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Molecules—the elementary units of substances—are commonly
considered the units of processing in olfactory perception, giving rise to

undifferentiated odour objects invariant to environmental variations.

By selectively perturbing the processing of chemical substructures

with adaptation (‘the psychologist’s microelectrode’) in a series of
psychophysical and neuroimaging experiments (458 participants), we show
that two perceptually distinct odorants sharing part of their structural
features become significantly less discernible following adaptationto a
third odorant containing their non-shared structural features, in manners
independent of olfactory intensity, valence, quality or general olfactory
adaptation. The effect is accompanied by reorganizations of ensemble
activity patternsin the posterior piriform cortex that parallel subjective
odour quality changes, in addition to substructure-based neural adaptations
inthe anterior piriform cortex and amygdala. Central representations

of odour quality and the perceptual outcome thus embed submolecular
structural information and are malleable by recent olfactory encounters.

Fleeting yet memorable, the smells we experience are triggered by
volatile chemical compounds that sorb to the olfactory mucosa and
bind to olfactory receptors expressed on the dendrites of olfactory
sensory neurons. The olfactory mucosais considered ananalogue of gas
chromatography columns, with different odour molecules migrating
acrossitatdifferent rates'. The olfactory receptors, over 300 different
typesin humans? have long been theorized to pair with selected odour
molecules (primary odorants) in alock-and-key fashion (shape-pattern
theory)’. More recent studies indicate that they are broadly tuned to
qualitatively distinct compounds and may recognize some general
structural determinants for binding rather than the shape of mole-
cules*. In the olfactory bulb, where the axons of olfactory sensory
neurons converge onto stereotypically positioned glomeruli, different
odorants evoke distinct and distributed spatial patterns of activity—
whether they constitute ‘chemotopic maps’, mappings of the chemical

features of the odorants, is controversial®®. Downstream of the olfac-
tory bulb, the piriform cortex is the mainrecipient of bulbar afferents
and has beenshownto represent perceived odour quality, the character
of asmell given off by an odorous substance'®'?, Here odour-induced
responses are sparse, diffused and experience-dependent, and indi-
vidual principal neurons possess discontinuous chemical receptive
fields, indicating that they are not tuned to molecular structure™™,
Despite the reasonable success of predicting olfactory perception from
thousands of physicochemical features of odour molecules™™, cortical
olfactory representations and the perceptual outcomes seem to be
synthetic, holisticand memory-bound and do not follow alabelled-line
mode™”. Odour compounds are believed to be encoded as undiffer-
entiated wholes that are invariant to variations in stimulus dynamics,
history or environmental conditions in central olfactory processing
and in perception'®*?2, It remains unclear how such unified odour
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Fig.1|Behavioural assessments of substructure-quality relationship. a, The
primary olfactory stimuli comprised C, Pand Comp.CP. Comp.CPis structurally a
composite of Cand P. Uand Comp.U served as structurally unrelated controls.

b, Pairwise odour similarity ratings of the olfactory stimuli (mean (s.d.) ona
7-point Likert scale where 7 marked extremely similar; n = 36 participants).

¢, Timeline of an experimental session with adaptation. Followinga180 s
adaptation to an adapting odour, the participants were assessed for the
discrimination and subjective similarity between two other odoursin test trials
interleaved with 30 s of top-up adaptations. d,e, Discrimination accuracies

(d, triangle test) and subjective similarity ratings (e) for Comp.CP and C following
adaptations to Pand U, respectively, and without adaptation (n = 36 each),

and for P and C following adaptations to Comp.CP and Comp.U, respectively,

and without adaptation (n =36 each). Compared with adaptation to U or no

Least Most similar

T
Pand C
Similarity ranking

adaptation, adaptation to P rendered Comp.CP and Cless discernible

(A accuracies, -12.5% and —-13.4%; 95% Cls, (-19.7%, —5.1%) and (-23.3%, =3.2%);
Wilcoxon Z=-3.00 and Mann-Whitney U= 443; P,,, = 0.012 and 0.024; r,;, = 0.59
and 0.31) and perceptually more similar (A similarities, 0.34 and 0.51; 95% Cls,
(0.092,0.59) and (0.0076,1.01); t;5=2.78 and t,, = 2.02; P, = 0.018 and 0.047;
Cohen’sd=0.46 and 0.48). In each box-and-whisker plot, the central line,
bottom edge and top edge of the box denote the mean, 25th percentile and 75th
percentile, respectively. The ends of the whiskers represent the 10th and 90th
percentiles. Ind, the dashed line indicates chance at 0.33.f, Perceived similarities
of Comp.CPto C, P, Comp.U and a1:1 molar ratio mixture of Cand P in odour
quality (n=36). The error bars indicate s.e.m. The Pvalues are false discovery rate
(FDR) adjusted for multiple comparisons.

wholes emerge from chemical compounds entering the nose and to
what extent they retain submolecular structural information.

To probe the relationship between submolecular structural fea-
tures and perceived odour quality, we combined systematic psycho-
physical assays with functional magnetic resonanceimaging (fMRI) and
multivariate pattern analysis. We selectively perturbed the processing
of certain substructures of an odour compound with adaptation—a
mechanism whereby specific neuronal responses decay after repeti-
tive or prolonged stimulation, widely exploited as ‘the psychologist’s
microelectrode’”—and examined whether and how it affected the
perception and neural representations of that odour compound in
human adults. If neural computation of odour quality factors in sub-
molecular information, a breakdown of the holistic odour percept is
expected—the perceptandits neural representation would be shifted
towards those of the unadapted part of that compound. Alternatively,
if odour compounds are encoded as invariant wholes, no such shift
should occur.

Results

AsshowninFig.1a, the primary odour compounds we employed were
3-methyl-2-cyclopentenone (C), methyl propionate (P) and cyclotene
propionate, whose chemical structureis roughly acomposite of Cand
P (Comp.CP). Two additional compounds served as controls: guaiacol

(U), whichis structurally unrelated to C, P or Comp.CP; and eugenol
(Comp.U)—acomposite of Uand anallyl group, with amolecular weight
close to that of Comp.CP. We quantified pairwise structural similari-
ties among these compounds using the Tanimoto coefficient, which
is calculated as the ratio of the number of features common to both
molecules to the total number of features, on the basis of common
atom pairs and maximum common substructure®**, Both approaches
showed higher similarities between Comp.CP and C or P than between
any one of them and U or Comp.U (Supplementary Fig. 1a). Nonethe-
less, such structural relationships did not appear to explicitly mani-
festthemselvesinolfactory perception. When matched for perceived
intensity (F, 4= 0.62, P=0.647), C, P, Comp.CP, U and Comp.U were
judged by a panel of 36 participants (17 females; mean age + s.d.,
22.9 +0.97 yr) as comparable in valence and familiarity (F, ;,0=0.11
and 0.13, P=0.977 and 0.973, respectively; Supplementary Fig. 1b)
yet dissimilar in quality to one another (<4 on a 7-point scale where 7
marked extremely similar), with no difference in pairwise odour simi-
larity ratings (Fs107, = 0.78, P=0.579; Fig. 1b). Another panel of 36
participants (21females, 22.7 + 2.39 yr) characterized the odour quali-
ties of C, P, Comp.CP, U and Comp.U using a list of 146 descriptors?®.
Supplementary Table 1lists the top ten most applicable descriptors for
each compound. There was no apparent correspondence between the
structural relationships among these compounds and their dominant
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odour characters. Pairwise perceptual distances based on the score
profiles of the compounds® showed that C and P were not perceptually
closerto Comp.CPthanto Comp.U orthanUwas to Comp.CP (¢;;,=-0.99
and 1.34, P=0.330 and 0.189, respectively). The lack of relationship
in odour quality was further verified in two independent panels of 36
each. One panel of participants (16 females, 23.6 + 2.41 yr) was asked
to make a forced choice between P and U as to which smelled more
similar to each of Comp.CP and C. The other (17 females, 23.0 + 0.91 yr)
was asked to choose between Comp.CP and Comp.U as to which was
more similar to each of C and P. The choices were all at chance (bino-
mial test; proportions of choices <22/36 versus chance, 0.5; P> 0.121;
Supplementary Fig. 1c).

Decomposition of odour quality after substructure
adaptation

To critically test for the role of molecular substructure in olfactory
perception, we assessed the perceptual similarities between Comp.
CP and C after adaptations to P and U, respectively (Fig. 1a, left). Spe-
cifically, 36 participants (18 females, 23.2 + 1.85 yr) were each tested
in two sessions held on two consecutive days, with P as the adapting
odourinonesessionand Uin the other session (the order was balanced
across participants). They judged P and U to be comparable ininten-
sity and valence prior to the test sessions (¢;;=1.20 and 0.77, P= 0.238
and 0.444, respectively); so were Comp.CP and C (¢;5=1.38 and 0.13,
P=0.176 and 0.899, respectively) (Supplementary Fig. 2a). Each ses-
sion began with an adaptation phase during which the participants
were continuously exposed to the adapting odour for 180 s, followed
by six test trials interleaved with 30 s of top-up adaptations (Fig. 1c).
In each test trial, they sampled three bottles—either two containing
Comp.CP and one containing C or two containing C and one contain-
ing Comp.CP—one at a time, and selected the odd one out. They then
rated the similarity between the two odours on a 7-point Likert scale,
with 7 representing ‘extremely similar’. We also recruited a reference
group of 36 participants (18 females, 22.4 +1.93 yr) who completed the
test trials without undergoing adaptation. Our hypothesis was that
adaptation to P as opposed to U or no adaptation would make Comp.
CP and C smell more alike if the perceptual representation of Comp.
CP carries information regarding the structural features of P and C.
Analyses of the performances under the three adaptation conditions
supported this hypothesis. Following adaptation to P as opposed to
U, the participants were significantly poorer at discerning between
Comp.CP and C (A accuracy, —12.5%; 95% confidence interval (ClI),
(-19.7%, —=5.1%); Wilcoxon Z=-3.00; P=0.003; P,,, = 0.012; rank bise-
rial correlation (r,y), 0.59) and rated them as perceptually more similar
(Asimilarity, 0.34;95%Cl, (0.092,0.59); t;; = 2.78; P= 0.009; P,,, = 0.018;
Cohen’s d=0.46), regardless of the order of the adapting odours
(PprecedingUversusthereverse: P=0.300and 0.460 for discrimination
accuracy and similarity rating, respectively) (Supplementary Fig. 2b).
Moreover, compared with no adaptation, adaptation to P (which
embodied the main structural difference between Comp.CP and C)
altered the perceptual similarity between Comp.CP and C (A similarity,
0.51; 95% Cl, (0.0076, 1.01); t,, = 2.02; P=0.047; P,,,= 0.047; Cohen’s
d=0.48) and rendered them less discriminable (A accuracy, -13.4%;
95%Cl, (-23.3%,-3.2%); Mann-Whitney U = 443; P= 0.018; P, = 0.024;
r,, = 0.31), whereas adaptation to the structurally unrelated U exerted
nosignificantimpact (¢,, = 0.64 and Mann-Whitney U= 632, P= 0.527
and 0.853, respectively).

Wewondered whether these results were due to general structural
relatedness among C, P and Comp.CP or perhaps subtle overlaps in
odour subqualities among them?®, To this end, we further examined
the perceptual similarities between C and P after adaptations to Comp.
CP and Comp.U as well as without adaptation. Following the same
procedures asdescribed above, we recruited and tested two additional
groups of 36 participants each. One group (16 females, 22.9 +1.92 yr)
performed the test trials with C and P after adaptations to Comp.CP and

Comp.U, respectively, in two sessions (Fig. 1a, right). They perceived
Comp.CPand Comp.U, aswellas Cand P, to be comparableinsubjective
intensity and valence prior to the test sessions (P> 0.060; Supplemen-
tary Fig. 2c). The other group of participants (12 females, 22.5 + 2.25 yr)
performed the test trials without undergoing adaptation. The results
showed no significant difference in discrimination accuracy (Wilcoxon
Z=-0.53,P=0.595) or similarity rating for Cand P (¢;5= 0.48, P= 0.635)
between adaptations to Comp.CP and to Comp.U (Supplementary
Fig. 2d). In both cases, the participants’ performances were close to
those without olfactory adaptation (adaptation to Comp.CP versus
no adaptation: Mann-Whitney U =597 and t,, = -1.17, P= 0.559 and
0.247, for discrimination accuracy and similarity rating, respectively;
adaptationto Comp.U versus no adaption: Mann-Whitney U= 634 and
t;o=-1.41,P=0.876 and 0.163, respectively).

Thus, as summarized in Fig. 1d,e, Comp.CP became perceptually
more similar to C after adaptation to P, which essentially represented
its difference from Cin terms of substructure composition. However,
the perceptual similarity of P to C was unaffected by adaptation to
Comp.CP, asuperstructure of both Pand C, presumably becauseit had
symmetric effects on the perceived qualities of Pand C. These findings
could notbe explained by general olfactory adaptation or differences
in olfactory intensity, valence or quality among the adaptor and test
stimuli. Rather, they pointed to a decomposition of the unified olfac-
tory percept of Comp.CP following substructure adaptation.

Although our datashowed no apparent relationship among Comp.
CP, C and P in odour quality (Fig. 1b, Supplementary Fig. 1b and Sup-
plementary Table 1), one could argue that Comp.CP might smell like
asynergy of C and P" and that the observed ‘decomposition’ simply
reflected a more dominant note of C in that mixed percept after one
was adapted to the odour of P. To directly address this possibility, we
recruited another panel of 36 participants (19 females, 23.2 +1.63 yr).
In addition to Comp.CP, they were presented with C, P, Comp.Uand a
1:1 molar ratio mixture of C and P—all matched in olfactory intensity
(F4140=0.64,P=0.632), valence (F, 4,0= 0.60, P= 0.664) and familiarity
(F4140=1.61, P=0.176)—and were asked to rate the similarity of each
odour tothe odour of Comp.CP and to rank the four odours according
to their similarities to Comp.CP. It turned out that the binary mixture
of Cand Pwasboth rated (F; s = 8.27, < 0.001, ,” = 0.19) and ranked
(Friedman y* =10.83, P=0.013) as the least similar to Comp.CP—
significantly less similar than C (A similarity, -1.33; 95% Cl, (-1.99,
-0.68); t;s=-4.15; P.,, < 0.001; Cohen’s d = 0.69), P (A similarity,-0.86;
95% Cl, (-1.51, —=0.21); t;s=-2.68; P, = 0.034; Cohen’s d = 0.45) or the
structurally unrelated Comp.U (A similarity, -1.50; 95% CI, (-2.29,
-0.71); t;s=-3.85; P,,,= 0.001; Cohen’s d = 0.64) (Fig. If).

Intwo supplementary experiments, we verified that theimpact of
adaptationto Conthe perceptual similarity between Comp.CP and P mir-
rored that of adaptationto P onthe perceptual similarity between Comp.
CP and C (Supplementary Experiment 1 and Supplementary Fig. 3).
We further replicated the effect of substructure adaptation on perceived
odour quality inanew set of odorants—anisole, ethyl acetate and anisyl
acetate, whose chemical structure is roughly a composite of anisole
and ethyl acetate (Supplementary Experiment 2 and Supplementary
Fig.4). Theseresults demonstrate the generalizability of our findings.

Involvement of primary olfactory processing

Afferent projections from the olfactory epithelium to the olfactory
bulband fromthe olfactorybulb to primary olfactory regionsincluding
the piriform cortex and amygdala are predominantly ipsilateral® =~
This allowed us to assess behaviourally, with unilateral adaptation and
testing, whether primary olfactory processing critically contributes
to the observed alteration of perceived odour quality following sub-
structure adaptation. If this were the case, we predicted that Comp.
CP and Cwould be less discriminable following unilateral adaptation
to P relative to U when presented to the adapted nostril but not the
unadapted nostril. Unilateral adaptation to Prelative to U should also
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Fig. 2| Nostril-specific modulation of odour perception by substructure
adaptation. a, Participants completed two test sessions where they underwent
similar procedures as shown in Fig. 1c, except that the odours were presented
unilaterally instead of bilaterally. For each participant, the adapting odours
Pand U (one for each session) were always presented to a fixed (left or right)
nostril. The test odours Comp.CP and C were presented to the adapted nostril

in half of the trials of each session and to the unadapted nostril in the other half,
inrandom order. b, Differences in odour discrimination accuracy (left) and
subjective similarity rating (right) between unilateral adaptations to P and U
(post adaptation to P minus post adaptation to U) for Comp.CP and C presented
to the adapted nostril and to the unadapted nostril (n = 36). Unilateral adaptation
to Pasopposed to U caused a significant decrease in the discrimination accuracy
for Comp.CP and C presented to the adapted nostril (A accuracy, —14.4%; 95%

Cl, (-21.8%, -6.5%); Wilcoxon Z=-3.03; P, = 0.012; r,, = 0.64), but not the
unadapted nostril, with a significant difference between them (A accuracy, -9.2%;
95% Cl, (-19.9%,1.4%); Wilcoxon Z=-1.99; P= 0.047; r,, = 0.37). ¢, Differences

in post-adaptation reduction of subjective odour intensity between unilateral
adaptations to P and U ((post — pre) adaptation to P - (post — pre) adaptation to
U) for Comp.CP and C presented to the adapted and unadapted nostrils (n = 36).
Within the adapted nostril, adaptation to P relative to U resulted in a significant
reductionin the perceived intensity of Comp.CP, and this reduction was more
pronounced than that observed for the perceived intensity of C (A intensities,
-1.08 and -1.19; 95% Cls, (-1.89,-0.28) and (-2.13, -0.26); t;; = —2.74 and -2.58;
P.,=0.020 and 0.021; Cohen’s d = 0.46 and 0.43). The box-and-whisker plots are
asinFig.1d,e. The Pvalues are FDR-adjusted for multiple comparisons where
applicable.

exertanostril-specific effect on the perceived intensity of Comp.CP—
P’s superstructure—rather than C, per the nature of structure-related
adaptation®.Inasimilar procedure as described above (Fig. 1c), 36 new
participants (18 females, 23.2 + 1.08 yr) were each tested in two sessions
withPastheadapting odourinone sessionand Uin the other (the order
was balanced across participants), both presented unilaterally to a fixed
nostril (left for 17 participants and right for 19 participants). They rated
P and U beforehand to be comparable in odour intensity (F, ;s=1.30,
P=0.263) regardless of the nostril of presentation (F; ;= 0.25and 0.52,
P=0.619 and 0.478 for main effect and interaction, respectively); the
same was true of the test odours Comp.CP and C (F 55 =0.78, 0.69 and
0.34; P=0.384,0.413 and 0.566, respectively) (Supplementary Fig. 5a).
The partitioning of nasal airflow, measured by nasal spirometry, was
alsounbiased between the adapted and unadapted nostrils (¢, = 0.22,
P =0.824) and did not differ between the two sessions (¢;5=-1.02,
P=0.313). There were 12 test trials per session: Comp.CP and C were
presented tothe adapted nostrilinsix trials and to the unadapted nostril
insix trials, in random order (Fig. 2a). Additionally, intensity ratings
of the unilaterally presented test odours were collected again at the
end of each session. During unilateral odour presentation, the other
nostril was always closed by the thumb.

AsshowninFig. 2b, unilateral adaptation to P, compared with the
structurally unrelated U, indeed caused a substantial decrease in the
participants’ discrimination accuracy for Comp.CP and C presented
to the adapted nostril (A accuracy, —14.4%; 95% Cl, (-21.8%, —6.5%);
WilcoxonZ=-3.03; P=0.002; P, = 0.012; r,, = 0.64), but not the una-
dapted nostril (WilcoxonZ=-1.34, P= 0.182), with asignificant differ-
ence between them (A accuracy, —9.2%; 95% Cl, (-19.9%,1.4%); Wilcoxon
Z=-1.99; P=0.047;r,,= 0.37). The difference in odour similarity ratings
of Comp.CP and Cacross nostrils did not reach statistical significance
(adapted versus unadapted nostril: t;; =1.54, P= 0.132). Moreover,
whereasthe test odours were generally rated as less intense after adap-
tation thanbefore adaptation (A intensity, —0.77;95% CI, (-1.30,-0.25);
t;s=-2.98; P=0.005; P, = 0.015; Cohen’sd = 0.50), the extent of inten-
sity drop showed a significant interaction between the adaptor and
the test odours when the latter were presented to the adapted nostril
(Fy35=6.67, P=0.014, P, = 0.021, n,> = 0.16), but not the unadapted
nostril (F, 35=0.057, P= 0.812). Specifically for the adapted nostril, the
perceived intensity of Comp.CP was more influenced by adaptation to
itssubstructure P rather than the structurally unrelated U (A intensity,
-1.08;95%Cl, (-1.89,-0.28); t;s=-2.74; P= 0.010; P, = 0.020; Cohen’s
d=0.46;Fig.2c). By contrast, the intensity of C was not preferentially
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Fig.3|Substructure-related neural adaptations. a, fMRI experimental design.
The participants were scanned in two sessions on separate days, each comprising
two baseline runs without adaptation followed by four adaptation runs where
an adapting odour was delivered before the start of the first trial and during all
intertrial intervals. b-e, Group-level activations to odours at the baseline (left,
superimposed on coronal sections of the Colin 27 Average Brain) and condition-
specific response time courses (middle) and percentage signal changes for the
test odours (right) in the anterior piriform cortex (b), posterior piriform cortex
(c),amygdala (d) and orbitofrontal cortex (e) (n = 26). Adaptation to Comp.CP as
opposed to P diminished the responses to Cin the anterior piriform cortex and
the amygdala (A percentage signal changes, —0.048 and —0.051; 95% Cls,

Orbitofrontal

cortex

(-0.081,-0.014) and (-0.10, -0.0017); t,s = -2.92 and -2.13; P= 0.007 and 0.043;
Cohen’sd=0.57and 0.42). The error bars indicate s.e.m. TR, repetition time.

f, Decrements in odour-induced percentage signal change relative to the baseline
following self-adaptation, substructure-based adaptation and non-specific
adaptation (n =26). The anterior piriform cortex and the amygdala statistically
differentiated between substructure-based adaptation and non-specific
adaptation (A percentage signal losses, 0.079 and 0.071; 95% Cls, (0.027, 0.13)
and (0.018, 0.12); t,;=3.14 and 2.75; P, = 0.017 and 0.044; Cohen’s d = 0.62 and
0.54). The box-and-whisker plots are as in Fig. 1d,e. The Pvalues are Bonferroni-
adjusted for multiple comparisons where applicable.
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affected by Por U (t;5=0.34, P=0.733, P, = 0.733). Notably, the reduc-
tionin Comp.CP’s subjective intensity following adaptation to Prelative
to U was unrelated to that in the discrimination accuracy of Comp.
CP and C across participants (r;, = 0.11, P = 0.540; Supplementary
Fig. 5b), suggesting that the compromised odour discrimination was
not a by-product of the decrease in perceived odour intensity. Taken
together, these results show that unilateral adaptation to an odour
compound modulated the quality and intensity perception of subse-
quently presented odoursinanostril-specificand substructure-based
manner, hence speaking to akey role of the primary olfactory pathway
and primary olfactory regionsin the change of odour quality following
substructure adaptation, and by inference in the synthesis of odour
quality fromlocal structural information.

Substructure-based neural adaptations

To clarify the neural correlates of substructure adaptationand the ensu-
ing change in perceived odour quality, we conducted an fMRI experi-
mentand compared blood-oxygen-level-dependent (BOLD) responses
to Comp.CP, Pand Cbefore and after adaptations to Comp.CP (super-
structure of Pand C) and P (substructure of Comp.CP) in 26 participants
(13 females, 24.0 +2.37 yr). Comp.CP, P and C were matched a priori
for perceived intensity (F, 5, = 0.55, P= 0.581; Supplementary Fig. 6a).
The experiment comprised two scanning sessions held at around the
same time of day on two separate days, with Comp.CP as the adapting
odour in one session and P in the other session (Fig. 3a). Each session
consisted of six runs: two baseline runs without adaptation, followed
by four adaptation runs where the adapting odour of that session was
delivered (in place of purified air) before the start of the first trial and
during all intertrial intervals. On each trial, the participants made a
2 s sniff to air (for the baseline runs), Comp.CP, P or C, presented in a
pseudo-randomized order, and indicated whether there was an odour
(for the baseline runs) or whether there was an odour different from
the background odour (for the adaptation runs). Their hit rates showed
an expected effect of adaptation and were significantly lower in the
adaptation runs than in the baseline runs (A hit rate, —0.13; 95% Cl,
(-0.17,-0.08); t,s=—5.67; P< 0.001; Cohen’s d = 1.11). Meanwhile, their
sniff patterns (Supplementary Fig. 6b) were stable across all conditions,
with nosignificant effect of test odour or adaptation condition or their
interactioninsniff vigour (peak amplitude, P=0.726,0.918 and 0.557,
respectively) or sniff volume (P = 0.755, 0.555and 0.759, respectively).

We analysed fMRI signals in four regions of interest (ROIs) previ-
ously implicated in structure and quality coding of odorants as well
as subjective olfactory experience: the anterior piriform cortex, pos-
terior piriform cortex and amygdala (key primary olfactory regions)
and the orbitofrontal cortex (the main neocortical target of primary
olfactory regions)'>**7¢, The ROIs were defined on the basis of ana-
tomical landmarks and unbiased functional criteria (Methods). All
showed robust activations to odours in the baseline runs (Fig. 3b-e,
left, and Supplementary Table 2). An omnibus repeated-measures
analysis of variance (ANOVA) on odour-induced activities (percent-
age signal changes) using test odour (Comp.CP, P and C), adaptation
condition (baseline, adaptation to Comp.CP and adaptation to P) and
ROl as the within-participant factors identified a pronounced effect
of adaptation condition (F,5, = 50.53, P < 0.001, 1,>= 0.67) along with
significantinteractions between adaptation condition and test odour
(F4100= 6.08,P<0.001, ,> = 0.20) and between adaptation condition
and ROI(F, 03, = 6.19, P< 0.001, ,” = 0.20), signifying different inter-
playsbetween test odours and adaptation conditionsin different ROls
(Fig.3b-e, middle and right).

To characterize substructure-related neural adaptation, we
calculated the decrement in odour-induced activity from baseline
(no adaptation) for each of the combinations of the adaptor and test
odours (denoted as Test,,,,) and classified theminto three categories:
self-adaptation (Comp.CP¢om,cp and Pp), where the adaptor and test
odours were identical in structure and quality; substructure-based

adaptation (Comp.CPy, Pcompce and Ceomp.cp), Where they were related
inlocal structural features (sharing the structure of P or C) but dis-
similar in quality; and non-specific adaptation (C;), where they were
dissimilarin structure and quality. As shownin Fig. 3f, adaptation was
overall limited in the orbitofrontal cortex, significantly less than in
the anterior piriform cortex, posterior piriform cortex and amygdala
(P, <0.039). Differences among the three types of adaptation were
observed in all four ROIs (P, < 0.033), with self-adaptation causing
thelargest signal drop.Importantly, only the anterior piriform cortex
and the amygdala exhibited sensitivity to local features and statis-
tically differentiated between substructure-based adaptation and
non-specific adaptation (A percentage signal losses, 0.079 and 0.071;
95%Cls, (0.027,0.13) and (0.018, 0.12); t,; = 3.14 and 2.75; P.,, = 0.017 and
0.044; Cohen’sd = 0.62 and 0.54). To verify this categorical difference
between substructure-based adaptation and non-specific adapta-
tion, we performed direct comparisons between Cc,p,, cp and Cp, which
eliminated potential confounding factors associated with different
test odours. We examined whether the anterior piriform cortex and
the amygdala showed reduced activations to C following adaptation
to structurally related Comp.CP relative to unrelated P. As expected,
adaptationto Comp.CP as opposed to P diminished the responsesto C
inthe anterior piriform cortex (A percentage signal change = -0.048;
95%Cl, (-0.081,-0.014); t,s= -2.92; P=0.007; Cohen’sd = 0.57) and the
amygdala (A percentage signal change, -0.051;95%Cl, (-0.10,-0.0017);
ts=-2.13; P=0.043; Cohen’sd = 0.42) but notin the posterior piriform
and orbitofrontal cortices (P> 0.233) (Fig. 3b—e, right). These neural
adaptationresults thus provide evidence that activitiesin the anterior
piriform cortex and amygdala carry local structural information on
odour compounds independently of odour quality.

Modification of posterior piriform ensemble pattern
Whereas adaptation is marked by reductions of neural responses and
perceptual sensitivity?, odour quality has been shown to be encoded
by the pattern of activity in the posterior piriform cortex**"*, To
examine whether substructure adaptation would alter the ensem-
ble representation of odour quality, we extracted signal values from
every odour-responsive posterior piriform voxel and computed the
representational similarities between two test odours under different
adaptation conditions (Fig. 4a). The underlying hypothesis was that
adaptation to P would render the posterior piriform representations
for Comp.CP and C more alike, yet adaptation to Comp.CP would not
influence the representational similarity between C and P. Consistent
with this hypothesis, we found that compared with the baseline, the
spatial pattens for Comp.CP and C became significantly more corre-
lated following adaptation to P (Fisher Z-transformed r, A = 0.16; 95%
Cl, (0.066, 0.24); t,s=3.58; P=0.001; Cohen’s d = 0.70). Those for C
and P were no more or less correlated following adaptation to Comp.
CP (t,5=0.21,P=0.838) (Fig.4b). These results dovetail with the earlier
observations that adaptation to P made Comp.CP and C perceptually
more similar and less discernible, and that adaptation to Comp.CP
had noimpactonthe perceptual similarity between Cand P (Fig.1d,e).
Additional exploratory analyses indicated that the parallel between cor-
relations of neural activity patterns and behavioural discriminations or
judgements of odours was specific to the posterior piriform cortex. The
spatial correlations for Comp.CP and C and for Cand P in the anterior
piriform cortex, amygdalaand orbitofrontal cortex stayed unchanged
before and after adaptations to P and Comp.CP (P> 0.250, Fig. 4b).
Odour maps for each test odour and adaptation condition from
one exemplar participant (Fig. 4c) illustrate how spatial patterns of
activity in the posterior piriform cortex varied across conditions. On
top of significant reductions in the magnitude of mean activation fol-
lowing adaptation (see also Fig. 3c,f), a reorganization of the activity
pattern for Comp.CP from the baseline to post-adaptation to P was par-
ticularly evident. Difference maps further show that the spatial patterns
for Comp.CP and C converged following adaptation to P that essentially
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Fig. 4| Selective reorganization of posterior piriform activity pattern
following substructure adaptation. a, Representational similarity between
two test odours in an ROl was computed as the Pearson correlation across
voxels within that region. b, Representational similarities for Comp.CP and C
at the baseline and following adaptation to P and for P and C at the baseline and
following adaptation to Comp.CP in the anterior piriform cortex, posterior
piriform cortex, amygdala and orbitofrontal cortex (n = 26). The representations
of Comp.CP and Cin the posterior pirifrom cortex became more correlated
following adaptation to P, compared with the baseline (Fisher Z-transformed
r,A=0.16;95%Cl, (0.066, 0.24); t,s = 3.58; P= 0.001; Cohen’s d = 0.70).

¢, Spatial maps of odour-induced posterior piriform activity patterns (left) and
pattern differences (right) from an exemplar participant. The cells represent

signal values from voxels within the posterior piriform cortex ROI, arranged in
descending order of signal value for Comp.CP at the baseline. d, The relative
representational proximity of Comp.CP to its two substructures under each
adaptation condition was computed as the difference between the correlation
strengths of Comp.CP to C,and P, in terms of voxel-wise activity patternsin

the posterior piriform cortex (|r,(Comp.CP, C,)| - |r,(Comp.CP, P,)|). e, Relative
representational proximities of Comp.CP to C, against P, at the baseline and
following adaptations to Comp.CP and P, respectively, in the posterior piriform
cortex (n=26). The activity pattern for Comp.CP changed towards that for C,
and away from that for P, following adaption to P, compared with the baseline
(A =0.095;95%Cl, (0.0039, 0.19); t,s = 2.15; P= 0.042; Cohen’s d = 0.42). The box-
and-whisker plotsare asin Fig. 1d e.

embodied the structural difference between the two compounds.
In contrast, those for C and P remained distinct following adapta-
tion to Comp.CP—their superstructure—despite the aforementioned
substructure-based adaptation in the strengths of neural responses.
The post-adaptation pattern changes described above clearly
demonstrate a spontaneous reorganization of posterior piriform
activity patterns following adaptation. They also imply that the

reorganization was not random but informed by the structural rela-
tionship between the adaptor and test odours. To probe the underlying
computational principles, we calculated the correlation strengths of
the spatial patterns for Comp.CP under different adaptation conditions
to those for C and P at the baseline (that is, Cy and P,; the subscript ‘0’
refers to the baseline; Fig. 4d). We then quantified, for each of Comp.
CPy, Comp.CP¢yppcp and Comp.CPy, the extent to which the ensemble
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representation was more akin to the original pattern of C than that of
P—that is, the relative proximity of Comp.CP to its two separate sub-
structures in terms of representational distance®. In other words, we
tested whether adaptation to P would particularly shift the representa-
tion of Comp.CP towards that of C,rather than P,. Theresults (Fig. 4e)
show that, compared with the baseline, the activity pattern for Comp.
CPsignificantly changed towards that for Cyand away from that for P,
following adaptionto P (Comp.CP, versus Comp.CP,: A = 0.095;95%Cl,
(0.0039,0.19); t,5=2.15; P= 0.042; Cohen’s d = 0.42), but not to Comp.
CP (Comp.CP¢omp.cp Versus Comp.CPy: t,5 = -0.015, P= 0.988). The dif-
ference between adaptations to P and Comp.CP was also numerically
evident but did not reach statistical significance (Comp.CP; versus
Comp.CPompcpi A =0.095;95% Cl, (-0.0071,0.20); t,5=1.92; P= 0.067;
Cohen’sd=0.38).Hence, substructure adaptation seemsto selectively
modify the ensemble representation of odour quality in the posterior
piriform cortex, rendering it more similar to the pattern for the una-
dapted, as opposed to the adapted, part of an odorant.

Discussion

A molecule is the fundamental unit of acompound that retains its
physical and chemical properties. An odorant molecule is commonly
considered the unit of processing in olfactory perception, whose shape
orintramolecular vibrations are believed to be recognized and holisti-
callyinterpreted as a particular smell>***', Here we present compelling
behavioural and neuroimaging data that convergently demonstrate a
sensitivity to submolecular structural features in human olfactory per-
ception: adaptationto asubstructure of an odour compound resulted
in a significant alteration of the perceived quality of that compound,
paralleled by reductions of neural responses in the anterior piriform
cortex and the amygdala as well as a reorganization of the ensemble
activity pattern in the posterior piriform cortex that manifested the
two odorants’ structural relationship. These findings establish adirect
correspondence between the coding of local chemical structure and
that of olfactory quality, which has been elusive in previous studies®,
and unveil anatomistic (analytical) component of olfactory perceptual
processing whereby odour quality is computed on the basis of atomistic
parts (submolecular features) and compositional rules*. Moreover,
theseresults argue against aninvariant perceptual or neural representa-
tionof an odorant’s quality or identity. Rather, the representations can
be dynamically modified by recent olfactory experience, in reference to
thestructural relationship of the preceding stimulus to the current one.

Our findings appear to be connected with, albeit different from,
the phenomenon of cross adaptation—the decrease in sensitivity toone
odorantfollowingadaptation to adifferent odorant***. Crossadaptation
takes place between structurally or perceptually similar compounds*®™,
Ithaslongbeentheorized toreflect the extent to which different odours
share coding channels, hence providing abasis for odour classification,
and has been utilized to delineate representations of functional group
and quality in the human piriform cortex®***-*, Here, in additionto a
reductionin perceived intensity (sensitivity), substructure adaptation
further produced asignificant changein perceived quality towards that
ofthe unadapted part of an odorant; the effect was obtained in spite of
the modest configural similarity and the lack of qualitative similarity
between the adaptor (substructure) and test odorants (Fig. 1a,b and
Supplementary Figs. 1and 4a-d). This ‘decomposition” of odour qual-
ity, previously unsuspected, sheds new light on the neural computation
underlying the formation of a smell or an odour object and could pro-
vide a novel strategy for malodour management. However, it does not
necessarily represent a failure of olfactory perceptual constancy’, as
constancy requires experience*’ yet the odour compounds usedin the
current study were generally perceived as not familiar.

The short-term effect of substructure adaptation is behaviour-
allyand mechanistically different from the relatively long-term effect
of odour habituation®®”". Prolonged exposure to an odorant has
been demonstrated to decrease perceptual similarity between the

habituated odorant and a quality-related or functional-group-related
odorantinamanner thatinvolves spontaneousrecovery of the habitu-
ated response™. The current study did not use the adapted odorant
itself in the odour discrimination/similarity rating tasks. Decreased
discrimination or increased similarity was observed between two test
odorants whose non-shared structural features were contained in
the adapted odorant immediately following adaptation. In essence,
substructure adaptation is used here as a probe to dissect the repre-
sentation of anodorantand does not entail long-term neural plasticity.

On the surface, the computation of the olfactory quality of a
monomolecular odorant from submolecular structural features may
seem equivalent to that of an odorant mixture from the structures of
monomolecular components®. This simplified view is contradicted by
our observation that a1:1 molar ratio mixture of two monomolecules
Cand P smells distinctively different from their structural composite
Comp.CP, more so than C, P and structurally unrelated Comp.U. The
perceptual dissimilarity between Comp.CP and the binary mixture of
C and P denotes different interactions of intramolecular bonds and
intermolecular forces withthe olfactory system (for example, mucosal
sorptionandreceptor binding affinity). Exactly how they are factored
inthe neural computation of odour quality awaits future research.

The neuroimaging results resonate with the known functional
anatomy of the olfactory system. Much of this knowledge comes from
anatomical and neurophysiological studies in non-human animals.
Human neuroimaging studies have also demonstrated the different
functional roles of the anterior and posterior piriform cortices. The
anterior piriform cortex receives mostly feed-forward input from
the olfactory bulb—where stereotypically positioned glomeruli are
tuned to specific molecular features®**—and has been suggested to
encode odorant structure irrespective of odour quality'*****. Bulbar
projections to the cortical amygdala are also spatially stereotyped™,
which could confer the latter an anatomical context for the extraction
and comparison of structural information. The posterior piriform
cortex, by contrast, receives mostly associational inputs from nearby
regions'. Separate lines of evidence indicate that it transforms the
chemical feature space inherited from the bulb into a space that cor-
responds more to perceived odour quality*>**%* These regions also
send feedback projections back to the olfactory bulb to formrecurrent
loops™. Nonetheless, our data from the unilateral adaptation and test
experiment, along with other animal studies in the field>, indicate
a critical role of exposure-dependent bottom-up processing in the
synthesis of odour quality. Given the link between adaptation and
sparse representation by which the piriform cortexis characterized**,
itis conceivable that the reorganization of the posterior piriform
activity pattern following substructure adaptation is mediated by
adapted input from the anterior piriform cortex and amygdala that
coveyslocalstructuralinformation of an odour compound. Due to mag-
netic susceptibility differences from air/tissue interfaces, no reliable
BOLD signal is detected in the olfactory bulb or olfactory epithelium.
Nonetheless, substructure adaptation probably originates in these
upstream regions known to be sensitive to molecular features***>,
Put differently, the effect of adaptation to local chemical structural
features cascades to downstream regions (as has been demonstrated
invision®’) and alters the perceptual outcome. Adaptation is ubiquitous
in olfaction and takes place within a sniff bout®. In this light, and on
the basis of computational studies that relate olfactory percepts to
the molecular structures of odorants” 7!, we propose that the smells
we perceive are the products of continuous analysis and synthesis in
the olfactory system, breath by breath, of the structural features and
relationships of volatile compounds in our ever-changing chemical
environment.

Methods
The study was conducted in accordance with the ethical standards
set forth in the Declaration of Helsinki and was approved by the
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Institutional Review Board at the Institute of Psychology, Chinese
Academy of Sciences (H18029).

Participants

A total of 458 healthy non-smokers with no history of neurological
disorders participated in the study. Of these, 386 participated in the
main study and 36 in each of Supplementary Experiments 1and 2. For
the main study, 360 participants took part in the various behavioural
assessments (36 participants per condition or task), and 26 participated
inthe fMRIexperiment. All participants reported having anormal sense
of smelland norespiratory allergy or upper respiratory infection at the
time of testing. Those who took part in the unilateral adaptation and
test also had no significant nasal septal deviation as measured by nasal
spirometry, with nasal partitioning ratios ranging between-0.3and 0.3
(ref. 62). The participants were not informed about the relationships
among the olfactory stimuli or the purposes of the experiments. Upon
completion of the experiment, they received monetary compensa-
tion for their time: 50 RMB per hour for behavioural assessments and
100 RMB per hour for neuroimaging. Written informed consent and
consent to publish were obtained from all participants. Regarding
sample sizes, we were unaware of any previous study on substructure
adaptation and odour quality change and thus could not perform a
formal power analysis. The sample size in each experiment (or cell) was
about twice thesize used in previous studies onrelated topics™ %4648,

Olfactory stimuli and delivery

As shown in Fig. 1a, the primary olfactory stimuli consisted of C (CAS
no. 2758-18-1, Shanghai Acmec Biochemical), P (CAS no. 554-12-1,
Sigma-Aldrich) and Comp.CP (CAS no. 87-55-8, Shanghai Acmec Bio-
chemical). Cand Pare both substructures of Comp.CP. Two additional
compounds, U(CAS no. 90-05-1, Sigma-Aldrich) and Comp.U (CAS no.
97-53-0, Sigma-Aldrich), served as structurally unrelated controlsinthe
behavioural assessments. Comp.Uisacomposite of Uand anallylgroup
and has amolecular weight close to that of Comp.CP. Supplementary
Table 3 summarizes the olfactory stimuliemployed in each experiment
ofthe main study and their respective liquid-phase concentrations. Pro-
pylene glycol (CAS no. 57-55-6, Sigma-Aldrich) was used as the solvent.
Theolfactory stimuliemployedin Supplementary Experiments1and 2
aredescribed in the Supplementary Information. All olfactory stimuli
were presented at room temperature and were supra-threshold to the
participants. Note that in the behavioural adaptation experiments,
higher concentrations were used for the adaptor stimuli to maximize
the effect of adaptation.

The olfactory stimuli in the behavioural assessments were pre-
sented inidentical 280 mlnarrow-mouthed glass bottles, coded by an
individual notinvolvedin the assessments. Each bottle contained 10 ml
of clearliquid and was fitted with one (for the unilateral adaptation and
test) or two (for all other behavioural experiments) Teflon nosepieces.
The participants were instructed to inhale through the nosepieces
and exhale through the mouth when sampling the olfactory stimuli.
The olfactory stimuliin the fMRIexperiment were presented using an
MRI-compatible computer-controlled olfactometer (Emerging Tech
Trans) at aflow rate of 3.5 min™.

Behavioural assessments

Odour evaluations of single compounds. A panel of 36 participants
sampled C, P, Comp.CP, U and Comp.U one atatime in random order,
and provided ratings of the intensity, valence and familiarity of each
compound on 7-point Likert scales, where 7 marked extremely intense,
pleasant and familiar, and 1 marked not at all intense, pleasant and
familiar, respectively. They were then presented with nine odour pairs,
Comp.CP-C, Comp.CP-P, Comp.CP-U, Comp.CP-Comp.U, C-P,C-U,
C-Comp.U, P-Uand P-Comp.U, one pairatatimeinrandomorder, and
were asked torate the perceptual similarity (in terms of odour quality)
between the two odours in each pair on a 7-point Likert scale, with 7

representing extremely similar and 1representing not atall similar. The
relationships in odour quality among these compounds were further
examined using atwo-alternative forced-choice task in two additional
panels of 36 participants each. In each trial, the participants sampled
three odours, atarget and two choices, and picked from the two choices
the one that smelled more like the target. Comp.CP and Cserved asthe
target stimuli, and P and U served as the choice stimuli for one panel
of participants; C and P served as the target stimuliand Comp.CP and
Comp.Uthe choice stimulifor the other panel. There was a break of at
least 30 s between two trials to eliminate olfactory adaptation. The
rating scales and procedures were employed in subsequent experi-
ments where applicable.

Odour character profiles. A panel of 36 participants characterized
the odour qualities of C, P, Comp.CP, U and Comp.U using alist of 146
descriptors®. For each compound, they scored the suitability of each
descriptor toits odour onascale of 0 to 5. They were allowed to resa-
mple the odour as needed in this process. The percentage applicabil-
ity of each descriptor to each compound was calculated on the basis
of the percentage of participants who used that descriptor for that
compound and the sum of scores for the panel*. Moreover, pairwise
perceptual distances were quantified on the basis of the score profiles
of the compounds?”.

Odour similarities under different adaptation conditions. A total of
144 participants were randomly assigned to four groups of 36 each: two
adaptation groups (Groups1and 3) and two reference groups (Groups 2
and4).Thosein Group1first provided intensity and valence ratings for
P,U, Comp.CP and C (Fig.1a, left) and were then tested in two sessions
held at the same time of day on two consecutive days, with Pand Uas the
adapting odours, respectively (the order was balanced across the par-
ticipants). Each session comprised a180 s adaptation phase followed
bysixtesttrialsinterleaved with 30 s of top-up adaptations (Fig.1c).In
eachtest trial, the participants, blindfolded, were presented with three
bottles—either two containing Comp.CP and one containing C (three
trials) or two containing C and one containing Comp.CP (three trials)—
oneatatimeinrandomorder,and were asked to pick the odd one out
(chance = 0.33) and then torate the similarity between the two odours
they had just smelled. During the adaptation phases, they continuously
inhaled through the bottle containing the adapting odour of that ses-
sionand exhaled through the mouth. Thosein Group 2 were testedina
single session where they performed the test trials with Comp.CP and
Cwithoutadaptation. There was instead a30 sbreak between two test
trials. Groups 3and 4 underwent the same procedures as Groupsland 2,
respectively, except that different odour compounds were employed
(Fig. 1a, right): Comp.CP and Comp.U served as the adapting odours
for Group 3; Pand Cserved as the test odours for both Groups 3 and 4.

Odour similarity between Comp.CP and a mixture of C and P. A panel
of 36 participants provided intensity, valence and familiarity ratings
for each of Comp.CP, C, P, Comp.U and a 1:1 molar ratio mixture of C
and P (C +P) and rated the perceptual similarities between Comp.CP
and eachof the other four odours. They also performed a ranking task
where they freely sampled the five odours and ranked C, P, Comp.U and
C +Ponthebasis of their perceptual similarities to Comp.CP. There was
abreak ofatleast 30 s between two trials.

Unilateral adaptation and test. Agroup of 36 participants underwent
similar procedures as Group 1described above, but the odours were
presented unilaterally (to a single nostril) instead of bilaterally (to
both nostrils). Specifically, the adapting odours P and U were always
presented to a fixed nostril in the test sessions (Fig. 2a): left for 17 and
right for 19 participants. After the initial 180 s adaptation phase of
eachsession, the participants completed 12 unilateral test trialsinter-
leaved with 30 s of top-up adaptations. The test odours Comp.CP and
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Cwere presented to the left nostril in six trials and to the right nostril
inthe other six trials, inrandom order. Intensity ratings of unilaterally
presented Comp.CP and C were collected again after the completion
of the test trials. Additionally, the partitioning of airflow between the
adapted and unadapted nostrils was assessed with arhinospirometer
(GM Instruments) at the beginning and end of each session. During
unilateral odour presentations, the unexposed nostril was always
closed by the thumb.

Unless otherwise specified (for example, adaptation phase and
free sampling), each odour was presented for about 2 sinatrial in the
behavioural assessments.

Behavioural analysis. Odour discrimination accuracies were not
normally distributed (Shapiro-Wilk test of normality, P < 0.021 for all
groups and conditions) and were analysed with non-parametric tests:
the Wilcoxon signed-rank test for within-group comparisons and the
Mann-Whitney test for between-group comparisons. We provide
95% bootstrap confidence intervals. The effect size was estimated
using r,,. Comparisons of odour ratings within and between groups
were performed using the paired-samples t-test, repeated-measures
ANOVA and independent-samples t-test. The effect size for ¢-tests
was estimated using Cohen’s d; that for ANOVAs was estimated using
n,’.Inaddition, responses in the two-alternative forced-choice odour
similarity task were analysed with the binomial test. Ranks of odours
in the odour similarity ranking task were compared using the Fried-
man test. All statistical tests were two-tailed, where applicable. Post
hoc tests were Bonferroni corrected. Given that multiple planned
comparisons were conducted to evaluate the effects of substructure
adaptation, and the test statistics (for example, discrimination accu-
racy and subjective odour similarity) were positively correlated, we
applied FDR corrections to all substructure-adaptation-related tests
within each experiment and reported the corrected Pvalues (Supple-
mentary Information and Supplementary Table 4). Notably, we also
applied FDR corrections across all substructure-adaptation-related
tests in all experiments. In both cases, all originally significant tests
survived the corrections at g = 0.05.

fMRI experiment

Procedure. Twenty-six right-handed participants took part in the
fMRI experiment, whichemployed a full within-participant design and
comprised two scanning sessions held at around the same time of day
ontwo separate days. There were six runs of approximately 6 min each
per session: two baseline runs without adaptation followed by four
adaptation runs with Comp.CP as the adapting odour in one session
and P in the other session (Fig. 3a). Throughout each run, inhalations
(2 s) and exhalations (2 s) were prompted by words onthe screen so that
breathing could be synchronized with odour delivery. The breathing
prompts were mostly presented in white; their colour changes served
asattentional prompts (yellow) and sniff cues (green). In the baseline
runs, each trial began with a2 s attentional prompt (the word ‘exhale’
presented in yellow), after which the participants were cued to take a
2 s sniff (the word ‘inhale’ presented in green). They then pressed one
of two buttons to indicate whether there was an odour. There were
14 trials per run: Comp.CP, P, C and purified air were each presented
during the sniff cue in four, four, four and two trials, respectively,
in a pseudo-randomized order. The interstimulus interval was jit-
tered between 18 and 30 s, during which purified air was continuously
delivered. In the adaptation runs, an adapting odour was presented
before the onset of the first test odour and during all interstimulus
intervals, which ranged between 18 and 26 s. Each run consisted of 13
trials: Comp.CP, Pand Cwere each presentedin three, five and five tri-
als, respectively, when Comp.CP was the adapting odour, and in five,
three and five trials, respectively, when P was the adapting odour. The
task was to indicate whether there was an odour different from the
background odour. The procedure was otherwise identical to that in

thebaseline runs. Respiration was monitored withapneumogram sen-
sor (RX110-MRI) taped on the diaphragm and recorded using Biopac
MP150 (Biopac Systems). Stimulus presentation, response registration
and their synchronization with respiration recording (via a parallel
port) and MRimage acquisition (trigger pulses from the scanner) were
controlled using E-Prime 2 (Psychology Software Tools).

Imaging parameters. Imaging data were collected with a Siemens
3T Prisma Fit scanner and a 20-channel head coil. Gradient-echo
T2 -weighted echoplanar images (EPI) were acquired with two sets
of parameters due to a major software update. For 17 participants,
TR, 2 s; echo time, 27 ms; flip angle, 90°; matrix, 96 x 96; field of view,
192 x 192 mm?; in-plane resolution, 2.0 x 2.0 mm?; slice thickness, 2 mm;
gap, 0; number of slices, 34; and acquisition angle, 30° rostral to the
intercommissural line. For 9 participants, ablipped-controlled-aliasing
multiband EPI sequence was employed; TR, 2 s; echo time, 29 ms; flip
angle, 80°; matrix, 128 x 128; field of view, 192 x 192 mm?, in-plane
resolution, 1.5 x 1.5 mm?; slice thickness, 1.5 mm; gap, O; number of
slices, 88; and acquisition angle, 0° to the intercommissural line.
A1mm?isotropic T1-weighted anatomical volume, along with a field
map, was also acquired for each participant. Note that all fMRI results
were based on within-participant comparisons, which accounted for
interindividual differences due toimaging parameters or other extrane-
ous factors. Moreover, no difference was found between the two sub-
sets of participants scanned with different sets of imaging parameters
inany of the measures examined (P> 0.075).

fMRI preprocessing. Functional data were preprocessed with SPM v.12
(http://www.fil.ion.ucl.ac.uk/spm). EPlimages were corrected for slice
timing differences and geometric distortion due to susceptibility arte-
facts (using the participants’ field maps) and were spatially realigned
to the first volume of the first session (the first baseline run on Day 1)
and unwarped to reduce movement-related variance. For the univari-
ate analysis, this was followed by spatial smoothing (6 mm full width at
half maximum (FWHM) Gaussian kernel) to enhance the signal-to-noise
ratio and temporal filtering (128 s high-pass filter) to eliminate
low-frequency drifts. Spatial normalization was not performed except
for the purpose of displaying group-level odour-induced activations
at the baseline (Fig. 3b-e, left, and Supplementary Table 2), in which
case the images from the baseline runs were spatially normalized to a
standard EPItemplate (MNIspace, 2 mmisotropicresolution) and then
spatially smoothed and temporally filtered before further analysis. For
representational similarity analysis, no additional preprocessing was
performed to preserve the spatial fidelity of the signals.

Definition of ROIs. The anterior piriform cortex and the posterior
piriform cortex were manually drawn on each participant’s anatomical
scan, coregistered to his or her mean realigned EPlimage, according
toan anatomical atlas®. The location where the basal frontal lobe first
joinsthe medial temporallobeinthe coronal T1sections served asthe
landmark to delineate the caudal extent of the anterior piriform cortex
and the rostral extent of the posterior piriform cortex®. The amygdala
was defined using cytoarchitectonic probabilistic maps integrated in
the SPM Anatomy toolbox®*. The olfactory orbitofrontal cortex was
defined on the basis of a meta-analysis of human neuroimaging studies
on olfactory processing®, drawn as 6-mm-radius spheres centred on
MNI coordinates (22,32, -18) and (24,33, -12). These structural masks
were projected into each participant’s native EPI space and function-
ally restricted to voxels that responded to odours at the baseline (in
the baseline runs, P < 0.01)*. The functionally restricted ROIs were
employed in subsequent analysis.

Univariate analysis. Our slow event-related design enabled us to
characterize the haemodynamic response triggered by each test
odour (Comp.CP, Pand C) under each adaptation condition (baseline,
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adaptation to Comp.CP and adaptation to P) in a voxel-wise manner.
Specifically, the 3 x 3 combinations of test odours and adaptation con-
ditions were modelled with a set of impulse response functions from
0 to 16 s post stimulus (eight time bins of 2 s each, TR 0 to TR 7) that
made no assumption about the shape of the response. Head motion
parameters were included as nuisance regressors, and serial autocorre-
lations were modelled as an autoregressive process. The signal changes
over TRs were then extracted per ROI and per participant (in the
native EPI space) with MarsBaR (https://marsbar-toolbox.github.io/)
(Fig.3b-e, middle). The mean values for TR2, TR3and TR 4 (peak time
points) indexed odour-evoked percentage signal changes (Fig. 3b-e,
right) and were subsequently analysed with repeated-measures ANO-
VAs and paired-samples ¢-tests. Multiple comparisons across ROIs and
conditions were Bonferroni corrected where applicable.

Multivariate representational similarity analysis. Effects of nointer-
est (motionregressors and low-frequency drift) were first subtracted
outfromthe preprocessed functional data with AFNI programs 3dDe-
convolve and 3dSynthesize (https://afni.nimh.nih.gov/). Values from
post-stimulus TR 3, the time point that best captured signal varia-
tions across conditions, were then extracted from the voxels within
each ROI (in the native EPI space) for each of the combinations of
test odours and adaptation conditions, which formed the input to
representational similarity analysis. For each adaptation condition,
we computed therepresentational similarity between two test odours
in an ROl as the Pearson correlation across voxels within that region.
For the posterior piriform cortex, we also quantified the relative rep-
resentational proximity of Comp.CP toits two separate substructures
asthedifference betweenits correlation strengths to C,and Pyin terms
of voxel-wise activity patterns. The Fisher Z-transformed correlation
coefficients were then compared between adaptation conditions using
the paired-samples t-test.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All reported data are available at https://doi.org/10.57760/sci-
encedb.13818. Source data are provided with this paper.

Code availability
All analysis scripts are available at https://doi.org/10.57760/
sciencedb.13818.
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The study presents quantitative data from nine behavioral experiments and an fMRI experiment where olfactory perception and
neural representations of monomolecular odorants were compared before and after substructure adaptation, superstructure
adaptation, and/or nonspecific olfactory adaptation.

A total of 458 healthy non-smokers (236 female, mean age: 23.1 yrs, SD: 1.8 yrs) with no history of neurological disorders
participated in the study. Of these, 386 participated in the main study and 36 in each of Supplementary Experiments 1 and 2. For the
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participated in the fMRI experiment. They reported to have a normal sense of smell and no respiratory allergy or upper respiratory
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measured by nasal spirometry, with nasal partitioning ratios ranging between -0.3 and 0.3.
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allergy or upper respiratory infection at the time of testing, no history of neurological disorders. In addition, for the unilateral
adaptation and test experiment: no significant nasal septal deviation as determined by nasal spirometry; for the fMRI experiment:
fulfillment of the MR safety criteria (e.g., no metal implant, no claustrophobia, etc).

As to sample sizes, we were unaware of any previous study on substructure adaptation and odor quality change and thus could not
perform a formal power analysis. The sample size in each experiment (or cell) was about twice the size used in previous studies on
related topics (Cain & Polak, 1992; Gottfried et al., 2006; Howard et al., 2009; Li et al., 2008; Pierce et al., 1996; Pierce et al., 1995;
Zelano et al,, 2011).
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assessments for details). No one else was present during testing. The data were recorded by pen and paper. For the fMRI
experiment, MR images were collected using Siemens Prisma 3T scanner; responses in the scanner were recorded using a keypad
attached to the participants' right hand. No one was present in the scan room with the participants during scanning. Both the
participants and the experimenters were blind to the chemical relationships among the olfactory stimuli and to the specific purposes
of the experiments during data collection.

Data collection for the main study started in March 2019 and ended in August 2021. Supplementary experiments were performed
from February to May 2023.

No data were excluded from the analyses.
Five participants dropped out of the 2-session behavioral experiments due to time conflicts.

Participants were randomly allocated into different experimental groups where applicable.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X|[ ] chip-seq
Eukaryotic cell lines E D Flow cytometry
Palaeontology and archaeology D E MRI-based neuroimaging

Animals and other organisms

Clinical data

MNXNXXXX s
OooOoOod

Dual use research of concern

Magnetic resonance imaging

Experimental design

Design type Slow event-related fMRI design.

Design specifications The fMRI experiment comprised two scanning sessions held on two separate days, with Comp.CP as the adapting odor

in one session and P in the other session. Each session consisted of 6 runs of about 6 min each: 2 baseline runs without
adaptation, followed by 4 adaptation runs where the adapting odor of that session was delivered (in place of purified
air) before the start of the first trial and during all inter-trial intervals. Each trial began with a 2 s attentional prompt,
after which participants were cued to take a 2 s sniff. They then indicated with a button press whether there was an
odor (for baseline runs) or whether there was an odor different from the background odor (for adaptation runs).
There were 14 trials per baseline run: Comp.CP, P, C, and purified air were each presented during the sniff cue in 4, 4, 4,
and 2 trials, respectively, in a pseudo-randomized order, and the interstimulus interval was jittered between 18 to 30's.
There were 13 trials per adaptation run: Comp.CP, P, and C were each presented in 3, 5, and 5 trials, respectively, when
Comp.CP was the adapting odor, and in 5, 3, and 5 trials, respectively, when P was the adapting odor. The interstimulus
interval was jittered between 18 to 26 s.

Behavioral performance measures Participants' button presses (Y/N) were recorded. Task performance was assessed with hit rate. Hit rates in the baseline
runs and adaptation runs were respectively calculated and compared.

Acquisition

Imaging type(s) Functional and structural MRI.

Field strength 3 Tesla.

Sequence & imaging parameters Gradient-echo T2*-weighted echoplanar images (EPI) were acquired with two sets of parameters due to a major
software update. For 17 participants: repetition time (TR), 2 s; echo time, 27 ms; flip angle, 90°; matrix, 96 x 96; field of
view, 192 x 192 mm2; in-plane resolution, 2.0 x 2.0 mm?2; slice thickness, 2 mm; gap, O; number of slices, 34; and
acquisition angle, 30° rostral to the intercommissural line. For 9 participants: a blipped-controlled-aliasing multiband EPI
sequence was employed; TR, 2 s; echo time, 29 ms; flip angle, 80°; matrix, 128 x 128; field of view, 192 x 192 mm2; in-
plane resolution, 1.5 x 1.5 mm2; slice thickness, 1.5 mm; gap, O; number of slices, 88; and acquisition angle, 0° to the
intercommissural line. A 1 mm3 isotropic T1-weighted anatomical volume, along with a field map, was also acquired for
each participant.

Area of acquisition For 17 participants, 34 slices were acquired at an oblique plane 30° rostral to the intercommissural line, which covered
all regions of interest including the anterior piriform cortex, posterior piriform cortex, amygdala, and orbitofrontal
cortex.

For 9 participants, a whole-brain scan was acquired.
Diffusion MRI [ ] used X Not used
Preprocessing
Preprocessing software SPM 12 (http://www.fil.ion.ucl.ac.uk/spm). Preprocessing involved slice timing correction, artifact removal, motion

correction, and for univariate analysis, spatial smoothing (6-mm FWHM Gaussian kernel) and temporal filtering (128 s high-
pass filter). For representational similarity analysis, no additional preprocessing was performed to preserve the spatial fidelity
of the signals.

Normalization Spatial normalization was not performed except for the purpose of displaying group-level odor-induced activations at
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Normalization baseline, in which case the images from the baseline runs were spatially normalized to a standard EPI template (MNI space).
Normalization template ICBM152.

Noise and artifact removal EPI images were corrected for geometric distortion due to susceptibility artifacts using participants’ field maps and were
spatially realigned to the first volume of the first session (first baseline run on Day 1) and unwarped to reduce movement
related variance. In the GLM-based univariate analysis, movement parameters were entered as nuisance regressors.

Volume censoring Not applied.

Statistical modeling & inference

Model type and settings We performed both univariate analysis and multivariate representational similarity analysis. For univariate analysis, the 3 x 3
combinations of test odors (Comp.CP, P, C) and adaptation conditions (baseline, adaptation to Comp.CP, adaptation to P)
were modeled with a set of impulse response functions from 0-16 s post stimulus that made no assumption about the shape
of the response. Head motion parameters were included as nuisance regressors, and serial autocorrelations were modeled as
an autoregressive process. For multivariate representational similarity analysis, we computed and compared the
representational similarities between two test odors in an ROl under different adaptation conditions.
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Effect(s) tested We tested the effect of adaptation condition on odor-evoked percent signal changes in the ROIls with repeated measures
ANOVAs and paired -sample t tests. In addition, the representational similarities (z-transformed Pearson correlations)
between two test odors in each ROl were compared between adaptation conditions using the paired-samples t test.

Specify type of analysis: [ | Whole brain ~ [X| ROI-based [ ] Both

The anterior piriform cortex and the posterior piriform cortex were manually drawn on each participant’s
anatomical scan, coregistered to his/her mean realigned EPI image, according to an anatomical atlas (Mai
et al., 2008). The amygdala was defined using cytoarchitectonic probabilistic maps integrated in SPM
Anatomy toolbox (Eickhoff et al., 2005). The olfactory orbitofrontal cortex was defined based on a meta-
analysis of human neuroimaging studies on olfactory processing (Gottfried and Zald, 2005), drawn as 6-
mm radius spheres centered on MNI coordinates (-22, 32, -18) and (24, 33, -12), respectively.

Anatomical location(s)

Statistic type for inference The structural masks of the ROIs were projected into each participant’s native EPI space and functionally restricted to voxels

(See Eklund et al. 2016) that responded to odors at baseline (voxel-wise p < 0.01 ) (Zelano et al, 2011). The functionally restricted ROIs were
employed in all subsequent analysis. Statistical inferences were based on odor-evoked percent signal changes and the
representational similarities between two test odors extracted from the ROIs under different adaptation conditions.

Correction Multiple comparisons across ROls and conditions were Bonferroni corrected where applicable.

Models & analysis

n/a | Involved in the study
E D Functional and/or effective connectivity

E D Graph analysis

D X] Multivariate modeling or predictive analysis

Multivariate modeling and predictive analysis  For multivariate representational similarity analysis, effects of no interest (motion regressors and low-
frequency drift) were first subtracted out from the preprocessed functional data with AFNI programs
3dDeconvolve and 3dSynthesize. Values from post-stimulus TR 3, the time point that best captured signal
variations across conditions, were then extracted from the voxels within each ROI for each of the
combinations of test odors and adaptation conditions, which formed the input to representational similarity
analysis. For each adaptation condition, we computed the representational similarity between two test odors
in an ROl as the Pearson correlation across voxels within that region.
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