationship
between WM performance and the time between testing and the
surgeries, which ranged from 10 weeks to 16 years. Therefore, if
the WM network reorganized to compensate for the loss of the
dIPEC tissue, this process fully restored WM ability within 10
weeks and showed no further reorganization. Finally, it is unclear
how and why such plasticity might occur when only the dIPFC
and not the adjacent PCS tissue was resected. Future studies
should directly address the role of plasticity by comparing the
effects of transient inactivation (e.g., transcranial magnetic stim-
ulation) and permanent damage. Only then can we rule out the
possibility that network reorganization compensated for the re-
sections to dIPFC. It is also unlikely that our WM measure was
insensitive to potential dysfunction because MGS accuracy was
indeed impaired after PCS damage. Despite that patients main-
tained only a single location in WM for only 3-5 s, our measure-
ments were sensitive enough to detect small differences, if they
existed, in the precision of WM down to the limits of the eye-
tracker (~Va of a degree). There were slight differences in task
procedures between the monkey and our human study. Specifi-
cally, Funahashi et al. (1993) used the same fixed eight target
locations, whereas we used randomly changing target locations,
and the monkeys were rewarded with juice after each correct trial,
while the patients only received visual feedback. One would pre-
dict that the differences would make the task relatively harder and
less motivating for the humans with dIPFC lesions, who had no
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difficulties with the task. Therefore, and with these caveats in
mind, we conclude that the human dIPFC is not necessary for the
maintenance of spatial information in WM and current theory
needs revision.

We suggest two important revisions. First, the human
dIPFC may be necessary for executive control functions in-
stead of the storage of WM representations. Although the goal
of the current study was not to test such an alternative hypoth-
esis, the neuropsychological data collected on our patients
suggest that executive functions may have been compromised.
The dIPFC patients had difficulties with the WCST, a sensitive
measure of executive dysfunction. Damage to dIPFC did not
consistently affect neuropsychological measures of general in-
telligence. Moreover, and in agreement without our findings
from the MGS task, WM span for aurally presented numbers,
as measured by the Digit Span task, was also within normal
limits, suggesting that PFC damage may spare even other

forms of WM (D’Esposito and Postle, 1999). One form of the
theoretical revision, therefore, should emphasize executive
control, rather than WM functions (Sreenivasan et al., 2014;
D’Esposito and Postle, 2015). Indeed, in a recent commentary,
Tsujimoto and Postle (2012) argue that lesions to the monkey
dIPFC do not cause WM impairments despite inaccurate
MGSs. They reinterpreted published data and showed that
misdirected saccades were often directed to the target location
on the previous trial, and these errors were often followed by
corrective saccades made to the correct target on the current
trial. They conclude that dIPFC lesions affect the animal’s
ability to select the correct response between the past and
current trials, nominally a control, not mnemonic, function
(Tsujimoto and Postle, 2012).

Second, the patients with PCS lesions made consistently hy-
pometric MGSs into the contralesional hemifield, similar to prior
studies of monkeys with frontal eye field lesions (Sommer and
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Tehovnik, 1997; Dias and Segraves, 1999). Therefore, the human
PCS, and not more anterior dIPFC, may be a critical substrate for
maintaining spatial WM representations. Funahashi et al. (1993)
used the term “mnemonic scotoma” to draw an analogy between
the loss of vision in the contralateral hemifield following damage
to early visual cortex and the loss of WM for items in the
contralateral hemifield following damage to the monkey dIPFC.
Interestingly, hemianopsia (the loss of visual acuity in one hemi-
field) results in staircase-like sequences of hypometric saccades
made to visual targets in the contralesional visual field in humans
(Meienberg et al., 1981; Rath-Wilson and Guitton, 2015) similar
to those made by the PCS patients to memorized, but not visual,
targets.

Nonetheless, we must be cautious while concluding that the PCS
lesions impaired the ability to store and maintain spatial WM repre-
sentations because the patients made quick follow-up saccades that
corrected their initial error. All previous studies that concluded that
PFC damage, in monkeys or humans, impairs MGSs only measured
the accuracy of the first saccade (Funahashi et al., 1989; Pierrot-
Deseilligny et al., 1991; Ploner et al., 1999). Yet, the accuracy of the
first saccade and the accuracy of the final position before feedback
likely reflect different aspects of WM. They do have different
developmental trajectories (Luna et al., 2004), different profiles of
adaptation (Srimal and Curtis, 2010), and different patterns of dys-
function in schizophrenia (Krappmann and Everling, 1998). Be-
cause PCS patients made normal visually guided saccades, we can
rule out basic visual and motor impairments, including transform-
ing external visual targets into saccade plans. We reasoned that dam-
age to the PCS distorts the transformation of the memorized retinal
location into the saccade plan. Human PCS contains retinotopic
maps of prioritized space (Jerde et al., 2012), and accurate MGSs
may naturally depend on a readout of the PCS population activity by
the superior colliculus (Sommer and Wurtz, 2001). However, spatial
WM representations are unlikely to be stored in a single brain area,
such as the human dIPFC. Rather, they are stored in networks dis-
tributed across multiple topographic maps, cortical and subcortical,
including the ones in parietal (Medendorp et al., 2006; Schluppeck et
al., 2006; Srimal and Curtis, 2008; Sheremata et al., 2010) and occip-
ital cortex (Saber et al., 2015) that are intact in our patients. We
propose that these maps provide the inputs that may compensate for
the initial faulty readout from the damaged PCS maps.
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