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to the same grid angle. These findings

suggest the presence of a specialized

olfactory grid network.
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SUMMARY
Olfactory navigation is universal across the animal kingdom. Humans, however, have rarely been considered
in this context. Here, we combined olfactometry techniques, virtual reality (VR) software, and neuroimaging
methods to investigate whether humans can navigate an olfactory landscape by learning the spatial relation-
ships among discrete odor cues and integrating this knowledge into a spatial map. Our data show that over
time, participants improved their performance on the odor navigation task by takingmore direct paths toward
targets and completing more trials within a given time period. This suggests that humans can successfully
navigate a complex odorous environment, reinforcing the notion of human olfactory navigation. fMRI data
collected during the olfactory navigation task revealed the emergence of grid-like responses in entorhinal
and piriform cortices that were attuned to the same grid orientation. This result implies the existence of a
specialized olfactory grid network tasked with guiding spatial navigation based on odor landmarks.
INTRODUCTION

Olfactory navigation is paramount across the animal kingdom.1–3

Despite increasing scientific interest in how animals use olfaction

to find their way,4–13 humans have rarely been considered in this

context.3 It is commonly accepted that humans overwhelmingly

use visual cues to navigate their environment, and research on

human subjects predominantly focuses on spatial navigation un-

der visual guidance. Contrary to this notion, recent work in hu-

man subjects suggests a potential link between spatial memory

and olfactory function: in a set of studies,14,15 spatial navigation

performance across subjects was positively correlated with the

success of olfactory identification. Interestingly, performance

on both tasks could be predicted using cortical thickness mea-

sures in the medial orbitofrontal cortex,14,15 an area receiving

direct projections fromprimary olfactory cortex.16 These findings

support the idea of an intrinsic association between spatial

and olfactory abilities,17 which may result from shared neural

substrates.14

A handful of experiments investigating human olfactory navi-

gation suggest that humans can in fact use olfactory cues for

spatial orientation and navigation. For example, human partici-

pants are able to follow scent tracks,18 exploit differences in

odor concentration and/or timing across the two nostrils to opti-

mize behavior,19–21 represent olfactory objects to inform spatial

decisions,22 and utilize subtle differences in olfactory intensity

gradients to encode odor-based cognitive maps.23,24 These

studies highlight the fact that the human olfactory system is
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not only an odor detection system but can also exploit olfactory

cues in the service of odor-based map-building and behavior.

Despite initial evidence showing that olfactory cues can inform

spatially guided behaviors in humans, it remains unclear if and

how humans use discrete olfactory cues (i.e., olfactory land-

marks) to form cognitive maps of their spatial environment.

Most importantly, it is unclear whether the principles of map-

making in the visual domain25 are paralleled in the olfactory mo-

dality. For example, for cognitive maps to be useful, landmarks

are needed to anchor spatial coordinates to fixed aspects of

the environment.25 In principle, such landmarks could be repre-

sented by any sensory modality, as long as they are (1) spatially

stable and (2) perceptually salient. The idea that olfactory cues

may serve as landmarks supporting navigation has been pro-

posed by recent work in rodents,26 highlighting potential mech-

anisms bywhich themammalian brain accomplishes the integra-

tion of olfactory landmarks into cognitive maps. This work

identified the tight interplay between olfactory (sensory) cues

and path integration as key to the formation of reliable spatial

representations in hippocampal place cells. Likewise, entorhinal

cortex (ERC) shares close anatomical connections with both the

piriform cortex27–30 and the hippocampus,30,31 underscoring the

potential importance of olfactory landmarks in generating cogni-

tive maps to optimize path finding.

Here, we used olfactometry and virtual reality (VR) tools to

investigate whether humans can use olfactory landmarks to

generate an internalized map of the environment and whether

this map is reliably represented at the neural level. To this end,
tember 11, 2023 ª 2023 The Authors. Published by Elsevier Inc. 1
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we created an environment in which participants encountered

eight discrete odors at eight distinct locations within the VR

arena. Participants were tasked with learning the spatial relation-

ships among these odor cues and using this knowledge to navi-

gatemore efficiently within the virtual arena. Critically, this exper-

imental design enabled us to test two key hypotheses. At the

behavioral level, we predicted that participants would improve

their task performance over the course of the experiment,

demonstrating their ability to integrate odor landmarks into a

coherent map. At the neural level, our prediction was based on

the idea that navigation from one location to another would be

mediated by grid cells,32–34 whose activity can serve as a neural

marker for cognitive maps. Although we are unable to measure

individual cells using functional magnetic resonance imaging

(fMRI) techniques, their presence can be inferred using fluctua-

tions in the fMRI blood-oxygenation-level-dependent (BOLD)

signal,35 allowing us to directly address this research question.

More specifically, and building on prior findings in both hu-

mans23 and rodents,11 we predicted that grid-like activity in

ERC would mediate odor-guided spatial navigation by recruiting

ventromedial prefrontal cortex (vmPFC) and piriform cortex into

a specialized olfactory grid network within which information

about the identity and location of olfactory landmarks provides

the necessary anchoring of the cognitive map.

RESULTS

Humans can navigate virtual space using olfactory
landmarks
To test whether humans can use olfactory landmarks to orient

and navigate in space, we created a visually ambiguous virtual

landscape in which participants were forced to use their sense

of smell to locate odorous objects anchored at specific positions

in the environment. To this end, we placed eight odors at eight

distinct locations in a circular arena. These locations were

marked by white clouds hovering over the grassy field of the

arena (Figure 1A). Participants were asked to navigate from their

current position, i.e., one of the odor clouds, to a specified

‘‘target odor’’ cloud. Once they found the target odor, they

were given feedback as well as instructions about which odor

to search for next (Figure 1B). Because the spatial odor layout

was held constant across trials, blocks, and days, participants

were able to learn the spatial relationships among the odors

and use this information to find the target odors more quickly

over time. Importantly, visual features in the virtual environment,

including the perimeter wall marking the boundaries of the arena

and the white clouds showing the positions of the eight odors in

the arena, were landmark-deficient, such that they could not be

used to localize or orient within the space. In other words, the

only way to acquire a sense of orientation was to inhale and smell

the odors upon entering an odor cloud.

Twenty-eight participants underwent 2 days of behavioral

training (days 1 and 2) and subsequently participated in two

fMRI scanning sessions (days 3 and 4; Figure 1C). To determine

whether participants were able to learn about the spatial layout

of olfactory landmarks and improve their performance over

time, we assessed path tortuosity, a measure of path indirect-

ness (defined as the distance traveled divided by the Euclidean

distance between the start and the target odor cloud; see
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Figure 2A), across the 4 days of testing. As predicted, partici-

pants showed a decrease in path tortuosity (repeated measures

ANOVA; F3, 81 = 29.33, p < 0.001; Figures 1D and 2A), indicating

that participants took more direct paths to the target over the

time course of the experiment.

By taking more direct routes to the target, participants were

able to complete a greater number of trials across days

(repeatedmeasures ANOVA; F3, 81 = 84.13, p < 0.001; Figure 2B).

Specifically, participants completed more trials per minute both

between (effect of day: F3, 81 = 84.13, p < 0.001; Figure 2C) and

within (effect of minute: F31, 837 = 29.138, p < 0.001; Figure 2C)

individual sessions. Of note, within-session improvement in

task performance ‘‘flattened out’’ across the 4 days of testing (ef-

fect of day 3 minute: F93, 2,511 = 2.68, p < 0.001; Figure 2C),

indicative of a ceiling effect. Despite this ceiling effect, partici-

pants’ performance was consistently lower in the first minute

of each block compared with all later minutes (t27 > 18.5,

p < 0.001), regardless of the day or block (Figure 2C).

Task performance was not influenced by the intensity, pleas-

antness, or familiarity of the odors (Figures S2A and S2B),

such that participants did not perform better navigating toward

an odor that was particularly intense, familiar, or pleasant to

them. Likewise, task performance did not vary as a function of

inhalation duration (Figures S2C and S2D), indicating that partic-

ipants navigated the environment equally well, irrespective of

whether they took a long or short breath. This scenario was ex-

pected as the odors were chosen to be easy to identify and of

moderate to strong intensity, allowing for effortless odor identifi-

cation even when inhaling only for a short period of time. Finally,

task performance was not influenced by gender (Figures S2E

and S2F), although our study was not designed to test for such

group comparisons, indicating that female andmale participants

were performing the task equally well. Note that five participants

dropped out of the study after the 2 days of behavioral training

due to their inability to reach the performance criteria. Among

these five subjects, sub-par performance was found in two

males and three females.

Taken together, our behavioral data illustrate that participants

were able to learn the spatial relationship between olfactory

landmarks and use this knowledge to take more direct paths

when navigating toward a specific target. More efficient path-

taking is a hallmark of cognitive map-based spatial navigation,

indicating that participants developed amental map of the olfac-

tory virtual environment.

Grid-like responses in ERC during human olfactory
navigation
The neural substrates of cognitive maps, including place and grid

codes, have been extensively studied in the literature,25 with the

caveat of focusing predominantly on visual landmarks to guide

spatial navigation and map formation. Here, we tested whether

the human brain uses a grid-like coding scheme to enable naviga-

tion from one olfactory landmark to another. Initially, we focused

our search on the ERC, an area traditionally associated with grid

cell activity in both animals33 and humans36 during visually guided

navigation. Because entorhinal grid cells share a common grid

orientation across neighboring cells34,35,37,38 and show preferen-

tial firing for movements aligned (vs. misaligned) with the main

axes of the grid,35 the presence of grid-like signals in ERC can
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Figure 1. Experimental design

(A) Bird’s eye view of the environment. The circular arena was populated with eight distinct odor clouds (orange, almond, peanut butter, banana, baby powder,

vanilla, rose, and eucalyptus), one of which was placed in the center; the remaining seven were distributed in the periphery at a distance of 40 virtual meters (vm)

from the center. The radius of the arena was set to 50 vm.

(B) Example trial. At the beginning of each block, participants received an instruction informing them which odor they needed to find (i.e., the target odor). At the

same time that the instruction appeared, the white cloud changed its color to blue, cueing the participants to smell the odor associated with their current location.

After 3 s, both the odor and the instruction screen disappeared, following which the cloud turnedwhite again, and participants were free tomove around to search

for the target odor. As soon as participants found the target odor, they received feedback (‘‘Well Done!’’) and a new instruction indicating which odor they needed

to seek out next.

(C) Experimental timeline. On day 1, participants completed odor ratings, an odor naming task, a 4-alternative forced choice (AFC) task, and the odor navigation

task. On day 2, participants completed the odor navigation task, followed by a short questionnaire to check if they had had sufficient time to smell the odors.

Participants whose performance exceeded 50% of the mean performance across all participants were invited for two additional sessions (days 3 and 4)

comprised an anatomical MRI scan, an fMRI scanning session during which participants performed the odor navigation task, a whole brain echo-planar image

(EPI) scan, as well as a short post-study questionnaire on day 4 only. Participants completed all experimental procedures within a 14-day time span.

(D) Example trajectories from one subject on days 1 (left) and 4 (right). On day 1, the participant was ‘‘new’’ to the task and mostly walked around in a circle in

search of the target odor. On day 4, trajectories covered the full range of possible paths, suggesting that the participant took more direct paths to the target odor.

(E) Duration of movement (s) on days 3 and 4 as a function of trajectory direction, divided into twelve 30� bins. Duration of movement (s) was equally distributed

across the bins; note however that the corresponding statistical test revealed a trend toward significance (repeated measures ANOVA, F11, 297 = 1.87, p = 0.082).

Data are mean ± standard error of the mean (SEM). Dots represent data from individual participants. For further details regarding the (un-)equal sampling of

movement trajectories, see also Figure S1.
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be inferred from fMRI-basedmeasurements.35Our central predic-

tion was that when participants navigated in parallel with their

respective ERC grid orientation 4 (including trajectories offset

by 60� intervals relative to4), a higher average signal in ERCwould

be observed in this brain area compared with misaligned trajec-

tories (Figure 3; also see STAR Methods).
To test this hypothesis, we performed a leave-one-out cross-

validation analysis, a method commonly used to test for grid-like

responses in a priori-defined regions of interest (ROIs).23,39 In

this analysis, for every participant, the grid orientation in ERC

was estimated using the training dataset consisting of all runs

but one (see STAR Methods). In a subsequent step, trajectories
Current Biology 33, 1–10, September 11, 2023 3
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Figure 2. Human spatial navigation based on olfactory landmarks

(A) Path tortuosity across the 4 days of testing. Path tortuosity is a measure of path indirectness and defined as the distance traveled divided by the Euclidean

distance between the start and the target odor cloud. A value of 1 reflected perfect performance, whereas increasingly larger values reflected increasingly indirect

paths and hence, worse performance. Participants took more direct paths toward the target across days (F3, 81 = 29.33, p < 0.001).

(B) Number of trials completed across the 4 days. Participants gradually improved their performance over time. Repeatedmeasures ANOVAwith within-subjects

factor ‘‘day’’ yielded a significant effect of day (F3, 81 = 84.13, p < 0.001).

(C) Number of trials completed per minute of the odor navigation task. Participants improved their performance over the time course of a given session (8 blocks3

4min, resulting in 32min per session; F31, 837 = 29.138, p < 0.001) and acrossdays (F3, 81 = 84.13, p < 0.001). Participants showeda drop in performance every 4thmin,

i.e., at the beginning of each block. This effect was first seen on day 1 and persisted through day 4 (t27 > 18.50, p < 0.001). See also Figure S2.

Data are mean ± SEM. Dots represent data from individual participants.
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in the test dataset consisting of the left-out run were aligned to

the grid orientation obtained from the training dataset and

then divided into twelve 30� bins around the unit circle (Figures 3,

4A, and 4B; see STAR Methods). The main hypothesis was that

movement along trajectories aligned with the participant’s grid

orientation (orange trajectories in Figures 3, 4A, and 4B) should

produce a greater signal in ERC compared with movement along

trajectories misaligned with the grid orientation (blue trajectories

in Figures 3, 4A, and 4B). ERC was defined anatomically using a

mask in the Montreal Neurological Institute (MNI) space made

available online (Figure 4C).40

This analysis revealed that ERC signal was consistently higher

when navigating along trajectories aligned (vs. misaligned) with

the grid orientation 4 (t27 = 2.49, pFDR = 0.019, one-sided;

Figure 4D), an effect that was specific to 60� periodicity

(t27 < 0.65, p > 0.262, one-sided; Figure 4E). Follow-up testing re-

vealed that this effect was driven by activation of the right ERC
A B

Figure 3. Measuring grid-like responses in the human brain

(A) Firing fields of a single grid cell. One can define three axes that are aligned w

relatively higher number of firing fields is encountered when navigating along the

(B) Neighboring grid cells in ERC tend to share the same grid orientation.

(C) Hence, one would predict that fMRI BOLD signal should be higher when mov

4 Current Biology 33, 1–10, September 11, 2023
(rERC) (t27 = 3.43, pFDR = 0.002, one-sided), with left ERC not

yielding significant results (t27 = 0.64, pFDR = 0.264, one-sided).

A paired t test comparing right and left ERC within subjects re-

vealed a nominal but non-significant difference (t27 = 1.93, p =

0.064; Figure 4F). This result profile was in line with earlier fMRI

literature reporting lateralized results for grid-like responses35,41

during visually cued spatial navigation. Given these findings, we

restricted our subsequent analyses to the rERC.

Grid-like responses in APC during human olfactory
navigation
Recent fMRI findings indicate that human grid-like activity is not

confined to ERC. One robust example is the presence of grid-like

fMRI signatures in vmPFC, encompassing physical, perceptual,

social, and abstract spaces.23,35,39,42 Such observations raise

the intriguing idea that navigation-based behaviors may engage

an entire network of brain regions displaying grid-like activity.
C

ith the grid (orange) and three axes that are misaligned with the grid (blue). A

aligned axes, resulting in higher activity.

ing along the aligned (orange) vs. the misaligned (blue) axes.
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Figure 4. Grid-like responses in entorhinal cortex (ERC) during human olfactory navigation

(A) Analysis schematic. Given a brain area containing grid cells aligned to the grid orientation 4, movement trajectories of a participant can be aligned or mis-

aligned with 4.

(B) Grid-like fMRI BOLD signal is expected to be higher for aligned vs. misaligned trials.

(C) Anatomical mask delineating ERC.40

(D) Hexagonally modulated activity was detected in ERC (aligned > misaligned; t27 = 2.49, pFDR = 0.019, one-sided).

(E) Sinusoidal modulation of the fMRI signal in ERC was specific to 6-fold symmetry, i.e., 60� periodicity (t27 < 0.65, p > 0.262, one-sided).

(F) A paired t test comparing right and left ERC within subjects revealed a trend toward significance (t27 = 1.93, p = 0.064). See also Figures S3 and S4.

Data are mean ± SEM. Dots represent data from individual participants.
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Our own recent work has further suggested that a primary olfac-

tory region, particularly, the piriform cortex, may be intrinsically

involved in helping to establish a cognitive map of olfactory

space.23

To test whether areas in vmPFC, anterior piriform cortex (APC),

or posterior piriform cortex (PPC) manifest grid-like responses

during human olfactory navigation, we conducted a leave-one-

out cross-validation analysis in these three ROIs, each of which

was defined a priori using either a functional localizer obtained

from published data (vmPFC; Figure 5A) or anatomical masks

used in the literature (APC and PPC; Figure 5D). Using this

approach, we found evidence for 6-fold modulation of the fMRI

signal, with significant differences between aligned and mis-

aligned trajectories, in vmPFC (t27 = 2.94, pFDR = 0.013, one-sided;

Figure 5B). However, the effect in vmPFC was not specific to a

6-fold symmetric profile, such that significant results were also

observed for 3-fold symmetry (t27 = 3.14, p = 0.002, one-sided;

Figure 5C). Of note, the 6-fold symmetric profile was not statisti-

cally different from the 3-fold symmetric model (t27 = 1.632,

p = 0.114), leaving open the possibility that spatial periodicities

other than those associated with a ‘‘true’’ grid code might other-

wise explain the neural patterns in this region.
By comparison, activity in APC varied in a 6-fold symmetric

manner (t27 = 1.86, pFDR = 0.049, one-sided; Figure 5E), and this

effect was specific to 6-fold symmetry (there was a trend toward

significance for 5-fold symmetry: t27 = 1.36, p = 0.093, one-sided;

all other control symmetries were not significant: t27 < 0.96,

p > 0.174, one-sided; Figure 5F). These results indicate the pres-

ence of grid-like responses in APC. No significant effect was

found in PPC (t27 = 0.08, pFDR = 0.468, one-sided; Figure S4).

Taken together, our findings are in line with previously published

results23 and suggest that only the anterior portion of piriform cor-

tex, but not its posterior counterpart, is engaged during human ol-

factory navigation and may work together with ERC to support

spatial performance when relying on the sense of smell.

Grid-like responses in ERC and APC are aligned to the
same grid orientation
Evidence for grid-like responses in ERC and APC may indicate

that these regions form a grid network that guides olfactory nav-

igation. However, a true network would further require that the

different brain regions be attuned to the same grid angle such

that they can share orientation information in a common code.

To test this possibility, we performed a cross-region consistency
Current Biology 33, 1–10, September 11, 2023 5
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Figure 5. Grid-like responses in anterior piriform cortex (APC), but not ventromedial prefrontal cortex (vmPFC), during human olfactory nav-

igation

(A) A functionally defined vmPFC mask (center MNI coordinates: x = 6, y = 46, z = �10, 5 mm sphere) was obtained from a prior study in our lab.23

(B) fMRI BOLD signal in vmPFC is higher in aligned compared with misaligned trials (t27 = 2.94, pFDR = 0.013, one-sided).

(C) Sinusoidal modulation of the fMRI signal in vmPFC was found for not only 6-fold symmetry but also 3-fold symmetry (t = 3.14, p = 0.002, one-sided). None of

the other control symmetries were significant (t < 0.33, p > 0.373, one-sided).

(D) Anatomical mask delineating APC.23,43

(E) Hexagonally modulated activity was detected in APC (aligned > misaligned; t27 = 1.86, pFDR = 0.049, one-sided).

(F) There was a trend toward significance for 5-fold symmetry (t27 = 1.36, p = 0.093, one-sided); all other control symmetries were not significant (t27 < 0.96,

p > 0.174, one-sided). See also Figures S3 and S4.

Data are mean ± SEM.
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analysis in which we estimated the grid orientation from the rERC

(using data from all but one run) to align movement trajectories in

APC (in the left-out run) and then compared fMRI activity in APC

during aligned vs. misaligned trajectories. Of note, the grid orien-

tation in the rERC could be used to align activity in APC (t27 =

1.89, p = 0.035, one-sided; Figure 6A). Likewise, grid orientations

in rERC and APC were positively correlated (r = 0.42, p = 0.042),

and the difference in grid orientation between rERC and APC

was not distributed uniformly but, instead, had a mean of

0� (V = 11.39, p = 0.001; Figure 6B). These results indicate that

grid codes in APC and rERC share a common orientation, raising

the idea that these regions form a functional network that

emerges during human olfactory navigation. Finally, we tested

whether the grid alignment between these two regions corre-

lated with behavior, with the prediction being that greater align-

ment would yield better odor-based navigation performance.
6 Current Biology 33, 1–10, September 11, 2023
However, the corresponding test revealed no significant relation-

ship between inter-regional grid alignment and the number of tri-

als completed (r = �0.27, p = 0.165; Figure S6).

DISCUSSION

Humans are commonly described as visual navigators. Howev-

er, it is rarely the case that behavior relies on a singular modality.

Muchmore likely is that cues frommultiple sensory domains can

be used interchangeably, or in combination, to inform (spatial)

behavior. In our study, we have shown that, contrary to common

beliefs, humans can indeed use olfactory landmarks within a vir-

tual environment to form a cognitive map and use this map to

orient and navigate efficiently in space.

Our findings demonstrate that humans are able to apprehend

olfactory cues as spatially stable landmarks, in line with rodent



A B Figure 6. Grid-like responses in entorhinal

and anterior piriform cortices were aligned

to the same grid orientation

(A) Estimating grid orientation in right entorhinal

cortex (rERC) and testing whether the resulting grid

orientation yielded a significant effect of aligned vs.

misaligned trajectories in anterior piriform cortex

(APC) revealed that rERC and APC were aligned to

the same grid orientation (t27 = 1.89, p = 0.035, one-

sided). Data are mean ± SEM.

(B) Grid orientation in rERC and APC were positively

correlated with one another (r = 0.42, p = 0.042), an

effect that can be appreciated by looking at the

distribution of angular differences between the

estimated grid orientation in right ERC vs. APC

across n = 28 participants. The angular difference

between the estimated grid orientation in rERC vs.

APC was not uniformly distributed around the circle

but instead exhibited a mean of 0� (V = 11.39, p =

0.001). See also Figures S5 and S6.
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literature,26 and that they can use the relative relationships be-

tween odors to navigate in space. This conclusion is supported

by the finding that our participants took more direct paths over

the course of the experiment, allowing them to find the target

odors more quickly and thus complete a greater number of trials.

These results are fundamentally distinct from those described in

prior studies due to substantial differences in experimental

design: previous experiments either asked participants to asso-

ciate specific spatial decisions (left vs. right turn) with specific

odor identities22 or involved the use of odor gradients.23,24

Although odor gradientsmay be the ecologically more relevant

stimulus to probe olfactory navigation, our approach of using

discrete olfactory stimuli allows us to draw direct comparisons

to the existing and abundant literature on visually guided naviga-

tion. Such comparisons may provide useful insights, especially

when evaluating the finding that olfactory navigation perfor-

mance was lower at the beginning of each block. This finding

was unexpected, leaving us to speculate whether participants

thought of the odor clouds as intrinsically unstable, based on

the more volatile nature of odors occurring in real-life environ-

ments. Although our instructions made it clear that the odor

layout is constant across time, it could be that real-world expe-

riences outside the laboratory biased participants to think that

the layout would change. It would be interesting to see if such ex-

pectations, if present, could be ‘‘turned off’’ using visual

landmarks.

More direct path-taking is one of the hallmarks of cognitive

maps, inspiring confidence that our participants indeed used a

corresponding map-like strategy. The use of cognitive maps is

further supported by the finding of grid-like responses in ERC,

an area traditionally associated with grid cells in rodents33,34

as well as non-human44 and human primates.36 Our data are

consistent with the existing literature reporting a grid-like code

in ERC during virtual,35 visual,41,44,45 imagined,46,47 and ab-

stract39 navigation; importantly, all of these studies used visual

stimulus material to address their research questions. In

contrast, our study used olfactory landmarks as the critical

spatial cues, thereby suggesting that ERC, and particularly the

rERC,35,41 is crucial inmediating navigation behavior acrossmul-

tiple sensory domains.
Interestingly, our previous study23 did not reveal grid-like re-

sponses in ERC using a univariate analysis approach. Rather,

by taking advantage of a multivariate (multi-voxel) framework,

we were able to identify a distributed hexa-directional coding

scheme. One potential explanation for the discrepancy be-

tween these two studies, other than task differences per se,

was the difference in fMRI acquisition parameters, which

were optimized for signal recovery in ventral prefrontal and

medial temporal regions, respectively. Specifically, in our

2019 study, we set the slice angle to 15� relative to the ante-

rior-posterior commissure to minimize signal dropout in the

basal frontal areas of the brain,48,49 whereas in our present

study, we did not adjust the slice angle to limit signal dropout

in the medial temporal lobe.50

Another difference between the two studies concerns the ev-

idence for grid-like coding in vmPFC. Although Bao and col-

leagues23 reported grid-like coding in vmPFC, a similar effect

in the current study was not specific to 6-fold rotational symme-

try. Besides differences in fMRI acquisition protocols, this

discrepancy could be due to differences in experimental design:

in our prior study, we created a two-dimensional olfactory space

using a set of binary (i.e., two-component) odor mixtures and

asked participants to mentally ‘‘navigate’’ from one mixture to

another by instructing them to adjust the intensity of the odor

components.23 This behavioral paradigmwasmarkedly different

from the veridical odor navigation task described here. Taken

together, our findings prompt the question of whether odor nav-

igation in abstract spaces23 is distinct from odor navigation in

physical or virtual spaces.

On the other hand, and in line with our previously published

study,23 we identified significant grid-like codes in APC, but

not in PPC. Of note, grid-like codes in APC were aligned with

the putative grid orientation in rERC, suggesting that APC and

rERC may comprise a functional grid network during navigation

critically relying on olfactory information. One possibility is that

APC conveys information about the identity of odor landmarks

to ERC in order to anchor the spatial map. Alternatively (or in

addition), information about the location of target odors may

be shared between the two regions to directly support the use

of the cognitive map for odor-guided navigation. Of note, grid
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alignment between rERC and APC was not correlated with nav-

igation performance, presumably due to limited variability in

behavioral performance as participants performed at ceiling at

the time of scanning.

An open question is how the described grid network is estab-

lished.51 One possibility is that ERC is in fact the only region that

contains grid cells, and grid-like responses in other regions, such

as APC, are simply a byproduct of forward projections origi-

nating in ERC. In our previous study, we suggested that this

mechanism may provide a plausible interpretation of grid-like

responses outside of ERC.23 Considering more recent evi-

dence,11,52,53 there seems to be at least one alternative possibil-

ity, namely, that regions other than ERC contain grid-cells36 and

that different populations of cells are brought into alignment

through inter-areal connections during active navigation

behavior. This interpretation is endorsed by findings from the ro-

dent literature, showing that grid cells exist in visual52 and so-

matosensory53 cortices. Likewise, place cell-like neurons have

been found in piriform cortex during an odor-cued spatial

task.11 It remains to be shown, however, whether ‘‘visual’’ and

‘‘somatosensory’’ grid cells, or likewise ‘‘olfactory’’ place cells,

are active only during navigation guided by cues from the corre-

sponding sensory modality or whether these neurons are active

in generating multimodal sensory representations to optimize

navigation behavior. To solve this question, it will also be relevant

to consider the anatomical connections between regions within

the grid network. For example, direct anatomical connections

between piriform cortex and ERC are restricted to the lateral

portion of ERC in both rodents,27,28,30,31,54–56 and non-human

primates,16,57 whereas grid cells are typically reported in rodent

medial ERC33,34 and in non-human primate posterior-medial

ERC.44

The finding that humans can navigate efficiently within a com-

plex (virtual) olfactory landscape, critically relying on their noses

to guide them, highlights the prowess of the human sense of

smell, especially in the context of odor search and path finding.

Our behavioral observations, broadly in line with a handful of

other timely and relevant studies,18–24 suggest that a paradigm

shift in how to consider and value the human olfactory apparatus

is well at hand. Taken together, with the demonstration of a grid-

like network consisting of olfactory, limbic, and prelimbic brain

areas, our findings offer new potential mechanisms and strate-

gies for pushing the frontiers of understanding olfactory naviga-

tion. Finally, as suggested in our data, spatial information ap-

pears to be available at a very early stage of olfactory

processing and may critically affect activity in other olfactory

areas throughout the brain.
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CircStat Berens60, http://bethgelab.org/software/circstat/ RRID: SCR_016651
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Clara U.

Raithel (raithelc@sas.upenn.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The source data to reproduce all figures have been deposited at Open Science Framework and are publicly available at the time of

publication. In addition, t-maps showing the whole-brain results for cross-regional cross-validation analyses were made available on

Neurovault. Respective links are listed in the key resources table. This paper does not report original code. Any additional information

required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Twenty-eight participants (13 women; aged 18-38 years, mean = 25.69, SD = 4.88) completed this study. Thirty-three participants (16

women, aged 18-38 years, mean = 25.97, SD = 4.83) gave informed consent as approved by the University of Pennsylvania Institu-

tional ReviewBoard (protocol #833173). During screening, all participants indicated to have an average (or better than average) sense

of smell and reported to be right-handed non-smokers with no history of significant medical illness, psychiatric disorder or olfactory

dysfunction. Following the invitation to the laboratory, participants performed two training sessions (day 1 and day 2) which

comprised odor ratings, an odor naming task, a four-alternative forced choice (4-AFC) task, and an odor navigation task. Twenty-

eight participants who completed at least 35 trials of the odor navigation task on day 2 (i.e., �50% of the average number of trials

completed across subjects) took part in two fMRI scanning sessions with the same odor navigation task on day 3 and day 4 (Figure 1).

All participants were given monetary compensation for their time.

METHOD DETAILS

Odor stimuli and delivery
Stimuli for the experiment included eight familiar odors: eucalyptus, orange, vanilla, rose, baby powder, banana, peanut butter and

almond. The first four odors were obtained from essential oils (NOW Essential Oils, Boomingdale, IL, USA; Aura Cacia, Norway, IA)
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which were diluted in mineral oil (Sigma Aldrich, St. Louis, MO, USA) at different concentrations to yield similar levels of perceived

intensity (eucalyptus: 5%; orange: 15%; vanilla: 25%; rose: 25%). Baby powder, banana and peanut butter were retrieved from nat-

ural products that can be purchased in standard local supermarkets. Specifically, we used 5.1g of Johnson’s Baby Powder lotion,

6.1g of a freshly cut banana, and 5.0g of peanut butter. Finally, benzaldehyde (Sigma Aldrich, St. Louis, MO, USA) was diluted in min-

eral oil (Sigma Aldrich, St. Louis, MO, USA) to obtain almond odor (0.5%). All odors were stored in amber bottles and delivered to the

participant using a custom-built, computer-controlled 12-channel olfactometer. In this system, clean or odorized air was directed

toward the participant (wearing a nasal mask) via Teflon tubing at a constant rate of 3.2L/min. The control of air valves was achieved

using customized scripts implemented in and Unity3D (Version 2018.4.23f1, Unity Technologies, https://unity.com/) and MATLAB

(Version 2019a, The Mathworks Inc., Natick, MA, USA, https://www.mathworks.com/products/matlab.html).

Odor ratings, odor naming task, and 4-AFC task
On day 1, participants rated the intensity (on the General Labeled Magnitude Scale (gLMS),63 pleasantness (on the Labeled Hedonic

Scale (LHS)64 and familiarity (on a visual analogue scale (VAS), bounded by ‘not familiar at all’ at the bottom and ‘very familiar’ at the

top, corresponding to a value of 0 and 100, respectively) of each odor (one trial per odor). In addition to these perceptual ratings,

participants were asked to name the odor that they had just smelled (‘odor naming task’, see Figure 1C). After the experimenter

had ensured that participants had the correct label for each odor available, a four-alternative forced choice (4-AFC) task was per-

formed. For this task, participants were again presented with each odor once, and asked to pick the correct label out of four answer

options. All perceptual ratings, odor naming and odor discrimination were collected and recorded using Psychophysics Toolbox

Version 3 (http://psychtoolbox.org/)59 running on MATLAB.

Odor navigation task
During the training sessions (day 1 and day 2) and the fMRI scanning sessions (day 3 and day 4), participants performed an odor

navigation task. The task comprised a virtual arena in which the eight odors introduced above were associated with distinct locations

in space. The goal of the task was to find the odors as quickly as possible.

The virtual environment was created using Unity3D (Version 2018.4.23f1, Unity Technologies, https://unity.com/), and consisted of

a circular arena with a radius of 50 virtual meters (vm). The unique location of the eight odors was marked by identical white clouds

hovering over different locations of the grassy terrain. One odor cloud was located in the center of the arena, while the remaining

seven clouds were arranged in the periphery of the circular environment, at 40 vm distance from the center (Figure 1A). This spatial

layout was critical, as the visual cues present in the arena (the wall, the white clouds, the sky and the ground) did not give away any

directional information: the only way participants could orient within the arena is to use olfactory cues.

At the beginning of a block, participants were placed inside one of the eight clouds, facing either toward the center of the arena

(when dropped in the periphery), or outward at random (when dropped in the center of the arena). At this point, the white cloud

changed its color to blue, cueing the participant to smell the odor associated with the participants’ current location. At the same

time, participants were presented with an instruction indicating which odor to search for (e.g., ‘‘Find the vanilla smell!’’). After 3 sec-

onds, the cloud turnedwhite again and stopped emitting its odor; likewise, the instruction disappeared. Participants were then able to

move freely and explore the environment in search for the target odor (Figure 1B).

When navigating through the virtual space, participants moved forward at a constant speed of five virtual meters per second by

pressing themiddle button of a response button box. In search of the odors, participants adjusted their heading direction by pressing

the left or right button. Note that participants could move forward and change their walking direction simultaneously; however, they

could not move backward.

Once participants had successfully located the target odor, they would receive feedback (‘‘Well Done!’’) and, after a short inter-trial

interval (ITI; on average: 4 seconds, range: 2-6 seconds), an instruction to find the next (target) odor. The selection of target odors was

pseudorandomized such that all eight odors served as the target exactly once across eight trials. This allowed us to control the par-

ticipants’ exposure to the different odors and ensure relatively equal sampling of movement trajectories across space (Figures 1E

and S1).

Participants completed eight blocks of the odor navigation task, so that on each block, participants started in one of the eight odor

clouds as defined above. Each block was 4 minutes long, resulting in a total duration of 32 minutes per session.

Importantly, the spatial arrangement of odor clouds, although randomized across participants, was fixed across the entire exper-

iment (from day 1 through day 4) for a given participant to optimize learning. At the beginning of the experiment, participants had to

explore and learn the spatial arrangement of odors in the arena using a trial-and-error strategy. Once the spatial layout of odor land-

marks was learned, participants were able to make a direct trajectory to the target odor. The only exception to this rule occurred in

blocks in which the participants started in the center cloud, facing outward at random. In this particular instance, participants could

not knowwhere the other odors are relative to themselves, even after having learned the relative positions of the odors to one another.

Because of this unique situation, these trials were excluded from all subsequent analyses (note that this affected only one individual

trial per session, i.e., four trials per participant, and this number was consistent across participants).

Respiratory recording and analysis
During all experimental sessions, breathing activity was monitored using an MRI-compatible respiratory effort band (BIOPAC Sys-

tems Inc., Goleta, CA) fixed around the subjects’ torso and recorded using PowerLab equipment (ADInstruments, Dunedin, New
e2 Current Biology 33, 1–10.e1–e4, September 11, 2023
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Zealand) at a sampling frequency of 1kHz. Breathing traces from each individual block were smoothed using a moving window of

250ms, high-pass filtered (cutoff, 20s) to remove low-frequency drifts, and scaled to have a mean of 0 and a standard deviation

of 1.65 The cued sniff waveforms were extracted from the resulting breathing traces on a trial-by-trial basis. Subsequently, inhalation

duration and volume were computed and used as nuisance regressors in statistical modeling of the fMRI data (see below). In a final

step, breathing traces from each block were down-sampled to 0.5Hz to match the temporal resolution of the fMRI acquisition (2 sec-

onds) and also included as nuisance regressors in statistical modeling of the fMRI data (see below). Data from five behavioral testing

sessions (three on respective subjects’ day 1, two on day 2) were missing due to technical problems. The respective panels in Fig-

ure S2 thus are based on n=25 and n=26, respectively.

fMRI acquisition
Imaging was performed on a 3 Tesla MRI scanner (PRISMA, Siemens Medical Systems) located at the University of Pennsylvania.

Participants were placed comfortably in the scanner with their heads fixated using foam pads. Mounted on the 64-channel head

coil was a mirror through which participants could see the virtual arena projected on a screen placed outside the scanner. The nasal

mask as well as the Teflon tubing through which odorized air would be directed to the participant’s nose were attached to the partic-

ipant while they were lying on the examination bed. Gradient echo T2*-weighted echo-planar images (EPIs) were acquired using the

following settings: repetition time (TR) = 2000ms, echo time (TE) = 22ms, flip angle = 80�, matrix size = 104 x 104, field of view (FoV) =

208mm, voxel size = 2x2x2mm3, 58 slices per volume, multiband factor = 2. A single whole brain EPI (settings: repetition time (TR) =

2000ms, echo time (TE) = 22ms, flip angle = 60�, matrix size = 104 x 104, field of view (FoV) = 208mm, voxel size = 2x2x2mm3, 81

slices per volume, multiband factor = 3) and a 0.9x0.9x1mm3 T1-weighted structural MRI scan were also obtained to facilitate

normalization of functional images into standard space.

Image pre-processing
fMRI data were pre-processed using SPM12 software (SPM software package, Wellcome Department, London, UK, https://fil.ion.

ucl.ac.uk/spm) run in MATLAB (Version 2021a, The Mathworks Inc., Natick, MA, USA, https://www.mathworks.com/products/

matlab.html). Preprocessing included 3D motion correction to compensate for small head movements by spatially aligning all func-

tional images the first image in the time series. The two T1-weighted structural images and the two whole-brain EPI images were also

spatially realigned, and resulting mean images were used for co-registering the functional images to the T1-weighted structural im-

age. For spatial normalization of images to a standardized template, the structural image was normalized to the Montreal Neurolog-

ical Institute (MNI) space using the six tissue probability maps provided by SPM12. The deformation fields were subsequently applied

to functional images. Finally, spatial smoothing was applied to the data using a Gaussian kernel of 6mm FWHM.

General linear model (GLM) approach
Following image pre-processing, the fMRI time series wasmodeled using two general linear models (GLMs), one to estimate the grid

orientation in a set of anatomical ROIs, and one to subsequently predict the fMRI BOLD signal based on the estimated grid orienta-

tion. Both GLMs shared a number of regressors, including eight odor events (one for each odor identity, or odor cloud), convolved

with the canonical hemodynamic response function (HRF) in SPM12, as well as several nuisance regressors to account for head mo-

tion and breathing. More specifically, nuisance regressors included the following: the six movement parameters derived from spatial

realignment, within-volume slice variance and odd-versus-even slice differences to account for within-scan motion, their derivatives

and squares, the down-sampled breathing trace, as well as trial-by-trial sniff volume and sniff duration, both convolved with the HRF

and orthogonalized with the sniff events. Additional nuisance regressors were introduced where needed to exclude individual

volumes with excessive head motion. We defined volumes with ‘‘excessive head motion’’ as images for which (at least) one of the

motion-correction parameters deviated 6SD of the mean. On average, 16 volumes (<1%; range 0-51) were excluded from each

participant, out of a total of 2080 fMRI images (130 per run, 8 runs per session, 2 sessions per participant) acquired for the purpose

of the present study. In both GLMs, data were high-pass filtered at 1/128 Hz and temporal autocorrelation was adjusted using an

AR(1) process.

Grid-orientation analysis
A leave-one-out cross-validation analysis was performed to estimate the orientation of the grid code during periods of movement,

following procedures used previously to identify grid-like codes during virtual navigation.23,39 Each subject completed 16 fMRI

scanning runs (8 runs * 2 sessions). Hence, for each participant, we estimated the grid orientation using each possible set of 15

fMRI scanning runs (training data), and then used the resulting grid orientation to predict a grid signal in the remaining, independent

fMRI scanning run (testing data).

To estimate the grid orientation in the training data, we specified a GLM (GLM1) in which the movement period between two

consecutively visited odor clouds was defined as the event of interest. For this regressor, we specified two parametric modulators,

cos(6q) and sin(6q), where q is the participant’s averagemovement directionwhen navigating toward the next cloud. The betaweights

of these parametric modulators (bcos and bsin) were fitted to the fMRI series for each voxel. The grid orientation within a-priori defined

ROIs was then calculated as themean beta weights across all voxels of a given ROI as 4 = [arctan (bsin / bcos)] / 6 (note that the arctan

was mapped into the 360� space before being divided by 6).
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To test whether the grid orientation determined in the training data replicated in the testing data, we aligned the movement trajec-

tories of the left-out-run relative to the presumed grid orientation 4 in each participant, and divided the movement trajectories into 12

bins (0�±15, 30�±15, 60�±15, 90�±15, 120�±15, 150�±15, 180�±15, 210�±15, 240�±15, 270�±15, 300�±15, 330�±15) evenly spread

around the unit circle (Figure 3). For each bin, a separate regressor was specified and estimated using the fMRI time series (GLM2). At

the group level, we extracted the resulting 12 beta weights from the anatomical ROIs, and tested whether the beta estimates for

aligned trajectories were higher than the beta estimates for misaligned trials (Figure 3). We also conducted control analyses with

3-, 4-, and 5-fold periodicity. For these analyses, the same approach was used, but 4 was estimated with factor 3 (or 4, or 5),

and all conditions were separated into 6 (or 8, or 10) bins of various degrees (60, 45, or 36�). Of note, the above procedure was

also used to test for consistency of the grid orientation across different ROIs (by estimating the grid orientation in one ROI, and testing

it in another). T-maps showing the whole-brain results for cross-regional cross-validation analyses were made available on

neurovault.org58 (https://neurovault.org/collections/TPTJBHBU/). In addition to the maps provided online, we also added whole-

brain maps at two arbitrarily chosen thresholds (p<0.001 and p<0.01, uncorrected) to the supplementary information (Figure S3).

A brain region’s activity was considered in line with a putative grid-cell population response, or ‘grid-like’, if the following conditions

were met:

1) Significant hexa-directional (6-fold) modulation of the fMRI BOLD signal within this region

2) No significant effect for control symmetries (3-, 4-, and 5-fold),

OR

If there was a significant effect for one of the control symmetries, then the model using 6-fold modulation should provide a bet-

ter fit than the respective control models.
ROI definition
Entorhinal cortex (ERC) was defined anatomically using a mask in MNI space made available online via an existing study.40 Anatom-

ically defined masks for anterior piriform cortex (APC) and posterior piriform cortex (PPC) were obtained from Bao and col-

leagues.23,43 Ventromedial prefrontal cortex (vmPFC) was functionally defined using an independent dataset23; more specifically,

vmPFC was defined as a 5mm sphere centered on the reported peak coordinates for hexa-directionally modulated activity (center

MNI coordinates: x=6,y=46,z=-10).

In addition to our a-priori defined regions of interest, a number of additional (control) regions were included (Figure S4): early visual

cortex (EVC) and posterior parietal cortex (both anatomically defined using the Anatomy Toolbox61 in SPM12), as well as dorsolateral

prefrontal cortex (dlPFC; anatomically defined using the WFU Pickatlas62 in SPM12).

QUANTIFICATION AND STATISTICAL ANALYSIS

Error bars used in figures throughout the paper depict themean ± standard error of themean (SEM) across subjects (n = 28). In figures

showing the contrast of aligned versus misaligned conditions with 60� periodicity, data were mean-corrected within subjects. The

significance threshold was set at p < 0.05 one-tailed for testing brain areas showing effects of aligned >misaligned directions, based

on our directional hypotheses.45 Significance threshold was otherwise set to p < 0.05 two-tailed. Whenever multiple ROIs were

tested, p-values were corrected for multiple testing across ROIs using the false discovery rate (FDR) correction (Benjamini-

Hochberg method as implemented in MATLAB’s mafdr function). Grid angle distributions were tested for using the Rayleigh test

of circular non-uniformity using CircStat within MATLAB.60 When testing the correlation of grid angle between ROIs, a circular cor-

relation was computed using CircStat’s circ_corrcc function. To test whether the angular difference in mean grid orientation between

ROIs is distributed around a mean of zero CircStat’s circ_vtest function was used.
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