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Summary

Neurons in the primate medial temporal lobe (MTL) respond selectively to visual categories such 

as faces, contributing to how the brain represents stimulus meaning. However, it remains unknown 

whether MTL neurons continue to encode stimulus meaning when it changes flexibly as a function 

of variable task demands imposed by goal-directed behavior. While classically associated with 

long-term memory, recent lesion and neuroimaging studies show that the MTL also contributes 

critically to the online guidance of goal-directed behaviors such as visual search. Do such tasks 

modulate responses of neurons in the MTL, and if so, do their responses mirror bottom-up input 

from visual cortices or do they reflect more abstract goal-directed properties? To answer these 

questions, we performed concurrent recordings of eye movements and single neurons in the MTL 

and medial frontal cortex (MFC) in human neurosurgical patients performing a memory-guided 

visual search task. We identified a distinct population of target-selective neurons in both the MTL 

and MFC whose response signaled whether the currently fixated stimulus was a target or 
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distractor. This target-selective response was invariant to visual category, and predicted whether a 

target was detected or missed behaviorally during a given fixation. The response latencies, relative 

to fixation onset, of MFC target-selective neurons preceded those in the MTL by ~200ms, 

suggesting a frontal origin for the target signal. The human MTL thus represents not only fixed 

stimulus identity, but also task-specified stimulus relevance due to top-down goal-relevance.
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Introduction

Goal-directed behaviors such as visual search depend on holding in mind a desired outcome 

while deploying sequences of actions in order to reach the goal [1–4]. Search depends on 

top-down modulation of bottom-up visual processes to detect whether the current location 

contains the target or not [2, 5–12]. While classically investigated for its role in long-term 

memory [13], the MTL is also involved in mediating ongoing behaviors by facilitating visual 

and spatial working memory and scene integration processes [14–18]. For example, patients 

with MTL lesions are impaired in visual search due to an inability to organize exploration 

patterns and properly maintain a representation of the search target [17, 18]. Similarly, such 

patients are impaired in oddity-judgment tasks that require the inspection of complex scenes 

[19]. A key contribution of the MTL to ongoing behavior is through its support of visual and 

spatial working memory [15, 16, 20, 21], which is essential in visual search to maintain the 

representation of the target and to organize an efficient search without revisits. In the 

presence of distractors (which in our task are fixations on non-targets), patients without a 

functional MTL are impaired in some working memory tasks [14, 16, 22–24]. During 

search, this manifests in more revisits of the target [17]. Similarly, evidence from 

neuroimaging [20, 25] and intracranial recordings [21, 26] indicates that persistent activity 

within the MTL supports visual working memory in such tasks. Together, this body of work 

shows that the MTL, and in particular the hippocampus, is supports goal-directed behavior. 

However, it remains largely unknown how such modulation by behaviorally relevant goals is 

implemented.

In higher-order visual cortex, the response of neurons is modulated by whether the preferred 

stimulus of a neuron is currently a target of a search or not [9, 12, 27]. This modulation in 

visual cortex is in addition to a neuron’s visual tuning, such that a cell’s response is 

informative about the presence or absence of only a specific target [2, 11, 12, 28]. 

Furthermore, this neuronal target response predicts whether a search target will be missed 

[2, 28]. The origins of such modulation are thought to be primarily the frontal cortex [4, 29–

34]. However, higher-level visual responses in macaques are in addition also modulated by 

the MTL in tasks requring memory [35, 36]. Despite this observation, the role of the MTL in 

search has remained unclear because no previous study has obtained single-neuron 

recordings from this region during memory-guided visual search.
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We used simultaneous single-neuron recordings and eye tracking performed in neurosurgical 

patients to investigate how signals related to target detection interact with visual sensory 

signals in the human MTL during active search. Subjects were instructed to locate a visual 

target shown among 23 other stimuli in an array during instructed visual search. The target 

changed trial-by-trial, requiring rapid implementation of changing goals. We used a range of 

stimuli, including objects and faces, as search targets [37]. This approach enabled us to 

identify category-tuned neurons [38–40] and to test whether the response of these neurons 

was modulated by target relevance.

Results

Task and behavior

Patients (n = 8, 11 sessions; Table S1) performed a visual search task. In each trial, subjects 

reported by button press whether the search target was present or absent (Figure 1A,B; 80% 

of all trials contained the target). The search target (cue) changed for every trial and was 

displayed for 1s immediately preceding the search array. Therefore, patients had to keep the 

target item in working memory throughout the search. Patients performed well with an 

average reporting accuracy of 92.0±7.52% (mean±SD across sessions; 91.4±8.47% for 

target-present trials and 94.5±6.02% for target-absent trials, two-tailed paired t-test, P = 

0.18). Considering only correct trials, the average reaction time (RT, relative to search array 

onset) for target-present trials was significantly faster compared to target-absent trials 

(1.92±0.76s vs. 3.96±1.56s, two-tailed paired t-test, P < 10−4; Figure 1C). The accuracy and 

RT of the patients was comparable to that of healthy participants who had performed the 

same task in a previous study [37], confirming that our patients’ behavioral performance was 

not impaired (two-tailed two-sample t-test, Ps = 0.17 and 0.11 for accuracy and RT, 

respectively). Consistent with prior reports [41], dwell times of fixations on targets 

(384±88.4ms) were significantly longer than those on distractors (302±63.0ms; paired two-

tailed t-test, t(10) = 2.72, P = 0.022; Figure 1D; see STAR Methods for more fixation 

analysis).

Electrophysiology

We recorded in total 317 single neurons in the human amygdala and hippocampus. 228 

neurons had an average firing rate >0.2Hz and we restricted our analysis to this subset. In 

the analyses below, we pool neurons from both areas and commonly refer to them as “MTL 

neurons”. The words cell and neuron are used interchangeably.

Target-selective (TS) neurons in the MTL

To investigate the neural substrates of target detection, we aligned neuronal responses at 

fixation onset and compared the response of each neuron between fixations on distractors 

and targets. We first analyzed responses to all fixations onto targets, whether they were 

detected or not. As the response, we used the mean firing rate in a time window starting 

200ms before fixation onset and ending 200ms after fixation offset (next saccade onset). The 

duration of this window was on average 690±45.0ms (mean±SD across sessions). 50 cells 

(21.9%; binomial P < 10−20; 19 and 31 from the amygdala and hippocampus, respectively) 

had a response that differed significantly between fixations on targets vs. distractors in 
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target-present trials (two-tailed t-test, P < 0.05). We identified two types of such “target-

selective” (TS) neurons: one type had a greater response to targets relative to distractors 

(target-preferring; 27/50 cells, Figure 2A-C) and the second had a greater response to 

distractors relative to targets (distractor-preferring; 23/50, Figure 2D,E; note that these 

distractor-preferring cells still carried information about targets; see STAR Methods). The 

proportion of TS cells identified was highly significant (permutation test, P < 0.001): a 

control permutation test shuffling the labels of targets and distractors revealed 11.43±3.34 

neurons expected by chance (mean±SD; 6.44±2.51 target-preferring and 5.00±2.17 

distractor-preferring). This result demonstrates that a subset of MTL neurons encode 

whether the present fixation landed on a target or not (see Figure S3 for example neuronal 

responses aligned at button-press).

To assess whether the response of TS cells could be attributed to target detection alone, or in 

addition also encoded visual stimulus category, we next compared their response between 

fixations on identical objects as a function of whether the fixated object was a target or a 

distractor in that trial. This comparison revealed that the TS neurons that increased their 

activity for targets did so even when comparing target and distractor fixations that landed on 

visually identical objects (n = 27 neurons, two-tailed paired t-test on difference in firing rate 

against 0: P = 0.0019; Figure 2F,G show two example neurons, both P < 0.001, sign-test). 

Similarly, the distractor-preferring TS neurons increased their firing rate to distractors 

compared to targets when only considering fixations on identical visual objects (n = 23, two-

tailed paired t-test on difference in firing rate against 0: P < 0.001). Because in this 

comparison the visual category of the stimuli is identical, this result indicates that the 

differential response of TS neurons must be driven by target detection alone.

TS neurons predict behavioral target detection

We next investigated the relationship between the response of TS cells and behavior by 

quantifying the response of TS cells during individual fixations using a target-selectivity 

index (“TSI”). The TSI is equal to the neuronal response during an on-target fixation, 

normalized by the average response during fixations on distractors (see Eq. 1,2 and STAR 

Methods). As expected, the TSI for TS cells was significantly larger during fixations on 

targets compared to fixations on distractors (n = 50, two-tailed two-sample Kolmogorov–

Smirnov (KS) test, P < 10−122; Figure 2H and Figure S4C; this finding is also true for target- 

and distractor-preferring neurons considered separately, see Figure S4D-I). This result 

confirms that the single-fixation response of TS cells is strong enough for single-fixation 

analysis (also see Figure S4A,B for ROC analysis). Permutation tests by shuffling the label 

of target and distractor further confirmed our results: TS cells (30.6±17.3%, mean±SD 

across cells; Figure 2I) had a significantly higher TSI compared to chance (8.68±1.09%, P < 

0.001), whereas the TSI of all non-TS cells (12.1±10.8%; Figure 2I) did not differ from 

chance (12.3±0.83%, P = 0.60).

We first tested whether TS neurons responded differently to targets as a function of whether 

the target was detected or not by the subject (detected vs. misses, where misses were target 

fixations for which patients failed to press the target-present button immediately; see STAR 

Methods). TS neurons had a significantly higher response to targets that were detected 
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relative to those that were missed (TSI: 31.1±18.6% vs. 16.9±79.5%, mean±SD across cells, 

KS-test, P < 0.001; Figure 2J; see [28] for a similar analysis in macaques). Nevertheless, the 

response of TS neurons to missed targets was significantly larger than that to distractors (TS 

index: 16.9±79.5% vs. 0.0±0.0% (by default); KS-test, P < 10−7; Figure 2J). Thus, TS cells 

distinguished targets from distractors even when targets were not behaviorally detected by 

button press. Nevertheless, the maximal response of TS cells was only evoked if an on-target 

fixation coincided with behavioral detection of the target, suggesting that the target detection 

signal may be graded, from a strength insufficient for behavioral choice, to a strength 

sufficient for the behavioral choice and typically accompanied by conscious recognition of 

the target.

Temporal response characteristics of TS neurons

Above, we considered all fixations on distractors regardless of whether they occurred before 

or after the target had been fixated intermittently. However, in a subset of 25.3±19.1% of 

trials, subjects continued to fixate on at least one of the distractors after they first fixated on 

the target (note that above, fewer fixations were considered as misses because we required at 

least 3 fixations before button press). We next used these trials to explore how TS neurons 

responded to targets and distractors as a consequence of fixating on targets. As expected, TS 

neurons had a significantly higher TSI when comparing all target fixations (30.6±17.3%, 

mean±SD across cells) to the subset of distractor fixations that preceded the first target 

fixation (−0.34±4.56%; KS-test: P < 10−20; Figure 2K). This was also true when only 

considering the first target fixation in each trial compared to the distractor fixations that 

preceded this first target fixation (26.2±16.0% vs. −0.34±4.56%; KS-test: P < 10−20; Figure 

2K). On the other hand, when only considering distractor fixations that occurred after the 

first fixation on a target (21.0±36.4%), TS neurons still showed a significantly higher TSI 

for all targets (30.6±17.3%; KS-test: P < 0.001; Figure 2K). Thus, the response of TS cells 

remained sensitive to the type of stimulus fixated (target or distractor) even after the target 

had already been fixated. However, the TSI for distractor fixations increased significantly for 

those that were fixated after the target was already fixated at least once compared to those 

before the first on-target fixation (KS-test: P < 10−9; Figure 2K). This indicates that despite 

subjects not stopping the search, the presence of the target did influence the response of TS 

cells immediately following the first fixation on the target, which here resulted in TS cells 

responding to some degree also to distractor fixations that followed the first on-target 

fixation.

Category cells are modulated by target detection

We next asked whether the previously described category-selective cells in the MTL [39] 

might also be modulated by detection of the target. We identified two types of category cells: 

face-selective and general visual category-selective responses. We tested separately for face-

selective cells because of their prominence in the MTL [42]. We then proceeded to compare 

the response of both types of category cells between fixations on targets and distractors to 

determine whether their response discriminated targets from distractors, in addition to visual 

categories.
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To identify face-selective neurons, we compared the response between face and non-face 

stimuli during cue presentation. The response of 39 neurons (17.1%; P < 10−11) had a 

significant response difference (31/39 increased their firing rate for faces compared to non-

faces, whereas 8/39 increased their firing rate for non-faces compared to faces but did not 

further distinguish non-face categories; see Figure 3A-E and Figure S5 for examples and 

Figure 3F,G for group average). To select category-selective neurons, we grouped the objects 

into 14 visual categories (see STAR Methods). The response of 32 neurons (14.0%; P < 

10−7) co-varied significantly as a function of visual category during cue presentation (one-

way ANOVA of 14 categories, P < 0.05). Figure 3H shows the ordered responses from the 

best to the worst stimulus for these neurons. Compared to the unselected neurons, category-

selective neurons showed steeper changes from the best to the worst stimulus, a difference 

that was significant at all stimulus levels (two-tailed two-sample t-test, all Ps < 0.022; FDR 

corrected) except the best and worst stimuli (Figure 3H; similar results were obtained for 

amygdala and hippocampal neurons separately, see Figure 3I).

To summarize the response of category neurons during search, we used the depth of 

selectivity (DOS) index (see STAR Methods and Eq. 3) [43]. DOS values range between 0–

1, with 1 indicating tuning to only a single category (note the dependence of DOS values on 

the number of categories, making DOS values of face-selective and category-selective cells 

not comparable). During the cue period, the mean DOS of face-selective and category-

selective cells was 0.42±0.14 (chance: 0.14; permutation test: P < 0.001; Figure 3J) and 

0.68±0.16 (chance: 0.58; permutation test: P < 0.001; Figure 3J), respectively. We found that 

category cells identified during the cue period remained visually selective during search: 

using neuronal responses aligned at fixation onset, selectivity remained significantly above 

chance for both face-selective (mean DOS 0.36±0.22 vs. 0.22 expected by chance; 

permutation test: P < 0.001; Figure 3J) and category-selective neurons (mean DOS 

0.76±0.16 vs. 0.69 expected by chance; P < 0.001; Figure 3J). Also, the DOS index of 

category cells computed during search and during cue presentation was correlated (face-

selective: r = 0.44, P = 0.0047, category-selective: r = 0.65, P < 10−4, all: r = 0.65, P < 10−28; 

Figure 3K), indicating that their tuning remained stable. Note that the analysis of category 

cell activity during search is statistically independent of cell selection, because category 

cells were selected based only on their response during the cue period. This result shows that 

category cells selected for tuning to the cue remained visually selective when considering 

fixation-onset triggered responses.

We next compared the selectivity of category cells during search between fixations on 

targets vs. distractors. We found that category cells were significantly more tuned during 

fixations on targets compared to distractors (numbers are DOS index values; face-selective 

neurons: 0.36±0.22 (mean±SD) vs. 0.20±0.15 for target and distractor, respectively; two-

tailed paired t-test: P = 0.00047; category-selective neurons: 0.76±0.16 vs. 0.62±0.17, P < 

10−4; Figure 3L). Also, visual selectivity was significantly correlated between fixations on 

targets and distractors when considering all neurons regardless of whether they were 

category cells or not (DOS for face-selectivity: r = 0.39, P < 10−11; DOS for category-

selectivity: r = 0.63, P < 10−25; Figure 3M). Together, this result shows that category cells 

are modulated both by sensory information about the visual object category, and by target 

detection during the search task.
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TS and category cells are largely distinct

We next investigated whether target cells were also visual category-selective [39]. The DOS 

values of TS neurons were not larger than those expected by chance (mean DOS 0.49±0.21 

vs. 0.49 expected by chance; evaluated during cue presentation period with 14 object 

categories; permutation test by scrambling object identity: P = 0.58; Figure 3N). This result 

shows that the response of TS cells was, on average, not visually tuned.

Were there cells that were both TS and category cells? We found a small number of such 

cells: only 12 (5.26%) of neurons were both TS and face-selective cells (Figure 4A) and 

only 7 (3.07%) of neurons were both TS and category-selective cells (Figure 4B). The 

proportion of cells that qualified as both was not greater than expected from independence of 

these two attributes, i.e., TS neurons had a similar percentage of category neurons as the 

entire population (χ2-test: P = 0.25 and P = 0.99, respectively; Figure 4A,B) and category 

neurons had a similar percentage of TS neurons as the entire population (P = 0.23 and P = 

0.99, respectively). A scatter plot of TSI vs. DOS for all recorded neurons further showed 

that TS neurons and category neurons were largely separate populations (Figure 4C and 

Figure 4D show DOS values during cue period for face-selective and category-selective 

neurons, respectively). Furthermore, TSI and DOS were not correlated for all cells (r = 

0.061, P = 0.36), TS cells (r = 0.062, P = 0.67), category cells (r = −0.057, P = 0.76), or cells 

that were qualified as both TS and category (r = −0.21, P = 0.66; similar results were found 

using face-selective DOS). Lastly, a two-way ANOVA (TS X category) of the entire 

population of neurons confirmed that neither face-selective cells (Figure 4C; TSI: P = 0.95; 

DOS: P = 0.81; main effects P < 10−6 as by selection) nor category-selective cells (Figure 

4D; TSI: P = 0.60; DOS: P = 0.88; main effects P < 10−20 as by selection) interacted with 

TS cells. Together with the preceding selectivity analysis, this result suggests that TS and 

category cells are largely distinct.

MTL TS neurons respond later than MFC TS neurons

Where do the MTL target detection signals originate? To explore the origins of the target 

detection signal, we also recorded from two medial frontal brain areas: the pre-

supplementary motor area (pre-SMA) and the anterior mid-cingulate cortex (aMCC). Nine 

patients (10 sessions) performed the identical task. We recorded in total 182 single neurons 

in the pre-SMA, 129 of which had a spontaneous firing rate of >0.2Hz, and 211 neurons 

from the aMCC, 162 of which had a firing rate of >0.2Hz. We found 51 TS neurons in the 

pre-SMA (Figure 5A,B; 39.5%; binomial P < 10−50; 31 cells had a greater response to 

targets relative to distractors) and 42 TS neurons in the aMCC (25.9%, binomial P < 10−50; 

18 cells had a greater response to targets relative to distractors). We next proceeded to 

compare the onset latency, relative to fixation onset, of the TS neurons between MFC and 

MTL. This revealed that pre-SMA TS neurons responded significantly earlier than MTL TS 

neurons (Figure 5E,F; pre-SMA: −163ms relative to fixation onset; MTL: 44ms; 

permutation test: P = 0.005; see Figure 5C,D for individual examples). This result was 

similar for aMCC TS neurons, which also responded significantly earlier than MTL TS 

neurons (Figure S6A,B; aMCC: −140ms relative to fixation onset; MTL: 44ms; permutation 

test: P = 0.042). This result held when restricting analysis to neurons recorded 

simultaneously (Figure S6C,D; permutation test: P = 0.023). Together, this data shows that 
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target-relevance signals are available earlier in MFC compared to MTL, suggesting that the 

MTL target signal might represent top-down input from the frontal cortex. In addition, TS 

neurons in MFC also differentiate between detected vs. missed targets like MTL TS neurons 

(see STAR Methods).

MTL neurons encode category signals earlier than target detection signals

Was the response latency of category and TS cells in the MTL different? To answer this 

question, we selected a population of category neurons whose response differentiated 

between fixations on faces and non-faces during search (two-tailed two-sample t-test; n = 

27; 17 neurons had a greater response for faces and we focused on this subset here). We 

found that category neurons with faces as the preferred stimulus responded significantly 

faster than TS neurons (Figure S6E,F; category: −155ms relative to fixation onset; TS: 

44ms; permutation test: P = 0.026) relative to fixation onset. Similarly, we found that face-

selective neurons selected during cue presentation (Figure 3A-G) also responded earlier than 

TS neurons during search (Figure S6G-I). Together, our results show that MTL neurons 

encode visual information earlier than target-detection responses.

Interestingly, even though category cells became selective before TS cells, when we 

separately analyzed DOS in each consecutive 50ms time window, we found that DOS 

increased immediately after TS cells became selective (~44ms; Figure S6M). This result 

further supports the idea that category neurons are modulated by goal relevance signals in 

the MTL.

MTL TS neurons do not depend on explicitly defined targets

To further characterize TS cells, we conducted a comparison “pop-out” task while recording 

from the same neurons as the above “standard” task (9 sessions, 157 MTL neurons with an 

overall firing rate >0.2Hz). In this pop-out task (Figure 6A,B), no explicit search cue was 

given. Instead, the target was defined as an “oddball”: there was either one face among 

vehicles or one vehicle among faces. Patients were instructed to indicate by button press as 

soon as they determined whether there was an oddball (target). This allowed us to examine 

target or distractor responses in the absence of an explicitly provided search cue.

We examined whether the subset of TS neurons selected from the standard task for which 

we also recorded the pop-out task (28 TS neurons; 9 target-preferring and 19 distractor-

preferring) also signaled target detection in the pop-out task. We found that this was the 

case: TS cell responses were significantly correlated between the standard and pop-out tasks 

(Figure 6C; r(28) = 0.49, P = 0.0082 for TS neurons and r(157) = 0.25, P = 0.0015 for all 

neurons). The correlation results were further confirmed by comparison to chance 

performance (note that this test was independent from selection): neurons had above-

baseline discrimination of targets vs. distractors in the pop-out task (two-tailed one-sample t-

test: P = 0.037). Together, the consistency between the standard and pop-out tasks suggests 

that MTL neurons encode search goals irrespective of goal format.

Lastly, we compared the onset latency of MFC TS neurons (n = 29; 20 from the pre-SMA 

and 9 from the aMCC) and MTL TS neurons (n = 9) in the pop-out task. We found that 

MFC TS neurons responded significantly earlier than MTL TS neurons, just as had been the 
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case in the standard task (Figure S6K,L; MFC: −160ms relative to fixation onset; MTL: 

16ms; permutation test: P = 0.008). This result suggests that MFC neurons can signal task-

relevance in at least two different ways: through instructions held in working memory, and 

by detection of oddball stimuli. It is also worth noting that MTL TS neurons responded 

earlier in the pop-out task (16ms) compared to the standard task (44ms; permutation test: P = 

0.028), but MFC TS neurons responded with a similar latency (standard task: −171ms, pop-

out task: −160ms; permutation test: P = 0.58), suggesting that MTL neurons receive top-

down signals faster when less working memory is involved (i.e., Δt between MFC and MTL; 

standard task: 215ms, pop-out task: 176ms).

Discussion

Our results reveal two distinct visually responsive populations of neurons in the human 

MTL. One population shows response selectivity to visual object categories including faces 

as described before [39, 42, 44]. A second population, described here for the first time, 

shows response selectivity to targets and distractors in memory-based visual search. Our 

results suggest a population-level response in the MTL that represents the meaning of visual 

stimuli by encoding both their category membership and their task relevance. Differential 

latency analysis suggests that the target detection signal in the MTL likely originates from 

frontal cortex. In addition, in the MTL, visual category information was available earlier 

than the target-detection response. Lastly, a control experiment suggested that the MTL 

target response is independent of the format of the search goals.

TS cells constitute a single-neuron correlate of an aspect of MTL function that so far has 

received relatively little attention: the online guidance of behavior [45]. Despite an absence 

of demands on long-term memory, lesion studies have consistently shown that patients with 

MTL lesions exhibit deficits in sufficiently demanding visual search tasks [17, 18]. A critical 

component of visual search is working memory, which is required to keep in mind the 

current search goal and to keep track of visited locations. It has been suggested that the 

effects of MTL lesions are due to the increasingly recognized role of the MTL in supporting 

memory for even brief periods of time (seconds) when distractors and other competing 

demands are present [16, 26, 46]. In contrast, here we provide evidence for a second role of 

the MTL during search: the detection of goal relevance. This result is compatible with the 

finding that patients with MTL lesions miss targets more frequently and fixate distractors 

longer than controls [47]. Our subjects sometimes also missed targets despite directly 

looking at them, in which case the activity of TS cells was reduced. Together, our data 

provides direct evidence for a role of the human MTL in the implementation of behaviorally 

relevant goals.

We found that the response of TS cells during on-target fixations was modulated by whether 

the subject detected the target or not. In addition to goal relevance, their response was thus 

indicative of the choice made by the subject. Note that a similar relationship has been 

observed for visually selective neurons in the inferotemporal cortex of macaques [28]. Here, 

in contrast, we show that non-visually selective TS neurons exhibit this relationship. This 

finding adds to the increasing evidence that the activity of MTL neurons reflects choices 
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made about visual stimuli rather than the sensory input [48] and that it may track visual 

awareness of the presented stimulus [49–52].

Modulation of neural activity by goal-relevance has been observed in a number of other 

brain areas. For example, in monkeys, in both single saccade tasks [2, 53, 54] and tasks with 

naturalistic free-viewing [9, 27, 28], temporal lobe cortical neurons show an enhanced 

response to visual stimuli presaccadically when the stimulus in the receptive field becomes 

the target. Similarly, during delayed match-to-sample tasks at fixation, visual responses to 

‘match’ stimuli in IT and perirhinal cortex are modulated by goal relevance [11, 12]. Here, 

we provide four new pieces of data relative to this literature. First, visually-tuned cells in the 

human MTL are similarly modulated by goal relevance, a response which they might inherit 

from their input [2, 11, 12]. Although visually-tuned cells responded with a shorter latency 

than TS cells, their selectivity increased after TS cells became selective, further confirming 

the modulation of TS cells (cf. Figure S6M). Second, non-visually tuned target-selective 

cells were indicative of goal relevance alone, a kind of response that has not previously been 

documented in the MTL of either humans nor macaques. Third, we identified TS cells in the 

MFC that responded significantly earlier than those of simultaneously recorded TS cells in 

the MTL. Fourth, MTL neurons encoded search goals irrespective of goal format. Responses 

indicating behavioral relevance have been investigated intensively in the frontal cortex, in 

particular the frontal eye fields [55–57]. This information is thought to top-down modulate 

other areas [34]. Our findings suggest that MTL TS cells reflect a top-down signal within the 

MTL that originates in the frontal cortex. Here, this conclusion rests on latency differences 

alone. Future experiments are needed to test the causality of this pathway more directly.

We found that MFC neurons responded to targets and MTL neurons responded to faces ~150 

ms prior to fixation onset, suggesting that the neurons respond to what is currently attended 

but not yet fixated. Given the observed fixation duration (Figure 1D; ~300 ms), patients 

must have begun processing the next to-be-fixated item in the middle of the present fixation, 

consistent with prior reports that subjects can identify a search target at least one fixation in 

advance [58]. We here found neuronal responses supporting such look-ahead processing. 

Recordings from monkey superior colliculus have even shown that the process of target 

selection can encompass at least two future saccade targets [59].

Visually selective cells are a prominent feature of the human MTL [38–40, 60]. Category 

cells increase their firing rate shortly after the onset of only a set of preferred stimuli shown 

in isolation. The latency, amplitude and duration of this activity increase is modulated by a 

variety of factors that include anatomical location, tuning sparsity, speed of stimulus 

presentation, and visual awareness [46, 50, 61]. These properties of category cells can all be 

explained using a feedforward view of sensory processing. In contrast, here we now show 

that category cell activity is modulated by the top-down factor of search goal relevance. A 

second form of top-down modulation that modulates category cell activity is spatial attention 

[42]. We also observed such modulation in our task, because category cell activity was 

sensitive to the currently fixated object. Our subjects actively searched the array, a situation 

where the current gaze position is an accurate indication of the location of spatial attention 

(except for brief moments of time preceding saccades; [28, 62, 63]). Together, our results 
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reveal that during active search, category cell activity is jointly modulated by the two top-

down factors of spatial attention and goal-relevance.

Searching for a face in a crowd is perhaps one of the most common visual search tasks that 

humans perform, making it important to independently investigate face cells. Here, we found 

that face cells were strongly modulated by the top-down factors of spatial attention and goal-

relevance. This result was also true when restricting our analysis to face cells recorded in the 

amygdala, which reveals that the social inference processes that are thought to rely on face 

cells in the amygdala [64, 65] can be modulated by goal-relevance. In conclusion, our results 

provide important insights into how the brain detects goal-relevant targets in the 

environment. While behavioral work has long indicated that the MTL is important in the 

online control of behavior, it has so far remained unclear what specifically its contribution is. 

Here, we provide direct evidence for one such contribution: the detection of goal-relevant 

targets.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources should be directed to and will be fulfilled by 

the Lead Contact, Ralph Adolphs (radolphs@hss.caltech.edu).

Experimental Model and Subject Details

There were 11 sessions from 8 patients in total. Three patients did two sessions. All sessions 

had simultaneous eye tracking. All participants provided written informed consent according 

to protocols approved by the institutional review boards of the Cedars-Sinai Medical Center 

and the California Institute of Technology. We also compared our patients’ behavioral task 

performance with that of 8 healthy individuals to confirm that our patients performed 

normally in the task. These healthy individuals have been characterized in a previous study 

[37].

Method Details

Stimuli—We used 20 distinct visual search arrays. In each array there were 24 items whose 

spatial locations were randomized between the 20 arrays. 12 items were faces (faces and 

people with different postures, emotions, ages, and genders, etc.) and 12 items did not 

contain faces (furniture, toys, food, etc.) (see Figure 1B for an example). These face and 

non-face items composing the array stimuli have been characterized and described 

previously [37, 66]. From each array stimulus, we randomly assigned 4 face items and 4 

non-face items as targets (on 8 distinct trials). For each array, we also had 2 target-absent 

trials, i.e., the target was not among the objects in the search array (one target-absent trial 

with a face target, and one with a non-face target). Therefore, in total we had 100 trials with 

face targets and 100 trials with non-face targets, and 20% of trials were target-absent trials. 

The entire task was separated into two blocks. Each block had 100 trials. Patients finished at 

least one block. Importantly, low-level properties of face and non-face items were equalized 

within each search array. The face and non-face items did not differ in standard low-level 

saliency as quantified by the Itti-Koch model [67, 68], distance to center or size (all Ps > 
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0.79). In the analysis of visual tuning to object category, we further categorized the items 

into 14 finer categories: face, clock, vehicle, furniture, electronics, stationery, sign, plant, 

toy, sport, bag, comb, clothes, and food.

In the pop-out task, we only used face items and vehicle items from those in the standard 

task. There were still 24 items in total in each search array, but each array was generated 

online with a randomly selected subset of face and vehicle items. The spatial location of 

each item was also randomly decided online. Target-present arrays had one face among 

vehicles or one vehicle among faces, and target-absent arrays had homogeneously all faces 

or all vehicles.

Task—The task (Figure 1A,B) has been described in a previous study [37]. A target was 

presented for 1 second followed by the search array. Patients were instructed to find the item 

in the array that matched the target and explicitly told that the array might or might not 

contain the target. The search array stayed up for at most 14 seconds, or until the subject 

responded by a Cedrus™ button box, either by pushing the left button to indicate that the 

target was found in the array, or by pushing the right button to indicate that the target was 

absent in the array. A feedback message (‘Correct’ or ‘Incorrect’) was then displayed for 1 

second. Subjects were instructed to respond as quickly and accurately as possible. If subjects 

did not respond within 14 seconds after array onset, a message ‘Time Out’ was displayed. 

An inter-trial-interval (ITI) was jittered between 1 to 2 seconds. The array and target orders 

were completely randomized for each subject. Subjects practiced 5 trials before the 

experiment to familiarize themselves with the task. In the end, the overall percentage of 

correct answers was displayed to patients as a motivation.

The control pop-out task used different search arrays (Figure 6B) but the same task as the 

standard task, except that targets were pre-defined and thus there was no search cue. Patients 

were still instructed to report target presence as quickly and accurately as possible. Each 

block had 100 trials.

Patients sat approximately 60 cm from an LCD display with a 17-inch screen (screen 

resolution: 1024 × 768). The refresh rate of the display was 60Hz and the stimuli occupied 

the center of the display (31.5° × 25.4° visual angle). Stimuli were presented using 

MATLAB with the Psychtoolbox 3 [69] (http://psychtoolbox.org).

Electrophysiology—We recorded bilaterally from implanted depth electrodes in the 

amygdala, hippocampus, and pre-SMA from patients with pharmacologically intractable 

epilepsy. Target locations iwere verified using post-implantation structural MRIs as shown in 

Figure S1. At each site, we recorded from eight 40 μm microwires inserted into a clinical 

electrode as described previously [70, 71]. Efforts were always made to avoid passing the 

electrode through a sulcus, and its attendant sulcal blood vessels, and thus the location 

varied but was always well within the body of the targeted area. Microwires projected 

medially out at the end of the depth electrode and examination of the microwires after 

removal suggests a spread of about 20–30 degrees. The amygdala electrodes were likely 

sampling neurons in the mid-medial part of the amygdala and the most likely microwire 

location is the basomedial nucleus or possibly the deepest part of the basolateral nucleus. 
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Bipolar wide-band recordings (0.1–9kHz), using one of the eight microwires as reference, 

were sampled at 32kHz and stored continuously for off-line analysis with a Neuralynx 

system. The raw signal was filtered with zero-phase lag 300–3kHz bandpass filter and spikes 

were sorted using a semi-automatic template matching algorithm as described previously 

[72]. Units were carefully isolated and recording and spike sorting quality were assessed 

quantitatively (Figure S2).

Eye tracking—Patients were recorded with a remote non-invasive infrared Eyelink 1000 

system (SR Research, Canada). One of the eyes was tracked at 500Hz. The eye tracker was 

calibrated with the built-in 9-point grid method at the beginning of each block. Fixation 

extraction was carried out using software supplied with the Eyelink eye tracking system. 

Saccade detection required a deflection of greater than 0.1°, with a minimum velocity of 

30°/s and a minimum acceleration of 8000°/s2, maintained for at least 4 ms. Fixations were 

defined as the complement of a saccade, i.e. periods without saccades. Analysis of the eye 

movement record was carried out off-line after completion of the experiments.

Rectangular regions of interest (ROI) were used to define array items in the search array 

[37]. The ROI boundaries tightly encompassed the entire array item and varied between 

items, depending on the item size. Fixations within the ROIs were counted as falling on 

items. Each fixation was treated individually, and multiple consecutive fixations that fell on 

the same array item were counted as discrete samples.

Patients occasionally failed to consciously detect targets, conditional on targets having been 

fixated. We defined “misses” as fixations that landed on the target even though the target 

was not detected. We excluded the last 3 fixations landing on the target for misses because 

they corresponded to target detection [37].

Quantification and Statistical Analysis

Fixation analysis—We included fixations from target-present trials only to analyze target 

response, and fixations from both target-present and target-absent trials to analyze visual 

selectivity. We included all trials, but qualitatively the same results were derived when 

analyzing correct trials only. We drew rectangular regions of interest (ROIs) that tightly 

encompassed the array items (Figure 1B). 64.4±3.63% (mean±SD across sessions) fixations 

were on items (the rest were in margins), and multiple consecutive fixations within the same 

array item were counted as discrete samples. 18.0±5.09% fixations from target-present trials 

fell onto targets. To analyze target response, we contrasted fixations on targets to all other 

fixations in target-present trials, including those in the margins, which were broadly defined 

as “distractors”. Qualitatively the same results were derived when only including fixations 

fully within the item ROIs. To analyze visual selectivity, we only considered fixations fully 

within the item ROIs.

Trials in which targets had ever been fixated (regardless of whether they had been detected 

by button press), had on average 5.09±1.35 and 0.65±0.63 fixations on distractors before and 

after the first fixation on target, respectively. Furthermore, patients occasionally failed to 

consciously detect targets even when they had been fixated. We defined “misses” as 

fixations that landed on the target even though the trial was not immediately terminated by 

Wang et al. Page 13

Curr Biol. Author manuscript; available in PMC 2019 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



button press from the subject, i.e., at least 3 fixations away from button press. We excluded 

the last 3 fixations landing on the target for misses because they corresponded to target 

detection [37]. 7.38±6.18% of target-present trials contained such misses.

Spikes—Only units with an average firing rate of at least 0.2Hz (entire task) were 

considered. Only single units were considered. Trials were aligned to stimulus onset or 

button press. Fixations were aligned to fixation onset. Average firing rates (PSTH) were 

computed by counting spikes across all trials in consecutive 250 ms bins and across all 

fixations in consecutive 50 ms bins. Pairwise comparisons were made using a two-tailed t-

test at P < 0.05 and Bonferroni-corrected for multiple comparisons in the group PSTH.

Single-neuron ROC analysis—Neuronal ROCs were constructed based on the spike 

counts in a time window −500 to 500 ms around button press for trial-wise analysis, and in a 

time window of 200 ms before fixation onset to 200 ms after fixation offset for fixation-wise 

analysis. We varied the detection threshold between the minimal and maximal spike count 

observed, linearly spaced in 20 steps. The AUC of the ROC was calculated by integrating 

the area under the ROC curve (trapezoid rule). The AUC value is an unbiased estimate for 

the sensitivity of an ideal observer that counts spikes and makes a binary decision based on 

whether the number of spikes is above or below a threshold. We defined the category with 

higher overall firing rate as ‘true positive’ and the category with lower overall firing rate as 

‘false positive’. Therefore, the AUC value was always above 0.5 by definition.

TSI—In target-preferring neurons (n = 27), the normalized firing rate (i.e., the firing rate 

was normalized by dividing by average baseline (the firing rate 1000 ms before cue onset) 

across all trials, separately for each unit) was 1.41±0.28 and 1.03±0.17 for fixations on 

targets and distractors, respectively (two-tailed paired t-test, P = 9.94×10−11), whereas in 

distractor-preferring neurons (n = 23), the normalized firing rate was 0.71±0.24 and 

0.92±0.26 for fixations on targets and distractors, respectively (two-tailed paired t-test, P = 

4.83×10−7). This result shows that the subset of TS neurons that have a larger response to 

distractors than targets are decreasing their activity for targets rather than increasing their 

activity for distractors.

We quantified for each neuron whether its response differed between fixations on targets and 

fixations on distractors using a single-fixation TSI (Eq. 1). The TSI facilitates group analysis 

and comparisons between different types of cells (i.e., target- and distractor-preferring cells 

in this study), as motivated by previous studies [44, 73, 74]. The TSI quantifies the response 

during fixation i relative to the mean response to fixations on distractors and baseline (a 1 

second interval of blank screen right before target cue onset). The mean response and 

baseline was calculated individually for each neuron.

TSIi =
FRi − mean FRDistractor

mean FRBaseline
⋅ 100% Eq. 1
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For each fixation i, which can be either target or distractor, TSIi is the baseline normalized 

mean firing rate (FR) during an interval from 200 ms before fixation-onset to 200 ms after 

fixation offset (the same time interval as cell selection). Different time intervals were tested 

as well, to ensure that results were qualitatively the same and not biased by particular spike 

bins.

If a neuron distinguishes fixations on target from fixations on distractors, the average value 

of TSIi will be significantly different from 0. Since target-preferring neurons have more 

spikes in fixations on targets and distractor-preferring neurons have more spikes in fixation 

on distractors (the selection process is described above), on average TSIi is positive for 

target-preferring neurons and negative for distractor-preferring neurons. To get an aggregate 

measure of activity that pools across neurons, TSIi was multiplied by −1 if the neuron is 

classified as a distractor-preferring neuron (Eq. 2). This makes TSIi on average positive for 

both types of target neurons. Notice that the factor −1 depends only on the neuron type, 

which is determined by t-tests on fixations as described above, but not fixation type. Thus, 

negative TSIi values are still possible.

TSIi = −
FRi − mean FRDistractor

mean FRBaseline
⋅ 100% Eq. 2

After calculating TSIi for every fixation, we subsequently averaged all TSIi of fixations that 

belong to the same category. By definition, the average value of TSIi for fixation on 

distractors will be equal to zero because the definition of TSIi is relative to the response to 

fixation on distractors (see Eq. 2). The mean baseline firing rate was calculated across all 

trials. The same FRDistractor was subtracted for both types of fixations.

The cumulative distribution function (CDF) was constructed by calculating for each possible 

value x of the TSI how many examples are smaller than x. That is, F(x) = P(X ≤ x), where X 

is a vector of all TSI values. The CDF of fixations on targets and distractors were compared 

using two-tailed two-sample Kolmogorov–Smirnov tests. All error bars are ±SE unless 

indicated otherwise.

8.95±3.19% of all fixations in target-present trials that landed on an item (not in the blank) 

were consecutive (i.e., on the same item as the previous fixation), and 48.5±17.5% of these 

consecutive fixations were fixations on targets. Because there were fewer fixations on targets 

than on distractors overall, the percentage of consecutive fixations on targets (24.6±8.08%) 

was significantly higher than that on distractors (5.77±2.99%; two-tailed paired t-test: P < 

10−5). However, even though there were multiple fixations on targets, the fixations were not 

always consecutive: we found that in 28.6±16.1% of trials with multiple fixations on targets, 

there were distractors in between fixations on targets, resulting in an average of 0.71±0.58 

fixations (absolute count) on distractors between fixations on targets. Similar results could 

be derived when excluding consecutive fixations on targets and distractors: we could still 

identify 37 TS neurons (16.2%; binomial P < 10−10) with an average TSI of 32.4±19.8%. 
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Lastly, when using only the first fixations on targets and distractors, we could still identify 

30 TS neurons (13.2%; binomial P < 10−6) with an average TSI of 31.0±18.8%.

Moreover, we confirmed our results by excluding fixations in the margins (i.e., not on an 

item) of the search array (only including fixations fully within the item ROIs): we could 

identify 37 TS neurons (16.2%; binomial P < 10−10) with an average TSI of 45.6±29.0%. 

Notably, our TS neurons did not have a significant difference in firing rate between fixations 

on distractors and margins (two-tailed paired t-test: P = 0.74).

Lastly, similar to MTL neurons, aMCC TS neurons also had a significantly higher response 

to targets that were detected relative to those that were missed (TSI: 34.2±29.0% vs. 

13.2±66.9%, mean±SD across cells, KS-test, P = 0.0081), and the response of aMCC TS 

neurons to missed targets was significantly larger than that to distractors (TSI: 13.2±66.9% 

vs. 0.0±0.0% (by default); KS-test, P < 10−6). Similarly, we found that pre-SMA TS neurons 

also had a significantly higher response to targets that were detected relative to those that 

were missed (TSI: 84.2±112.5% vs. −8.51±92.3%, mean±SD across cells, KS-test, P < 

10−7). In addition, however, the response of pre-SMA TS neurons to missed targets was 

significantly lower than that to distractors (TS index: −8.51±92.3% vs. 0.0±0.0%; KS-test, P 

< 0.05), indicating that the response to missed targets was suppressed. Notably, when we 

compared between brain areas, we found that TSI of neurons from the aMCC did not differ 

significantly from that from the MTL (P = 0.53 for detected targets, P = 0.84 for missed 

targets, and P = 0.91 for the difference between detected and missed targets), whereas TSI of 

neurons from the pre-SMA was significantly higher for detected targets (P = 0.0014) and in 

particular the difference between detected and missed targets (P = 0.012; but not missed 

targets only: P = 0.16). Together, this shows that TS neurons in MFC differentiate between 

detected vs. missed targets like MTL TS neurons. In addition, this data suggests that the pre-

SMA was more strongly correlated with behavioral detection of targets relative to the MTL.

Depth of selectivity (DOS) index and visual selectivity—We quantified the DOS for 

each neuron:

DOS =
n − (∑ j = 1

n r j)/rmax
n − 1 Eq. 3

where n is the number of categories (n = 2 and 14 for face-selective and category-selective 

neurons, respectively), rj is the mean response to category j, and rmax is the maximal mean 

response. DOS varies from 0 to 1, with 0 indicating an equal response to all categories and 1 

exclusive response to one but none of the other categories. Thus, a DOS value of 1 is equal 

to maximal sparseness.

When we selected visually selective neurons, we used a tighter fixation time window of 0 to 

300 ms after fixation onset to ensure that visual inputs were restricted to fixations. However, 

using the identical time window for target neurons that included saccades before and after 

fixations, we derived qualitatively the same results.
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To assess statistical significance, we estimated the null distribution by first randomly 

shuffling the category labels of fixations/target cues and then computing DOS. We used 

1000 runs for the permutation analysis. We compared the observed DOS with this null 

distribution of DOS to obtain p-values.

Differential latency—We binned spike trains into 1-ms bins and computed the cumulative 

sum. We then averaged the cumulative sums for fixations on targets and distractors, 

respectively. We here only analyzed target-preferring neurons because distractor-preferring 

neurons had different temporal dynamics. We then compared, at every point of time, whether 

the cumulative sums of a group of neurons were different (P < 0.01, one-tailed pairwise t-

test; FDR corrected). The first point of time of the significant cluster (cluster size > 10 time 

points) was used as the estimate of the differential latency. Note that this method is not 

sensitive to differences in baseline firing rate between neurons because the latency estimate 

is pairwise for each neuron individually.

To compare latency between TS and category neurons, we selected a population of 27 

neurons that differentiated fixations on faces vs. non-faces during search (two-tailed two-

sample t-test, P < 0.05), so that they were comparable to TS neurons (i.e., both were selected 

based on fixations during search). The majority of this subset of neurons (17 neurons) had a 

greater response for faces than non-faces and we focused on the neurons with faces as 

preferred stimulus. In addition, we confirmed our results with the category neurons selected 

during cue presentation. We examined face-selective neurons, which had a clear preferred 

and non-preferred category. We conducted two analyses, with fixations on targets. The first 

one focused on face-selective neurons with faces as the preferred stimulus (i.e., neurons that 

increased their firing rate for faces). The second one combined face-selective neurons with 

faces as preferred stimulus and face-selective neurons with non-faces as the preferred 

stimulus by inverting the latter, so that the preferred response of all face-selective neurons 

was a firing rate increase.

To assess statistical significance, we estimated the null distribution by first randomly 

shuffling the labels for groups and then repeated the above latency analysis. We used 1000 

runs for the permutation analysis. We compared the observed latency difference between 

groups with this null distribution of latency difference to obtain p-values.

Data and Software Availability

The spike detection and sorting toolbox OSort was used for data processing, which is 

available as open source. Data and custom MATLAB analysis scripts are available upon 

reasonable request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• A new class of neurons in the human MTL signal target detection during 

visual search

• Response of target neurons is invariant to visual category

• MFC target neurons precede MTL target neurons by ~200ms

• Target neurons do not depend on explicitly defined targets
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Figure 1. Task and Behavior.
(A) Task structure. The search cue is shown for 1s, immediately followed by the search 

array. Subjects are instructed to indicate by button press whether the target is present or 

absent (timeout 14s). Trial-by-Trial feedback is given immediately after button press 

(‘Correct’, ‘Incorrect’, or ‘Time Out’), followed by a blank screen for 1–2s. (B-C) Example 

visual search arrays with fixations indicated. (B) Sample stimuli. Each circle represents a 

fixation. Green circle: first fixation. Magenta circle: last fixation. Yellow line: saccades. Blue 

dot: raw gaze position. Red box: target. (C) Boxplot of reaction time. TP: target-present. TA: 

target-absent. (D) Boxplot of fixation duration. T: fixations on targets. D: fixations on 

distractors. On each box, the central mark is the median, the edges of the box are the 25th 

and 75th percentiles, the whiskers extend to the most extreme data points the algorithm 

considers to be not outliers, and the outliers are plotted individually.
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Figure 2. Target-selective (TS) cells signal top-down goal relevance but are not visually tuned.
(A-C) Neurons that increase their firing rate when fixating on targets, but not distractors 

(selection by two-tailed t-test in a time window of −200ms before fixation onset to 200ms 

after fixation offset: all Ps < 10−11). (D-E) Neurons that decrease their firing rate when 

fixating on targets but not distractors (all Ps < 10−3). Fixations are sorted by fixation 

duration (black line shows start of the next saccade). t=0 is fixation onset. Asterisk indicates 

a significant difference between fixations on targets and distractors in that bin (P < 0.05, 

two-tailed t-test, Bonferroni-corrected; bin size = 50 ms). (F-G) Mean response to fixations 

on each visual object as a function of whether the object is currently a target or a distractor 

(two example neurons are shown). Each data point is a different object. Gray bars (upper 

right) show the number of data points above and below the diagonal. In these two examples, 

the response to most objects was stronger when the object was a target (sign-test: (F) P = 

1.40 × 10−5; (G) P = 5.35 × 10−4), indicating that the response was predominantly 

modulated trial-by-trial by target relevance rather than visual identity. Note that these two 

example neurons are the same as in (B and C). (H-K) Single-fixation analysis using the TSI. 

(H) Shown is the cumulative distribution of the single-fixation response of fixation-aligned 

target- and distractor-preferring neurons for fixations on targets and distractors (n = 50 

neurons). (I) TSI summary. TS: target-selective cells. NTS: non-TS cells. Error bars denote 

one SEM across cells. Chance performance was calculated by permutation tests by shuffling 

the label of target and distractor. Error bars denote one SD across permutations. KS test was 

used to compare TS cells with non-TS cells and permutation test was used to compare 

against chance performance. Asterisk indicates a significant difference. ***: P < 0.001. n.s.: 

Wang et al. Page 24

Curr Biol. Author manuscript; available in PMC 2019 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



not significant. (J) Detected vs. missed targets. FDetect: detected targets. FMiss: missed 

targets. D: distractors. (K) Temporal response characteristics of TS neurons. FAll: all 

fixations on targets. FFirst: the first fixation on target. DBefore: fixations on distractors before 

the first fixation on target. DAfter: fixations on distractors after the first fixation on target. 

Asterisk indicates a significant difference between fixation types. ***: P < 0.001. See also 

Figure S1, S2, S3, and S4.
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Figure 3. Category cells are fixation sensitive and visually tuned during search and are 
modulated by top-down goal relevance.
(A-C) Example neurons that increased firing rate to face cues (selection by two-tailed t-test 

during search cue presentation: P < 10−3). (D-E) Example neurons that increased firing rate 

for non-face cues (P < 10−4). Each raster (upper) and PSTH (lower) is shown with color 

coding as indicated. Trials are aligned to cue presentation (gray lines). Trials within each 

category are sorted according to reaction time (black line). Waveforms for each unit are 

shown in the raster plot. In the PSTH plot, asterisk indicates a significant difference between 

the response to face-target trials and non-face-target trials in that bin (P < 0.05, two-tailed t-

test, Bonferroni-corrected; bin size = 250 ms). Shaded area denotes ±SEM across trials. (F-
G) Cue-aligned average PSTH of all neurons that significantly increased firing rate for face 

cues (F) and non-face cues (G), respectively. (H-I) Object category selectivity tuning 

showing ordered average responses from the best to the worst stimulus. Neurons with 
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category selectivity were identified by one-way ANOVA across 14 object categories (P < 

0.05). Neurons that did not reach statistical significance (unselected neurons) were shown 

for comparison purposes. Responses were normalized by the response to the best stimulus. 

Asterisks in (H) indicate significant difference between selected and unselected neurons: +: 

P < 0.1, *: P < 0.05, **: P < 0.01, and ***: P < 0.001. (I) Amygdala (solid line) and 

hippocampal (dashed line) category neurons showed a similar category tuning. No 

significant differences in category selectivity were found between amygdala and 

hippocampal neurons at all stimulus levels (two-tailed two-sample t-test, all Ps > 0.16), 

although unselected amygdala neurons showed a stronger visual selectivity. (J-N) Summary 

of DOS. (J) DOS during cue presentation (left) and fixations on targets during search (right). 

Face: face-selective neurons. Category: category-selective neurons. Note that DOS values 

are dependent on the number of categories, making DOS values of face-selective and 

category-selective cells not comparable. Error bars for category neurons denote one SEM 

across cells. Chance performance was calculated by permutation tests by shuffling the label 

of categories. Error bars for chance values denote one SD across permutations. Asterisk 

indicates a significant difference by permutation test. ***: P < 0.001. (K) Correlation of 

DOS (evaluated with 14 object categories) between cue presentation and search. Each circle 

represents a neuron. Magenta circles denote the category-selective neurons (n = 32) and gray 

circles denote the unselected neurons (n = 196). The magenta line is the linear fit for 

category-selective neurons (r = 0.65, P < 10−4) and the gray line is the linear fit for all 

neurons (r = 0.65, P < 10−28). (L) DOS for targets vs. distractors. T: fixations on targets. D: 

fixations on distractors. Error bars denote one SEM across cells. Asterisk indicates a 

significant difference by two-tailed paired t-test. ***: P < 0.001. (M) Correlation of DOS 

(evaluated with 14 object categories) between fixations on targets and distractors. Each 

circle represents a neuron. Magenta circles denote the category-selective neurons (n = 32) 

and gray circles denote the unselected neurons (n = 196). The magenta line is the linear fit 

for category-selective neurons (r = 0.59, P = 0.00039) and the gray line is the linear fit for all 

neurons (r = 0.63, P < 10−25). (N) DOS for TS neurons did not differ between target and 

distractor fixations. Legend follows (J). n.s.: not significant. See also Figure S5,
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Figure 4. Population summary for MTL.
(A) Most selective neurons were either only TS (n=38) or only face-selective (n=27) 

neurons, with a minority qualifying as both (n=12). (B) Most selective neurons were either 

only TS (n=43) or category-selective (n=25) neurons, with a minority qualifying as both 

(n=7). (C-D) Response of all recorded neurons as a function of visual selectivity ((C) DOS 

index for face selectivity; (D) DOS index for category selectivity; chance DOS was 

subtracted to correct for baseline) and target selectivity (TSI; chance TSI was subtracted to 

correct for baseline). Each circle represents a neuron. Color of the circle indicates 

classification of the neuron (Red: target neurons. Brown: visually selective neurons. Blue: 

both. Gray: neither).
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Figure 5. TS neurons in the pre-SMA respond before TS neurons in the MTL.
(A-B) Example TS neurons from pre-SMA. (C-D) Two TS neurons simultaneously recorded 

in the pre-SMA (C) and MTL (D). Legend conventions as in Figure 2A-E. (E) Cumulative 

firing rate for TS neurons from the pre-SMA (dotted lines; n = 31 neurons) and MTL (solid 

lines; n = 27 neurons). Note that only TS neurons that had a greater firing rate for targets 

than distractors are shown. Shaded area denotes ±SEM across neurons. Red: fixations on 

targets. Blue: fixations on distractors. Top bars show clusters of time points with a 

significant difference (one-tailed pairwise t-test; P < 0.01; FDR-corrected; cluster size > 10 

time points). Arrows indicate the first time point of the significant cluster. Magenta: MTL 

neurons. Black: pre-SMA neurons. (F) Difference in cumulative firing rate (same data as 

shown in (E)). Shaded area denotes ±SEM across neurons. Arrows indicate the first time 

point of the significant cluster. Magenta: MTL neurons. Black: pre-SMA neurons. See also 

Figure S6,
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Figure 6. MTL TS neurons do not require an explicit search target.
(A) Task structure for the control pop-out task. The target was defined as an “oddball”: there 

was either one face among vehicles or one vehicle among faces. Subjects were instructed to 

indicate by button press as soon as they determined whether there was an oddball (the same 

button press as the standard task). Trial-by-trial feedback is given immediately after button 

press. (B) Sample stimuli of pop-out task. Each circle represents a fixation. Green circle: 

first fixation. Magenta circle: last fixation. Yellow line: saccades. Blue dot: raw gaze 

position. Red box: target. In this example, the target (“oddball”) is a face. (C) Scatter plot of 

the mean normalized firing rate between the standard and pop-out task. Each circle 

represents the mean normalized firing rate difference between fixations on targets and 

fixations on distractors for a neuron. Magenta circles denote the TS neurons (derived from 

the standard task; n = 28) and gray circles denote the unselected neurons. The magenta line 

is the linear fit for TS neurons and the gray line is the linear fit for all neurons that had an 

overall firing rate >0.2Hz for both tasks in comparison (n = 157).
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