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Abstract

Ongoing sensory input is critical for shaping internal representations of the external world. 

Conversely, a lack of sensory input can profoundly perturb the formation of these representations. 

The olfactory system is particularly vulnerable to sensory deprivation, due to the widespread 

prevalence of allergic, viral, and chronic rhinosinusitis, but how the brain encodes and maintains 

odor information under such circumstances remains poorly understood. Here we combined 

functional magnetic resonance imaging (fMRI) with multivariate (pattern-based) analyses and 

psychophysical approaches to show that a seven-day period of olfactory deprivation induces 

reversible changes in odor-evoked fMRI activity in piriform cortex and orbitofrontal cortex 

(OFC). Notably, multivoxel ensemble codes of odor quality in OFC became decorrelated 

following deprivation, and the magnitude of these changes predicted subsequent olfactory 

perceptual plasticity. Our findings suggest that transient changes in these key olfactory brain 

regions are instrumental in sustaining odor perception integrity in the wake of disrupted sensory 

input.

In the 1960s, a series of landmark studies on the visual system of the developing cat 

highlighted the importance of sensory experience in shaping brain organization and 

function1. This work, along with studies of neural remapping of rodent barrel cortex2 and 

monkey somatosensory cortex3, provided a powerful neuroscientific foundation that remains 

highly influential for understanding sensory system processing. A fundamental implication 
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is that our sensory systems are not mere passive receivers of information, but active 

respondents. It is the complex interaction between stimulus input and individual experience 

that defines the form and function of the brain, and ultimately how sensory systems perceive 

and respond to the external environment.

These earlier studies introduced the concept of the “critical period”, a time-limited window 

in an organism’s early development during which there is particularly robust plasticity in 

response to sensory experience4. However, closure of the critical window does not mean 

shutting the door to sensory-driven plasticity5–8. Periods of sensory deprivation later in life 

can alter brain activity and function, albeit in less dramatic ways than during 

development9–14. Several studies have demonstrated sensory behavioral plasticity resulting 

from short-term visual, auditory, and somatosensory deprivation in adult humans15–19. Some 

of this work has also demonstrated measurable changes in brain activity as a result of 

sensory deprivation, including visual cortex excitability15,16, cross-modal neuroplasticity20, 

and response tuning shifts in the adult human auditory17 and somatosensory18 cortex. Such 

observations suggest that consistent ongoing afferent input may be important in maintaining 

the integrity of sensory systems throughout life.

The olfactory system presents an especially interesting case for the studying of perceptual 

plasticity due to its highly regenerative nature. Olfactory sensory neurons (OSNs) are 

continuously regenerated and replaced throughout life 21,22, and the olfactory bulb is one of 

the only sites in the human brain to be replenished with new neurons throughout the 

lifespan14,23. Recent studies have shown that the human olfactory system remains highly 

pliable into adulthood. For example, previous work in our laboratory has shown that brief 

passive exposure to an odor, as well as associative conditioning between an odor and 

footshock, is sufficient to induce perceptual and neural enhancement of olfactory 

discrimination7,8. Such findings illustrate the key role of afferent sensory experience in 

optimizing olfactory system function.

The corollary – that a lack of sensory experience might have a detrimental impact on 

olfactory processing – has been explored in rodent models. These studies have helped 

elucidate basic operations of the olfactory system, as well as mechanisms underlying 

sensory plasticity. One widely employed method of inducing olfactory deprivation is 

unilateral nostril (naris) occlusion. Both anatomical and neurochemical changes have been 

identified in the rodent olfactory bulb (OB) and even in primary olfactory cortex using this 

technique10–13,24–29. Following unilateral naris occlusion, an overall increase in odor-

evoked metabolic activity in the OB glomerular layer occurred alongside a decrease in the 

stimulus specificity of odor-evoked single-unit responses in mitral/tufted cells25. Notably, 

despite dramatic physiological changes, odor deprivation often has no effect on olfactory 

behavior26, and paradoxically sometimes enhances detection and discrimination 

performance when compared to control rats24. The fact that a unilaterally occluded OB can 

still gain odor access via a septal “window” between the nasal chambers30, and that 

unilateral inputs may nevertheless activate higher-order centrifugal projections bilaterally31, 

may account for these mixed findings. A more ideal procedure would be to occlude both 

nostrils simultaneously, but this approach is unfeasible in obligatory nose breathers such as 

rodents.
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To date, there have been no studies investigating the effects of olfactory deprivation in 

humans. The impracticality of bilateral nostril occlusion in rodents, as noted above, can be 

overcome in humans, whose respiratory anatomy permits bilateral odor deprivation. Here we 

introduce a novel method of odor deprivation in human subjects, in combination with 

psychophysical measurements, functional magnetic resonance imaging (fMRI), and 

multivariate (pattern-based) imaging analysis, to assess how a seven-day absence of odor 

afferent input modulates olfactory perceptual representations in the human brain. This 

design enabled us to test two specific hypotheses that were motivated from prior animal 

findings25. First, we asked whether odor deprivation would induce general gains in overall 

response sensitivity to odor stimuli as indexed via perceptual thresholds and fMRI activity in 

central olfactory brain areas. This was the main aim of fMRI Experiment 1. Second, we 

asked whether olfactory afferent input is necessary to sustain the specificity of categorical 

representations of odor object quality, as reflected in odor discriminability and spatial 

patterns of odor-evoked fMRI activity in the human olfactory system. This was the main aim 

of fMRI Experiment 2.

Results

The total length of the experiment spanned two weeks (Fig. 1a), involving a one-week 

period of odor deprivation and a one-week recovery period. On day 0, subjects underwent 

baseline psychophysical testing and olfactory fMRI scanning. They were subsequently 

admitted to the Clinical Research Unit at Northwestern Memorial Hospital for seven days of 

odor deprivation, during which time their nostrils were occluded with foam tape during 

waking hours.

Psychophysical tests and fMRI scanning sessions were repeated immediately following odor 

deprivation (day 7) and again after recovery (day 14). Note that findings were considered 

“deprivation-specific” only if the changes from pre- to post-deprivation also returned to 

baseline levels at recovery, thereby minimizing potential confounds related to training 

effects or mere exposure across the multiple testing days.

Intranasal anatomy and odor perception

The possibility that seven days of odor deprivation could induce nasal congestion or 

inflammation, with possible compromise of airflow and peripheral olfactory function, was 

carefully assessed throughout the study. On days 0, 6, 7, and 14, subjects underwent nasal 

endoscopy and acoustic rhinometry by trained ENT physicians (Fig. 2). Qualitative 

endoscopic assessments of the nasal cavity revealed no major instances of edema, discharge, 

scarring, or crusting. Quantitative endoscopic and acoustic rhinometric measurements 

revealed no significant change in the space between the inferior turbinate and septum 

(F1.99,19.90 = 0.56, P = 0.58, n = 11; Fig. 2e), or between the middle turbinate and septum 

(F1.50,14.97 = 0.13, P = 0.82; Fig. 2f). The volume of the nasal cavity (1–5 cm from the 

entrance of the naris) also remainedstable over testing days (F2.19,19.73 = 0.18, P = 0.86, n = 

10; Fig. 2g). These results suggest that peripheral changes in nasal anatomy were unlikely to 

have influenced the behavioral and neuroimaging findings.
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Behavioral analysis revealed that the one-week deprivation period had no major impact on 

olfactory function, with regard to either odor detection or discrimination. Apart from the 

smell identification task (UPSIT) (F1.81,23.54 = 3.62, P = 0.047), psychophysical task 

performance remained constant over all testing sessions (Table 1). Participants improved 

significantly on the UPSIT from pre- to post-deprivation (T13 = 2.39, P = 0.033), though the 

effect was small (3.6% improvement). However, because performance at recovery did not 

return to baseline levels, this change may have reflected a practice effect. These null results 

are consistent with rodent studies demonstrating minimal behavioral alterations following 

even longer periods of naris occlusion24,26, suggesting that the adult olfactory system may 

compensate for diminished afferent odor input via functional plasticity. Whether deprivation 

induces plasticity in olfactory brain regions, despite preserved perceptual performance, 

motivated our subsequent imaging analyses.

Exp. 1: Deprivation-induced mean changes in fMRI activity

During each time-point (day 0, baseline; day 7, post-deprivation; day 14, recovery), subjects 

took part in two fMRI experiments. Experiment 1, a simple odor detection task (Fig. 1b; 

Supplementary Fig. 1a), assessed whether odor deprivation had a reversible modulatory 

effect on stimulus-evoked mean fMRI signal in olfactory-related brain areas. Complete 

neuroimaging data for this task were obtained from 10 subjects. Detection accuracy was 

high across all three testing sessions (odor trials: 96.9% ± 1.33, mean ± S.E.M.; no-odor 

trials: 86.4% ± 3.63). Importantly, accuracy did not significantly differ across sessions, 

indicating that any deprivation-related changes in fMRI activity could not be attributed to 

poor or variable performance across days (odor trials: F1.47,13.27 = 2.12, P = 0.17; no-odor 

trials: F1.51,13.59 = 0.34, P = 0.66). Similarly, there were no significant respiratory 

differences in sniff volume (F1.32, 7.89 = 2.44, P = 0.16, n = 7) or duration (F1.20, 7.18 = 3.15, 

P = 0.12) across testing periods (Supplementary Fig. 2).

We first asked whether mean odor-evoked activity in olfactory brain regions differed across 

baseline, post-deprivation, and recovery. A one-way repeated-measure ANOVA identified 

significant time-dependent changes in right anterior piriform cortex (APC), bilateral 

posterior piriform cortex (PPC), bilateral orbitofrontal cortex (OFC), and bilateral anterior 

insula (Fig. 3a; Supplementary Table 1). To establish that these activation differences were 

specific to odor deprivation, and not due to mere factors such as the passage of time or 

increased task familiarity over the 14-day period, we tested whether response profiles in 

these brain areas showed a selective decrease in odor-evoked activity as a consequence of 

deprivation, returning towards baseline levels at recovery. These effects were examined by 

testing the conjunction of two contrasts: [baseline>post-deprivation] and [recovery>post-

deprivation]. We found that the left PPC (−14, −2, −18) showed a deprivation-related 

decline in odor-evoked activity that recovered to baseline at the time of the day 14 scan (Fig. 

3b). Note that significant differences were observed when each contrast component of the 

conjunction analysis was tested separately (baseline>post-deprivation: T9 = 3.23, P = 0.002 

uncorrected [unc.]; recovery>post-deprivation: T9 = 2.90, P = 0.004 unc.), confirming the 

robustness of these effects.
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It is equally possible that the deprivation procedure might have induced selective increases 

in odor-evoked activity. Therefore, we also tested the conjunction32,33 of [post-

deprivation>baseline] and [post-deprivation>recovery], which identified areas in the anterior 

and posterior OFC corresponding to Walker’s area 11 (16, 44, −16) and area 13 (16, 16, 

−18; and −20, 14, −16), respectively (Fig. 3d,f). These response enhancements were 

transient, returning to baseline levels after the recovery period. Again, separate analyses of 

the individual contrast effects were significant for post–deprivation>baseline (right anterior 

OFC, T9 = 4.21, P < 0.001 unc.; right posterior OFC, T9 = 3.63, P < 0.001 unc.; left 

posterior OFC, T9 = 3.19, P < 0.002 unc.) and for post deprivation>recovery (right anterior 

OFC, T9 = 3.93, P < 0.001 unc.; right posterior OFC, T9 = 3.77, P < 0.001 unc.; left 

posterior OFC, T9 = 2.90, P < 0.004 unc.), suggesting that these findings were not 

preferentially driven by either contrast.

Finally, to assess the statistical robustness of these imaging effects, we conducted a leave-

one-subject-out analysis34 to establish an independent method of voxel selection for 

purposes of small-volume correction35. Values extracted via this method were tested for 

differences over time and were still significant for all three regions identified in the 

conjunction analyses, including left PPC (F1.20,10.77 = 11.61, P = 0.005), right anterior OFC 

(F1.14,10.27 = 13.58, P = 0.003), and right posterior OFC (F1.89,17.01 = 13.73, P = 0.0003) 

(Fig. 3c,e,g; Supplementary Table 2). Of note, deprivation had no impact on the mean fMRI 

signal change in APC (P > 0.1, unc.). That odor deprivation had a regionally selective 

impact on PPC and OFC, but not on APC, suggests that the hospital environment or other 

treatment parameters did not have a generalized, non-specific effect on olfactory coding 

from pre- to post-deprivation.

Exp. 2: deprivation-induced pattern changes in OFC

Having established that olfactory deprivation has an overall effect on odor-evoked response 

magnitudes in PPC and OFC, we next asked if the reduction in afferent sensory input has a 

direct impact on odor quality representations in these areas. To this end, the main objective 

of fMRI Experiment 2 was to investigate whether odor-specific patterns of ensemble brain 

activity were degraded following deprivation. Subjects were presented with four different 

odor stimuli that systematically varied in odor perceptual quality and molecular functional 

group8, and the task was to judge whether odor was present or absent on each trial (Fig 1b; 

Supplementary Fig. 1b). Complete neuroimaging data for this task were obtained from 11 

subjects.

Perceptual ratings obtained outside the scanner confirmed that odorant pairs belonging to the 

same perceptual category were rated more alike than pairs belonging to different categories 

(T12 = 4.29, P = 0.001). These effects remained stable across all three sessions (same 

quality, F1.63,19.54 = 0.67, p = 0.50; different quality, F1.75,20.97 = 0.12, P = 0.86; Fig. 4a). 

Moreover, behavioral ratings of the odorants did not significantly differ in odor intensity 

(F1.51,19.64 = 0.98, P = 0.37), pleasantness (F1.61,20.87 = 1.33, P = 0.28), or familiarity 

(F1.40,18.23 = 0.98, P = 0.37) over test sessions. Performance during scanning again 

demonstrated high detection accuracy (odor trials: 91.03% ± 3.30; no-odor trials: 90.8% ± 

2.34) and remained stable through baseline, post-deprivation, and recovery (F1.34,14.79 = 
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1.63, P = 0.23). There were also no odor-evoked differences in sniff inspiratory volume 

(F1.94,17.45 = 2.28, P = 0.13; n = 10) or duration (F1.25,11.26 = 0.16, P = 0.75) across 

scanning days that might have confounded the imaging analysis (Supplementary Fig. 3).

We took advantage of the fact that the odor stimuli used in this task systematically differed 

in perceptual quality to explicitly test whether olfactory categorical representations were 

altered following deprivation. In a multivariate fMRI analysis, odor-specific voxel-wise 

activity patterns were extracted from APC, PPC, and OFC, and pairwise correlations 

between odors were calculated. Here the prediction was that at baseline (Day 0), odor-

evoked ensemble patterns of fMRI activity would exhibit greater overlap (i.e., be more 

strongly correlated) for odorants similar in quality (e.g., peppermint and spearmint) than for 

odorants different in quality (e.g., peppermint and rose), and that these odor quality-specific 

effects would be disrupted after deprivation (Day 7). As with the results reported previously, 

we only considered effects to be attributable specifically to deprivation if they returned to 

baseline levels at recovery (day 14).

To test these predictions, linear correlations were calculated between fMRI activity patterns 

evoked by odorant pairs similar in quality, and compared to correlations between patterns 

evoked by odorant pairs that differed in quality. Among the olfactory ROIs, a deprivation-

specific effect was found only in OFC, exhibiting pattern decorrelation, or divergence, in 

odor categorical discrimination (main effect of day: F1.91,19.08 = 8.97, P = 0.002; baseline > 

post-depriv.: T10 = 3.47, P = 0.006; recovery > post-depriv.: T10 = 3.51, P = 0.006) (Fig. 

4b). A complementary analysis of odorant pairs similar (vs. different) in molecular 

functional group did not reveal significant deprivation-related pattern changes in APC, PPC, 

or OFC.

We also tested whether odor deprivation had a general effect on olfactory coding patterns, 

irrespective of quality or functional-group membership. This approach revealed that in APC, 

odor-evoked ensemble patterns of activity became decorrelated after deprivation, returning 

to baseline levels at recovery (F1.41,14.05 = 4.93, p = 0.033; baseline>post, T10 = 2.92, p = 

0.015; recovery>post, T10 = 3.00, p = 0.013; Fig. 5a). Similar trends were observed in the 

PPC (F1.34,13.38 = 3.38, p = 0.079; post>pre, T10 = 3.40, p = 0.007, recovery>post, T10 = 

2.22, p = 0.051; Fig. 5b) and OFC (F1.77,17.67 = 3.68, p = 0.051; post>baseline, T10 = 2.30, p 

= 0.044; recovery>post, T10 = 2.41, p = 0.037; Fig. 5c) but not in the putamen (F1.99,19.92 = 

1.414, p = 0.266; Fig. 5d), a non-olfactory control ROI. In fact, direct statistical comparison 

between the pattern effects in the olfactory ROIs and the putamen (baseline vs. post-

deprivation) demonstrated significant differences in all three olfactory regions, including 

APC (T10 =−3.82, p = 0.003), PPC (T10 =−3.92, p =0.003), and OFC (T10=−3.21, p = 

0.009), suggesting that deprivation-induced pattern decorrelation was relatively specific to 

the olfactory system.

Correlations between brain and behavior

Although the odor deprivation procedure had no overt group effect on behavior, it remains 

possible that the magnitude of deprivation-induced fMRI plasticity might still predict 

alterations in olfactory perception, on a subject-by-subject basis. In particular, given that 

human PPC and OFC have both been implicated in experience-dependent plasticity and odor 
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quality coding7,8,36, we tested whether subject-wise changes in fMRI activity from pre- to 

post-deprivation correlated with behavioral changes in odor similarity ratings (as an index of 

odor categorical perception). These analyses were conducted by regressing similarity ratings 

either against fMRI changes in mean activity levels (cf. Fig. 3) or against fMRI changes in 

ensemble pattern coherence (cf. Fig. 4). Notably, subject-wise behavioral changes in 

perceptual similarity ratings were systematically associated only with the degree of odor 

quality-related pattern decorrelation in OFC (Spearman ρ = 0.64, P = 0.044, n = 10) (Fig. 

4c). Thus, with greater disruption of odor quality categorization in OFC, there was a greater 

corresponding difficulty being able to perceive categorical differences between the odorants.

Control analyses

Given the odor-evoked increase in mean OFC sensitivity after deprivation (Fig. 3d-g), the 

OFC pattern decorrelation (Fig. 4) could theoretically be accounted for by fMRI signal 

saturation. This would result in fMRI patterns across voxels exhibiting weaker category 

discriminability, with consequent pattern decorrelation. Several control analyses 

(Supplementary Figure 4) indicated that such mechanisms were not likely to contribute to 

the deprivation-related pattern changes in OFC activity. Moreover, the mean fMRI signal 

change in OFC following deprivation (Fig. 3) was ~0.05–0.06%, well within the range of 

previous reports demonstrating OFC percent signal change of up to 0.5%37,38.

Finally, in that odorants typically contain trigeminal components, it is possible that 

trigeminal stimulation per se could have influenced the findings. For example, among the 

four odorants used in fMRI experiment 2 (odor discrimination), the two minty odorants are 

known to stimulate the trigeminal nerve and elicit cooling sensations, and it is unclear 

whether this could impact on our observations. A complementary analysis of the fMRI data-

set from experiment 2 revealed that this was unlikely to be the case (Supplementary Figure 

5).

Discussion

How a sustained interruption of odor input affects the human olfactory system has not been 

previously tested. In this study, we developed a method to induce prolonged odor 

deprivation in humans, while concurrently minimizing inadvertent exposure to incidental 

smells. A combination of psychophysical testing, olfactory fMRI, and multivariate pattern 

analysis enabled us to examine olfactory system responsiveness to a seven-day disruption of 

sensory stimulation.

Data collection at baseline, post-deprivation, and recovery sessions allowed us to assess 

changes over time. Behaviorally our findings demonstrate that the olfactory system is able to 

maintain olfactory perceptual performance despite a substantial reduction in odor afferent 

input. In parallel, the deprivation procedure elicited reversible changes in piriform and 

orbitofrontal cortices that may be instrumental in sustaining odor perception in the wake of 

disrupted input.

It is interesting that deprivation selectively influenced odor quality coding in OFC, a higher-

order processing regions, rather than in olfactory sensory regions per se. Multivariate 
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analysis of the odor quality data (Fig. 5a) showed that at baseline, ensemble patterns in OFC 

correlated more strongly for odorants belonging to the same category than for odorants 

belonging to different categories. Following deprivation, these pattern-based perceptual 

representations became decorrelated, such that qualitatively similar odorants were no longer 

encoded as members of the same odor object category. Insofar as PPC and OFC are 

interconnected in both rodents39,40 and monkeys41, the reciprocal response changes after 

deprivation – a mean decrease in PPC and a mean increase in OFC (Fig. 3) – may arise 

from functional interactions between these two regions to optimize olfactory perception after 

a period of reduced odor input.

Few animal studies have investigated the effects of odor deprivation beyond the olfactory 

bulb. Although deprivation-induced changes in odor-evoked cortical representations have 

been described in rodent APC and PPC13,28, the impact on OFC has not previously been 

examined. As odor categorical perception relies on linking olfactory inputs with object-

knowledge representations, participation of OFC in this process accords with its broader role 

in linking odor cues with outcome representations in rodent paradigms of olfactory 

discrimination learning42–45. Given the reported role of human OFC in olfactory 

attention38,46, it is also possible that the interruption of odor input (as indexed by reduced 

PPC activity) places greater demands on OFC to focus attentional resources on the incoming 

stimulus. That being said, with the known technical limitations of fMRI, our data cannot rule 

out the potential involvement at the level of the olfactory sensory neurons or bulb. Notably, 

a prior odor deprivation study in adult rats13 highlighted neuronal plasticity in associational 

cortical networks, implying that deprivation may in fact target higher-order sensory 

processing areas.

Data across the two imaging paradigms highlight an interesting functional dichotomy in 

OFC as a consequence of deprivation. An overall mean increase in stimulus-evoked activity 

in OFC would be consistent with an enhancement of response sensitivity to odors. In turn, a 

reduction in the strength of ensemble pattern coding in OFC may indicate a disruption of 

response specificity for odor object categories. This dichotomy is reminiscent of prior rodent 

data on odor deprivation25, in which an increase in odor-evoked metabolic activity in the 

rodent glomerular layer occurred alongside a decrease in stimulus specificity of odor-evoked 

single-unit responses in mitral/tufted cells. Although differences in species, experimental 

protocols, and brain areas distinguish our study from the rodent work, a common theme 

nevertheless emerges: the olfactory system reacts to a prolonged lack of afferent stimulation 

with increased responsiveness, but at the expense of decreased discriminability. Ecologically 

this perceptual recalibration might favor detection of odors in lower concentration ranges 

while limiting the capacity to make fine-grained judgments between odors.

Given the technical challenges and potential complications involved in occluding airflow 

through the nostrils for seven days, it was important to rule out important confounds. Nasal 

endoscopic and acoustic rhinometry measurements confirmed that deprivation had no 

impact on peripheral intranasal anatomy. Odor intensity and pleasantness ratings, as well as 

sniffing behavior, remained constant throughout the experiment, making it unlikely that 

deprivation-related fMRI plasticity could have been driven by these factors. Critically, the 

use of a within-subjects factorial design enabled us to test the interaction between odor 
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quality category and time, minimizing confounds related to mere effects of environment or 

treatment parameters.

Rodent models of odor deprivation have revealed profound morphological and physiological 

changes in rodent olfactory epithelium and olfactory bulb when ongoing afferent stimulation 

is compromised10,11,25,29,47. Remarkably, most rodent studies of odor deprivation describe 

minimal behavioral impact on olfactory perception, and our human behavioral data are in 

line with these observations24,26. Nonetheless, the fact that significant behavioral changes 

were not seen after deprivation still raises the question whether seven days of nostril 

occlusion in adult humans was sufficient to modulate olfactory system function. Although 

unilateral naris occlusion in rodents is typically maintained over a duration of several weeks, 

it is apparent that the effects of deprivation on the olfactory bulb can occur within 24 hours, 

and even in as little as 15 minutes after naris occlusion27,48,49. These observations make it 

highly conceivable that robust neurophysiological changes could arise from a seven-day 

deprivation period in the human brain.

We have previously reported that brief exposure to an odor can enhance odor perceptual 

differentiation, with parallel learning-induced responses in PPC and OFC. Additionally, the 

magnitude of learning-induced OFC change was predictive of the level of behavioral 

improvement8. Here, we observed the inverse phenomenon: after a period of deprivation of 

olfactory experience, categorical specificity in the OFC was disrupted, and this change in 

brain activity pattern was correlated with behavioral changes in quality similarity ratings 

between odorants. Consistent with previous rodent studies of olfactory deprivation24,26, we 

found changes in brain activity levels and ensemble patterns in putative olfactory regions 

without measurable behavioral deficits. The fact that odor perception was nominally 

preserved at the group level suggests that the olfactory system possesses compensatory 

mechanisms that render it resistant to transient perturbations of afferent sensory input, as 

commonly occurs during extended instances of rhinosinusitis or upper respiratory 

infections50. Whether the observed changes in mean OFC activity explicitly support odor 

perception in the wake of impoverished input remains to be established in future studies.

Methods

Subjects

We obtained informed consent from 14 subjects (8 women; mean age, 23.8 years) to 

participate in this study, which was approved by the Northwestern University IRB. Subjects 

were right-handed non-smokers with no history of significant medical illness, psychiatric 

disorder, or smell, taste, or ear-nose-throat (ENT) disorder.

Odor deprivation procedure

After the first scanning session (Day 0), subjects were admitted to the Clinical Research 

Unit (CRU) at Northwestern Memorial Hospital (NMH) for seven inpatient days (six 

nights). The odor deprivation technique involved placing Microfoam surgical tape (3M) 

securely over the nostrils to occlude nasal airflow. Merocel nasal tampons (Medtronic) were 

cut into 1-cm strips and placed just inside the nostrils at the inner aspect of the tape, to 
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absorb excess moisture that collected at the entrance to the nose that might loosen the tape 

seal. The dressing was replaced once every four hours during waking hours or sooner if an 

air leak was detected. The dressing was removed when subjects went to sleep at night, and a 

new dressing was applied when they first woke up in the morning, prior to getting out of 

bed.

There were several important benefits of the CRU. First, an odor-free environment in a 

negative-pressure room was constantly maintained. Second, a healthy, bland diet designed 

by CRU dietician was provided to minimize retronasal exposure to odors. Third, fragrance-

free room products were used to clean the hospital room, sheets, and towels. Fourth, subjects 

were provided with fragrance-free toiletries (toothpaste, shampoo, etc.). Fifth, nursing staff 

were on hand to closely monitor subjects’ compliance with odor deprivation and respond 

quickly to any unexpected airflow breaches through the nasal dressing.

Nasal endoscopy and acoustic rhinometry

These procedures were performed in the ENT Department at NMH on days 0, 6, 7, and 14. 

The presence of discharge, edema, scarring, or crusting in each nostril was noted during 

endoscopy. Moreover, the spaces between the inferior turbinate and septum, and between 

the middle turbinate and septum, were recorded for each nostril. Acoustic rhinometry51 was 

used to quantify intranasal volume and cross-sectional area of the nasal cavity. Due to 

normal physiological variations in nasal cycle52, all measurements were averaged across 

both nostrils. Because one subject showed endoscopic evidence for edema on day 6, this 

individual remained in the odor-free environment without nostril occlusion for the final 24 

hrs, with clinical improvement on day 7. Bilateral intranasal volume at day 7 (2.77 cm3) was 

similar to that measured at baseline (2.87 cm3).

Odor stimuli

The four odorants used in the basic odor detection task (fMRI experiment 1) were anisole, 

butanol, α-ionone, and heptanal. Four different odorants8 were used in a separate fMRI 

assessment of odor categorical perception (fMRI experiment 2), and included two “minty” 

smells ((R)-carvone and L-menthol) and two “floral” smells (acetophenone and phenethyl 

alcohol) (Supplementary Fig. 1). For behavioral testing outside of the scanner, perceptually 

similar odor isomers, α and β pinene, were used in an olfactory three-way forced-choice 

“triangle” task. Odors were diluted in mineral oil or diethyl phthalate and matched for 

perceptual intensity.

Taste and flavor stimuli

Taste solutions were made with ACS reagent-grade NaCl and sucrose dissolved in deionized 

double-distilled water (3D–H2O). Tastant dilution series were prepared in fifth-log steps, 

from 6.3×102 M to 4.0×10−4 M. For retronasal olfactory testing, ethyl butyrate (grape-like 

flavor) was diluted with 3D–H2O and presented at 1×10−5 concentration.

Behavioral measures

On days 0, 7, and 14, we tested subjects on five different olfactory measures. (1) Ratings of 

odor intensity, valence, and familiarity ratings, and pair-wise ratings of odor quality 
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similarity8, were collected for the four odorants used in the fMRI assessment of categorical 

perception. (2–3) The Sniffin’ Sticks Test (Burghart) and the UPSIT (Sensonics) are 

established standardized measures of odor detection threshold and odor identification, 

respectively53,54. (4) A “triangular” odor discrimination task7 was performed to test for 

changes in the ability to discriminate α and β pinene. (5) Another triangular test was 

conducted to assess detection of a retronasally delivered odor (ethyl butyrate) from distilled 

water.

Non-olfactory behavioral measures

(1) Taste detection thresholds for NaCl and sucrose were based on a criterion of five 

consecutive correct choices. On each trial, two transfer pipettes were presented, one 

containing water only, and the other containing salt (or sugar) diluted in water. Subjects 

sipped from each pipette and indicated which one contained a taste other than water. Each 

trial was followed by a water rinse, with the next trial ~15 s later55. (2) Taste discrimination 

ability was measured via a three-way forced-choice “triangle” test using NaCl and sucrose 

solutions at peri-level thresholds of detection (established for each subject on day 0 of 

baseline testing). (3) Two-point tactile discrimination of the left index finger was measured 

using paper clips carefully calibrated for points distanced 1 mm to 6 mm56. (4) The Benton 

line-orientation judgment task was used to characterize visuospatial acuity57. Note, only 

subjects who completed a given task on all three testing days were included in that analysis 

(Table 1).

Odorant delivery

During behavioral testing, odors were delivered to subjects in opaque amber 30–mL sized 

glass bottles containing 5–mL solutions of odorants. During fMRI scanning, odorants were 

delivered using an MRI-compatible computer-controlled olfactometer (air flow, 2.5 L/min), 

as previously described in our prior studies58.

fMRI procedure

Subjects participated in two tasks during fMRI scanning, conducted across all imaging days. 

Odorants were delivered using a computer-controlled olfactometer. Sniffing was monitored 

using respiratory effort bands placed around the chest and abdomen. Subject-specific sniff 

waveforms were baseline-corrected by subtracting the mean activity in the 500ms preceding 

sniff onset. Inspiratory volumes and durations for each odor condition were then averaged 

across trials and subjects.

fMRI experiment 1

A basic odor detection task was conducted to assess whether mean levels of odor-evoked 

fMRI activity varied across baseline, post-deprivation, and recovery. On each trial subjects 

were presented with a visual sniff cue, prompting them to sniff and to indicate with a button 

press whether they smelled an odor or not (Fig. 1b). The stimulus-onset asynchrony (SOA) 

between trials was 12 s. Each odorant was presented four times, and odorless air trials were 

presented 16 times (i.e., 50% of all trials), for an experimental length of ~6.4 minutes.

Wu et al. Page 11

Nat Neurosci. Author manuscript; available in PMC 2013 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fMRI experiment 2

Subjects underwent a second fMRI task (Fig. 1b) designed to assess the multi-voxel pattern 

integrity of odor quality coding following deprivation. The task was divided into four 10–

minute runs, during which time the four odorants and odorless air were each presented 8 

times. Odor stimuli were presented for 3 s, with a 15–s SOA. Each session was separated by 

90 s. This scanning session lasted ~46 minutes.

fMRI data acquisition

Gradient-echo T2-weighted echoplanar images (EPI) were acquired with blood oxygen 

level-dependent (BOLD) contrast on a Siemens Trio 3T MRI scanner, using either a 32-

channel (n = 9) or a 12-channel (n = 2) head coil. Imaging parameters were: TR, 1.51 s; TE, 

20 ms; slice thickness, 2 mm; gap, 1 mm; matrix size, 128×120 voxels; field-of-view, 

220×206 mm; in-plane resolution, 1.72×1.72 mm. Image acquisition was tilted at 30° from 

horizontal to reduce susceptibility artifact in olfactory regions. A 1–mm isotropic T1-

weighted MPRAGE structural MRI scan was obtained to aid in defining anatomical regions 

of interest (ROIs).

fMRI pre-processing

fMRI data were pre-processed with SPM5 software (www.fil.ion.ucl.ac.uk/spm/). Images 

were spatially realigned to the first volume of the first session (pre-deprivation). For 

univariate fMRI analysis, this was followed by spatial normalization to a standard EPI 

template, and spatial smoothing (6–mm kernel) to account for residual inter-subject 

differences. For multivariate fMRI analysis, there were no subsequent preprocessing steps 

beyond spatial realignment, to preserve the voxel-wise fidelity of the fMRI signal.

Univariate fMRI models

The pre-processed fMRI data from the odor detection task (fMRI experiment 1) were 

analyzed using an event-related general linear model (GLM), created by modeling onset 

times for the odor conditions (pooled across all four odorants) and for the odorless air 

condition with stick (delta) functions, convolved with a standard hemodynamic response 

function (HRF) to generate two regressors of interest for baseline, post-deprivation, and 

recovery sessions. Models included six head movement-related regressors per fMRI session, 

obtained from the spatial realignment step. Temporal auto-correlations were adjusted using 

an auto-regressive (AR[1]) process. A 128-s high-pass filter was used to remove signal 

drifts. Voxel-wise, condition-specific beta values were then estimated for odor and no-odor 

conditions.

Subsequently, a flexible-factorial model was used to investigate effects at the group (random 

effects) level. Subject-specific parameter estimates for the six conditions were modeled in 

SPM5 using a two-by-three repeated-measures ANOVA, with the factors “odor presence” 

(yes/no) and “time” (baseline/post-deprivation/recovery), with non-sphericity correction. An 

omnibus F-contrast tested for odor-evoked mean fMRI activity changes across time 

(Supplementary Table 1). Significance was set at P < 0.05 whole-brain corrected for 

multiple comparisons using the false-discovery-rate (FDR) option in SPM5.
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Conjunction “null” analyses were conducted in SPM532,33 to confirm whether brain regions 

showed deprivation-selective changes that recovered to baseline levels. Conjunction 

contrasts of interest were [post-deprivation>baseline] & [post-deprivation>recovery], as 

well as the converse conjunction, [baseline>post-deprivation] & [recovery>post-

deprivation]. Significance for each contrast was set at p < 0.005 uncorrected (corresponding 

to a conjoined p < 0.000025), delimited to activations observed within the omnibus F-test 

inclusively masked at p < 0.05 uncorrected.

To assess the statistical robustness of the conjunction effects, we conducted a “leave-one-

subject-out” analysis32 to maintain independence of voxel identification and small-volume 

correction35. A group-level model was specified, identical to the above procedures, except 

that only nine of the ten subjects was included, with one subject left out. Peak coordinates 

from the conjunction analyses were identified from this nine-subject model, and then used as 

SVC (6–mm radius) for the observed fMRI activations from the conjunction analysis of the 

tenth (left-out) subject. This procedure was iteratively repeated for all ten subjects. Beta 

values were converted to BOLD percent signal change and tested for differences over time. 

Conjunction analysis of the APC was based on regions centered at −30, 4, −16, and −20, 4, 

−12 (6–mm radius), derived from a prior study8. SVC peak coordinates are reported in 

Supplementary Table 2.

Multivariate pattern analysis

We used a multivariate approach to analyze neuroimaging data from fMRI experiment 2 to 

evaluate categorical representations of odor quality. Multi-voxel ensembles of odor-evoked 

fMRI activity patterns were extracted from ROIs in APC, PPC, and OFC, defined a priori 

on the basis of prior imaging studies7,8,36,59. Anatomical ROIs were manually drawn on 

each subject’s T1-weighted MRI scan using MRIcroN software (http://www.mricro.com/). 

APC and PPC were drawn with reference to a human brain atlas60, whereas delineation of 

OFC was guided by an olfactory fMRI meta-analysis59.

For each subject, a GLM was specified for each scanning session from the spatially aligned, 

but un-normalized, unsmoothed fMRI data. For each session, the four runs were sorted into 

even and odd halves. For each half, five vectors of onset times were generated for the four 

odor conditions and the odorless air condition (correct trials only). These regressors were 

convolved with the HRF; all other modeling steps were identical to those described for 

univariate analysis. Following model estimation, beta values were extracted from all voxels 

within each ROI and assembled into condition-specific linear vectors of ensemble activity.

Ensemble activity patterns were analyzed in two ways. First, we examined pattern 

correlations between odors belonging to the same category. We constrained the set of voxels 

within a given ROI to those that showed quality coding selectivity. This procedure utilized 

an independent voxel selection method7,36, in which the [odor–air] contrast from the pre-

deprivation scan in fMRI experiment 1 was used to rank voxels according to their T-value. 

Correlation differences between quality-related and quality-unrelated odorant pairs were 

computed iteratively for increasing numbers of voxels (by T-value rank); that set of voxels 

exhibiting maximal discriminative validity in the baseline (pre-deprivation) period was then 

used to independently compute correlation differences for post-deprivation and recovery 
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periods7. A similar approach was used to select voxels based on functional-group 

discriminability in the baseline scanning session, to assess changes in ensemble coding of 

this molecular parameter.

Second, we computed pattern correlations between all odorant pairs for each ROI, to assess 

general changes in odor-evoked ensemble activity, Pattern correlations between odd and 

even ensembles of odor vs. odorless air were also calculated as a control measure of pattern 

overlap arising from sniffing per se. Correlation differences between odor:odor and odor:air 

were estimated for each subject separately for baseline, post-deprivation, and recovery.

Statistical analyses

Results are shown as mean ± s.e.m. for participants and conditions. To test for group 

differences in pattern correlations across time, we performed repeated-measures ANOVAs, 

with follow-up post-hoc Student T-tests where appropriate. For correlation analyses of 

behavioral and neuroimaging data, Spearman’s rank correlation coefficients were calculated. 

Statistical inference was set at a significance of P < 0.05 unless otherwise stated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
Experimental design. (a) Timeline of the 14-day experiment requiring laboratory visits at 

day 0 (baseline), day 7, and day 14. Subjects were admitted for a 7-day inpatient stay during 

the deprivation phase, and were then discharged and allowed a 7-day recovery period before 

returning for a final testing session. (b) Schematic diagram of the fMRI experiments. Two 

seconds prior to odor delivery, a red cross-hair appeared on screen to indicate that an odor 

was forthcoming. A change in the color of the cross-hair from red to green served as the 

sniff cue, prompting the subject to make a sniff, and either an odorant (or odorless air) was 

presented via a computer-controlled olfactometer to the subject’s nose. At the offset of odor 

presentation, a black cross-hair appeared and subjects responded by pressing a button to 

indicate whether they detected an odor or not. CV, (R)-carvone; MT, L-menthol; AC, 

acetophenone; PEA, phenethyl alcohol.
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Fig 2. 
Rhinological data and nasal endoscopic measurements. (a–d) Data from one representative 

subject. Acoustic rhinometry of the right (a) and left (c) internal nasal cavities revealed 

considerable uniformity in airway area and volume from pre to post-deprivation. Each 

rhinogram trace is an average of 10 consecutive measurements and depicts cross-sectional 

area as a function of distance from nostril entrance (at 0cm). Arrows mark approximate 

regions of nasal valve (NV), anterior parts of inferior and middle turbinates (AT), and mid-

posterior part of middle turbinate (PT). Nasal endoscopy of the right (b) and left (d) nasal 

cavities immediately after deprivation revealed healthy tissue without rhinitis or edema. (e–
g) Group-averaged endoscopic measurements (mean ± s.e.m.) from 11 subjects show that 

odor deprivation had no effect on the average space between (e) the inferior turbinate and 

septum and (f) between the middle turbinate and septum from 11 subjects as observed 

during nasal endoscopy observation on each testing session. (g) Group-averaged acoustic 

rhinometric measurements of internal nasal volume (between 1–5cm from the nostril 

entrance; average of 10 consecutive measurements per subject) also show no significant 

differences across testing days. I, inferior turbinate; M, medial turbinate; S, septum. 

Measurements shown in e–g were averaged across both nostrils.
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Fig 3. 
fMRI Experiment 1: univariate fMRI results. (a) Areas showing significant changes in odor-

evoked activity across the three testing sessions included bilateral anterior piriform cortex 

(APC), posterior piriform cortex (PPC), orbitofrontal cortex (OFC), and insula (INS) 

(omnibus F–contrast; display threshold, p < 0.001). (b,c) An fMRI conjunction analysis 

revealed a deprivation-selective decrement of odor-evoked activity in the left PPC that 

returned to baseline levels at recovery. (d–g) The reverse conjunction analysis showed a 

deprivation-selective increment in the right anterior and posterior OFC, opposite in response 

direction to PPC. Plots of percent signal change in panels c, e, and g are based on the mean 

of single-subject beta values (mean ± s.e.m.) extracted from PPC and OFC using a leave-

one-subject-out cross-validation analysis. (*) denotes statistical significance of p < 0.05 

(small-volume corrected).
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Fig 4. 
fMRI Experiment 2: behavioral and multivariate fMRI results. (a) Across all three testing 

sessions, subjects rated odorant pairs belonging to the same (vs. different) perceptual 

category as significantly more similar. (b) Spatial ensemble patterns of fMRI activity (mean 

± s.e.m.) in OFC showed significantly more overlap between categorically similar (vs. 

different) odorants at pre-deprivation. Following deprivation, these pattern differences 

significantly diminished, returning to baseline levels after recovery. (c) A scatterplot 

highlights the correlation between the magnitude of quality-related pattern decorrelation in 

the OFC and subject-wise perceptual changes in odor similarity ratings, from pre- to post-

deprivation. Each diamond represents one subject. *, p < 0.05.
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Fig 5. 
General deprivation-related changes in fMRI ensemble activity (fMRI Experiment 2). 

Pattern correlations of odor-evoked fMRI ensemble activity (mean ± s.e.m.) were based on 

anatomically defined, functionally unrestricted ROIs, and were computed across all odorant 

pairs, irrespective of pairwise perceptual or molecular similarity. Deprivation-related pattern 

decorrelations were identified in APC, PPC, and OFC, but not putamen, a non-olfactory 

control ROI. *, p < 0.05. Rec, recovery.
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Table 1

Behavioral performance on olfactory and non-olfactory tasks over baseline (day 0), post-deprivation (day 7), 

and recovery (day 14) sessions. Scores presented as means ± s.e.m. Note that due to the time-sensitive nature 

of this study, the number of tasks administered, and unpredictable technical difficulties at the MRI scanner, 

not all subjects completed all of the tasks.

Task Baseline Post-depriv. Recovery #Sub

Sniffin’ Sticks (odor detection threshold) 10.23 ± 1.05 9.87 ± 0.78 9.92 ± 1.03 n = 13

UPSIT (odor identification) 35.00 ± 0.59 36.29 ± 0.80 35.79 ± 0.73 n = 14

Odor Similarity Ratings (odor quality perception) 4.81 ± 0.73 3.60 ± 1.13 4.08 ± 1.30 n = 13

Pinene Triangle Test (fine odor discrimination) 7.45 ± 0.81 6.91 ± 0.90 6.64 ± 0.88 n = 11

NaCl Detection Threshold 6.82 ± 0.53 6.60 ± 0.45 7.40 ± 0.44 n = 10

Sucrose Detection Threshold 5.70 ± 0.95 6.90 ± 0.80 7.40 ± 0.94 n = 10

NaCl Sucrose Triangle Task (taste discrimination) 7.27 ± 0.69 7.36 ± 0.74 8.45 ± 0.67 n = 11

Retronasal Flavor Detection 9.82 ± 0.57 9.00 ± 0.82 8.73 ± 0.75 n = 11

Visual Orientation Judgment 26.64 ± 0.70 27.71 ± 0.67 27.85 ± 0.55 n = 14

2-pt Tactile Discrimination 2.45 ± 0.12 2.34 ± 0.12 2.49 ± 0.10 n = 14
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