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It is widely assumed that the thalamus is functionally irrelevant for the sense of smell. Although animal studies suggest that the me-
diodorsal (MD) thalamus links primary olfactory (piriform) cortex to olfactory neocortical projection sites in orbitofrontal cortex (OFC),
this transthalamic route is regarded to be inconsequential, particularly compared with a direct monosynaptic pathway linking piriform
cortex and OFC. In this study, we combined functional magnetic resonance imaging with novel effective connectivity techniques to
measure attention-dependent network coherence within direct (nonthalamic) and indirect (transthalamic) olfactory pathways. Human
subjects were presented with (or without) an odor and with (or without) a tone, while selectively attending to either modality. Attention
to odor significantly modulated neural coupling within the indirect pathway, strengthening MD thalamus–OFC connectivity. Critically,
these effects were modality specific (odor � tone attention), directionally sensitive (forward � backward connections), and selective to
route (indirect � direct pathway). Our findings support the idea that the human transthalamic pathway is an active modulatory target of
olfactory attention. The results imply that olfaction, like all other sensory modalities, requires a thalamic relay, if only to consciously
analyze a smell.
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Introduction
The sense of smell is distinguished from other sensory modalities
by its unique anatomical organization (Price, 1990; Carmichael et
al., 1994; Shipley and Ennis, 1996). Afferent projections from the
nasal periphery remain ipsilateral all the way to primary olfactory
(piriform) cortex, and odor inputs can access limbic brain areas
in as few as two synapses (Gottfried and Zald, 2005). Moreover,
and perhaps most often emphasized in the literature, there is no
obligatory thalamic relay between the olfactory receptor layer
and olfactory projection sites in neocortex, in contrast to all of the
other sensory modalities (Smythies, 1997). Together, these fea-
tures may help to shape the distinctive functions of human olfac-
tion, including its intimate links to emotion and memory.

Supporting evidence for thalamus-free models of olfaction is
essentially based on anatomical work in animal models. These
studies suggest that odor information projects from piriform cor-
tex (PC) to olfactory orbitofrontal cortex (OFC) by two different
pathways (Tanabe et al., 1975; Yarita et al., 1980; Russchen et al.,
1987; Ray and Price, 1992; Carmichael et al., 1994). The principal
(“direct”) pathway projects directly from PC to OFC and is con-

sidered the dominant route for olfactory transmission to neocor-
tical brain areas. The second (“indirect”) pathway is a disynaptic
projection from PC to OFC via the mediodorsal (MD) thalamus
but is thought to be relatively trivial because of its sparse fiber
density (Price, 1985).

The accepted view that olfactory function is independent of a
thalamic relay has actually received very little empirical support.
Whether the thalamus is pivotal to the sense of smell has impor-
tant implications for neurobiological models of sensory percep-
tion. The thalamus is generally regarded as key for mediating
conscious attention toward visual, auditory, somatosensory, and
gustatory stimulation (John, 2001; Guillery and Sherman, 2002;
Jones, 2006) and is critical for state-dependent gating of sensory
information to higher-order neocortical regions (Stériade and
Llinàs, 1988; McCormick and Bal, 1994; Jones, 2006). If the thal-
amus were shown not to be involved in odor perception, then this
would help corroborate the idea that the functional neurobiology
of the olfactory system is organized profoundly differently from
other sensory systems (Murakami et al., 2005; Shepherd, 2005;
Kay and Sherman, 2007).

Given that attention is an effective mechanism to induce state-
dependent changes in sensory gating (Steinmetz et al., 2000), the
present study assessed the functional integrity of the human trans-
thalamic odor pathway during attention to smell. Specifically, we
combined olfactory functional magnetic resonance imaging
(fMRI) with novel effective connectivity techniques [dynamic
causal modeling (DCM)] (Friston et al., 2003) to measure
attention-dependent network coherence within direct (nontha-
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lamic) and indirect (transthalamic) olfactory pathways. Subjects
were presented with (or without) an odor and with (or without)
a tone, while selectively attending to either modality. The main
prediction was that neural connectivity in the indirect pathway
linking PC, MD thalamus, and OFC would be selectively en-
hanced when subjects attend to odors (vs tones), over and above
attention-induced changes in direct (PC to OFC) pathway
connections.

Materials and Methods
Participants
Sixteen healthy right-handed volunteers (age range, 22–37 years; mean,
28 years; eight women) without known deficits of smelling, tasting, or
hearing provided informed consent to take part in the study, which was
approved by the Northwestern University Institutional Review Board.
Four subjects were excluded on the basis of technical problems or poor
behavioral performance. One subject (J.P.) was an author of this paper.

Stimuli
Four odorants were selected for their neutral valence and relative
unfamiliarity: (�)rose oxide, butanol, �-ionone, and 2-phenylpropi-
onaldehyde (Sigma, St. Louis, MO). Undiluted odorants were absorbed
onto diethylphthalate pellets and presented using an MRI-compatible
10-channel computer-controlled olfactometer (airflow set at 2.5 L/min),
which permits rapid delivery of odor in the absence of tactile, thermal, or
auditory confounds (Gottfried et al., 2002). The auditory tones consisted
of four sine-wave sounds of varying frequency: 500, 1000, 1500, and 2000
Hz. The tones were created in Cogent 2000 (http://www.vislab.ucl.ac.uk/
Cogent/), as implemented in Matlab (Mathworks, Natick, MA) and pre-
sented to the subject via MR-compatible headphones.

Experimental paradigm
Subjects were scanned during a selective attention task, in a mixed
(block/event) factorial design in which olfactory inputs, auditory inputs,
and attentional state were independently manipulated (Fig. 1). This par-
adigm conformed to a 2 � 2 � 2 design, contrasting olfactory stimula-
tion (odor/no odor), auditory stimulation (tone/no tone), and atten-
tional task (odor attention/tone attention), for a total of eight different
conditions. On a given trial, subjects were presented with (or without) an
odor and with (or without) a tone. On alternating 60 s blocks, subjects
were instructed to attend to the odor and ignore the tone, indicating
whether an odor was present or absent (“odor attention”), or attend to
the tone and ignore the odor, indicating whether a tone was present or
absent (“tone attention”). Thus, each block of trials involved identical
sensory stimulations but differed in terms of attentional processing. Crit-
ically, inclusion of the auditory blocks enabled us to control for nonspe-
cific (non-olfactory) effects of attention.

Each block was composed of five trials presented in a pseudorandom
order. Each fMRI scan contained four blocks each of odor attention and
tone attention. A total of four 10 min scans was obtained, such that each
of the eight conditions were presented 20 times over the course of the
experiment. An example of one scan is displayed in Figure 1. Subjects
were cued to make a 3 s sniff on viewing a green fixation cross on the
monitor of a personal computer that was backprojected onto a mirror
mounted in the head coil. During odor attention, odor and no-odor trials
were presented for 3.5 s � 286 ms (mean � SD) with a 500 ms delay,
whereas tone and no-tone trials were presented for 2 s from the green
cross appearance. During tone attention, tone and no-tone trials were
presented for 2 s with a 1500 ms delay, whereas odor and no-odor trials
were presented for 2.5 s � 286 ms from the green cross appearance. Note
that, by including some temporal variability (jitter) in the duration of
odor presentation, we were able to minimize state effects related to sub-
ject expectancy, which would have had the unwanted effect of reducing
attentional load during the detection task. Trials recurred with a mean
stimulus-onset asynchrony of 10.2 s (� variable jitter between 50 and 450
ms). Olfactory, auditory, and visual stimuli presentations were con-
trolled using Cogent 2000. After each trial, subjects pressed one of two
buttons to indicate whether an odor or a tone was present or absent
(depending on the attentional task). Accuracies of odor detection and

tone detection were recorded on-line and averaged across condition
types.

Respiratory monitoring
During scanning, subjects were affixed with a pair of breathing belts to
monitor respirations on-line (Gottfried et al., 2002). The output from
these belts was transmitted to a piezo-resistive differential pressure sen-
sor, and the resulting analog signal was amplified, digitized, and recorded
on a personal computer using a PowerLab 8/30 data acquisition system
and accompanying software (ADInstruments, Colorado Springs, CO).
Sniff peak amplitude, inspiratory volume, and latency to peak (i.e., sniff
duration, from sniff onset time to sniff peak amplitude, marking the end
of the inspiratory sniff phase) were computed for each trial. In subse-
quent analysis, the subject-specific sniff parameters were averaged across
each condition and across runs. Each respiratory measure was indepen-
dently analyzed in Matlab using a separate repeated-measures ANOVA
containing three within-subject factors (odor presence/absence, tone
presence/absence, and odor/tone attention).

fMRI data acquisition
Functional imaging was conducted using a Siemens (Munich, Germany)
Trio 3T MRI scanner to acquire gradient-echo T2*-weighted echo-
planar images (EPIs) with blood oxygen level-dependent (BOLD) con-
trast, using an eight-channel head coil and an integrated parallel acqui-

Figure 1. Experimental design. A, The study conformed to a fully balanced, three-way fac-
torial design, with factors odor (presence/absence), tone (presence/absence), and attentional
task (odor attention/tone attention), resulting in eight different conditions. B, A single fMRI
scan (session) was composed of eight 60 s trial blocks alternating between odor attention and
tone attention, each separated by a 15 s rest period (R). Different trial types are specified as
follows: odor, tone (O�T�); odor, no tone (O�T�); no odor, tone (O�,T�); no odor, no
tone (O�,T�).
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sition technique known as GRAPPA (GeneRalized Autocalibrating
Partially Parallel Acquisition) to improve signal recovery in medial tem-
poral and basal frontal regions (Li et al., 2006). Image acquisition was
tilted by 30° from the horizontal axis to further reduce susceptibility
artifact in olfactory areas (Deichmann et al., 2003). Four runs of 300
volumes each were collected in an interleaved ascending sequence (24
slices per volume covering PC, OFC, and dorsal thalamus). Imaging
parameters were as follows: repetition time (TR), 2 s; echo time, 20 ms;
slice thickness, 2 mm; gap, 1 mm; in-plane resolution, 1.72 � 1.72 mm;
field of view, 220 � 206 mm, matrix size, 128 � 120 voxels. Whole-brain
high-resolution T1-weighted anatomical scans (1 mm 3) were acquired
after functional scanning, coregistered to the mean functional image,
normalized, and averaged across subjects to aid in localization.

fMRI data preprocessing
Data preprocessing and analysis were performed using SPM5 (http://
www.fil.ion.ucl.ac.uk/spm/), running under Matlab. After discarding the
first six “dummy” volumes of each run to allow for scanner equilibration,
the functional images were realigned to the first volume of the first run to
correct for subject motion. The images were then spatially normalized to
a standard EPI template and smoothed using a three-dimensional Gauss-
ian kernel with full-width half-maximum of 5.16 � 5.16 � 9 mm (three
times the voxel size).

fMRI data analysis
The preprocessed imaging data were modeled using two different
methods.

General linear model. In the first approach, the fMRI data were con-
ventionally analyzed in SPM5 using the general linear model (GLM) to
estimate the main effects of sensory stimulation and attentional task.
Here, each of the eight experimental conditions (varying by odor stimu-
lation, tone stimulation, and task) were modeled independently for each
run by convolving condition-specific onset times with a canonical hemo-
dynamic response function (HRF) separately for each subject. This
model also included two regressors of no interest (rest and instruction
periods), six movement parameters derived from spatial realignment,
and three trial-specific sniff parameters (inspiratory volume, peak, and
latency/duration) to covary out respiratory effects. The data were high-
pass filtered (cutoff period of 150 s), and temporal autocorrelation was
modeled using an AR(1) process.

For model estimation, condition-specific parameter estimates (per-
taining to the height of the HRF) were first obtained via the GLM in a
voxelwise manner for each subject. Subsequently, subject-specific linear
contrasts of parameter estimates (at the first level) were entered into a
three-way factorial design in SPM5 with levels odor stimulation (pres-
ence/absence), tone stimulation (presence/absence), and task (odor at-
tention/tone attention), constituting a random-effects analysis. Al-
though this ANOVA generated numerous potential effects and contrasts,
we only examined those for which we had a priori hypotheses, including
the following: main effects of odor presence and tone presence; main
effects of odor attention and tone attention; and interactions of odor
presence � attention and of tone presence � attention. For main effects
of sensory stimulation and task, significance was set at p � 0.05 corrected
for multiple comparisons, using spheres of 9 mm radius to define small
volumes of interest (VOIs) [small-volume correction (SVC)] (Worsley et
al., 1996), based on coordinates from previous human imaging studies of
olfactory (Gottfried et al., 2002; Gottfried and Dolan, 2003; Gottfried and
Zald, 2005) and auditory (Lockwood et al., 1999; Zatorre and Belin, 2001;
Shomstein and Yantis, 2004; Johnson and Zatorre, 2006) processing. [In
certain instances, these activations corrected for multiple comparisons
across the much larger volume of the whole brain, i.e., whole-brain cor-
rection (WBC), signifying responses that were particularly robust.] Ac-
tivation cluster sizes (k) are also reported (at p � 0.001 when whole-brain
corrected; at p � 0.05 otherwise). For interaction effects between sensory
stimulation and attentional task, we presented activations in a priori
regions (including PC, OFC, and MD thalamus) at p � 0.05 uncorrected.
Reported voxels conform to MNI (Montreal Neurological Institute) co-
ordinate space. For presentation, the right side of the images corresponds
to the right side of the brain (“neurological” convention).

DCM model. In the second approach, the fMRI data were analyzed in
SPM5 using single-state DCM to estimate connectivity strengths (Friston
et al., 2003) among brain regions in the direct and indirect (transtha-
lamic) pathways. To optimize the estimation of these parameters and in
keeping with the modeling constraints of the DCM technique, data were
organized into seven condition types, each concatenated across runs: one
“driving input” (all sniff events, regardless of stimuli and task), two
“stimulus inputs” (odor and tone), two “modulatory inputs” (odor at-
tention and tone attention), and two conditions of no interest (rest and
instruction periods). These onset vectors were encoded either as instan-
taneous (delta) functions (stimulus conditions) or as 60 s epochs (task
conditions) to assemble seven condition-specific regressors for inclusion
in the GLM. We included the three trial-specific respiratory parameters
(sniff peak amplitude, volume, and latency/duration) as nuisance regres-
sors, to negate effects of sniffing in the DCM analysis, along with six
movement parameters. Model estimation was identical to the GLM
model (above) except that it was restricted to single-subject effects. Two
F contrasts were computed on a subject-by-subject basis: a general
effects-of-interest contrast across the seven conditions, and a more spe-
cific contrast testing the effect of the five main experimental conditions
(i.e., driving, stimulus, and modulatory inputs only). For additional
methodological details, see next section.

Effective connectivity analysis
DCM has been developed recently to study effective connectivity of the
brain (Friston et al., 2003), explicitly for the analysis of functional imag-
ing time series. The term “effective connectivity” refers to the influence
that one ensemble of neurons exerts over another compared with “func-
tional connectivity,” which is defined as a correlation of activities among
remote neurophysiological events (Horwitz et al., 2005). Effective con-
nectivity thus embodies defined models of large-scale neural networks
and how differences in stimuli or brain states modulate the interactions
between regions in ways that are ecologically meaningful. In DCM, the
brain is treated as a “deterministic dynamical” system. It is deterministic
because inputs are known and defined, instead of being considered as
random. It is dynamic because DCM considers that external inputs per-
turbate the system and produce changes in neuronal activity, which in
turn cause changes in the resulting BOLD signal (output) that is mea-
sured with fMRI. Technically, running a DCM analysis involves several
steps.

Defining the volumes of interest. Our model incorporated four left-
hemisphere regions [anterior PC (aPC), posterior PC (pPC), MD thala-
mus, and OFC] to feature the direct and indirect pathways from aPC to
OFC. The separation of PC into aPC and pPC subdivisions was based on
previously established anatomical and functional heterogeneity of this
structure in both animals and humans (Haberly, 2001; Gottfried et al.,
2002; Zelano et al., 2005). The VOIs in aPC, pPC, and MD thalamus were
first delineated anatomically, with reference to a human brain atlas (Mai
et al., 2004). Because of the large size and extent of the OFC (not all of
which is odor responsive), the VOI in OFC was delimited according to
the anatomical location of putative olfactory OFC near area 11l, as based
on a meta-analysis of 26 coordinates from 13 human olfactory imaging
studies (Gottfried and Zald, 2005).

In general, a DCM effect for condition A (e.g., odor attention) at
regions Y and Z (e.g., MD thalamus and OFC) may be observed indepen-
dently of an overall change in activity for condition A at regions Y and Z,
highlighting a situation in which DCM can provide information not
derived from overall activity. Conversely, to implement DCM, there
needs to be a measurable level of neural activity in regions Y and Z, which
is obtained from an F test across all conditions of interest (not just con-
dition A), to ensure that there is sufficient signal variability in the re-
gional time series for estimating the DCM parameters. To this end, we
extracted time series of activation for each subject and for each VOI on
the basis of F test activation maps representing any combination of effects
evoked by all sniff events, odor, tone, odor attention, and tone attention
conditions (statistical parametric maps liberally thresholded at p � 0.5
uncorrected). The VOIs were subsequently defined as 4-mm-diameter
spheres, with centroids of activation within 10 mm (supplemental Table
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1, available at www.jneurosci.org as supplemental material) of the peak
regions observed in an independent odor detection task (see below).

Although we did not have specific predictions about hemispheric dif-
ferences in network activity, we restricted the DCM analysis to left-sided
brain regions, because all subjects showed evidence for significant activ-
ity in all olfactory brain regions on the left (but not the right) side,
following similar published DCM methods (Smith et al., 2006; Sonty et
al., 2007). Moreover, given the strongly ipsilateral nature of olfactory
processing, we felt that, as an initial investigation of neural coupling
within the direct and indirect pathways, a single-hemisphere model
would be reasonably faithful to the general anatomical organization of
the olfactory system and would also be simpler to construct without
having to make additional assumptions about how to connect regions
across hemispheres.

Specifying the intrinsic connections of the model (i.e., how these regions
are putatively connected to each other). These connections are typically
based on previous anatomical data, but the model does not necessarily
reproduce every connection, nor does it imply that connections are
monosynaptic. We based the architecture of our model on previous an-
atomical data in rodents and nonhuman primates (Yarita et al., 1980;
Price, 1985; Russchen et al., 1987; Ray and Price, 1992; Carmichael et al.,
1994), which demonstrate that PC is intimately connected with olfactory
OFC and MD thalamus and that MD thalamus has connections with
olfactory OFC. Animal studies further suggest that aPC (being more
anteriorly located than pPC) receives the majority of afferent inputs from
the olfactory bulb and is the major source of direct projections to olfac-
tory OFC (Ray and Price, 1992; Carmichael et al., 1994; Haberly, 2001;
Illig, 2005). These studies also indicate that pPC (being more posteriorly
located than aPC) is the principal source of piriform projections to MD
thalamus and that direct and indirect pathways both converge on the
same sites in olfactory OFC (Ray and Price, 1992). Given the dense re-
ciprocal nature of these projections, we made no directional assumptions
within this model and used bidirectional connections between the brain
regions.

Specifying the input connections that drive the model and the modulatory
(in this case attentional) connections that modify the neural coupling be-
tween regions. In our experiment, subjects made a sniff on each trial,
regardless of task. Given that sniffing is known to activate PC, even in the
absence of odor (Sobel et al., 1998, 2000), the input or driving effect
comprised all sniff events, which drove the model via the aPC. The mod-
ulatory connections comprised the two attentional contexts (odor atten-
tion and tone attention), the effects of which were tested on each of the
intrinsic connections.

Estimating the coupling parameters for each subject. The general proce-
dure consists of a bilinear model to estimate the neurodynamics (i.e.,
estimated neuronal interactions) and a Balloon–Windkessel model to
estimate the hemodynamics (i.e., reproduction of the BOLD data), all
using a Bayesian framework to identify the posterior (conditional) dis-
tribution of the connectivity parameters, given the data (Friston et al.,
2003). In this study, we focused specifically on the changes in effective
connectivity induced by the modulatory (attentional) connections, be-
cause this was the primary objective of the DCM analysis. By convention
(Friston et al., 2003), DCM parameters �0 indicate faster or stronger
connections from region A to region B in the positive direction (i.e.,
when A is activated, B is activated), DCM parameters �0 indicate faster
or stronger connections from region A to region B in the negative direc-
tion (i.e., when A is activated, B is deactivated), and DCM parameters �0
indicate slower or weaker connections (i.e., when A is activated, the
response in B is poorly coupled, in either direction). Parameter estimates
of the intrinsic connections are contained in supplemental Table 2 (avail-
able at www.jneurosci.org as supplemental material).

Estimating the contrasts of effective connections at the group level.
Subject-specific effective connectivity parameters were entered into a
random-effects group analysis to determine significance, in concordance
with previous studies (Smith et al., 2006). The modulatory effects of
attention on each of the connections was obtained by subtracting the
modulatory effect of tone attention from that of odor attention and then
testing the significance of these differential effects with one-sample t tests
( p � 0.05, one-tailed). To the extent that aPC, pPC, MD thalamus, and

OFC are principally linked via excitatory glutamatergic pathways
(Tanabe et al., 1975; Yarita et al., 1980; Carmichael et al., 1994; Haberly,
2001), the use of one-tailed t tests enabled us to specifically test the
hypothesis that odor (vs tone) attention would strengthen regional cou-
pling in the positive direction (i.e., faster or stronger connections �0), in
keeping with the known basic physiology of these neural circuits. Finally,
to compare modulatory effects of attentional context on the direct and
indirect pathways, we computed the modulatory effect for the whole
indirect pathway by averaging the modulatory effects for the three con-
nections involved in the indirect pathway (aPC to pPC, pPC to MD
thalamus, MD thalamus to OFC) and comparing this with the direct
pathway (aPC to OFC).

Independent localizer (odor detection) task
An independent fMRI run was used to localize odor-responsive cortex
and to constrain functional regions of interest in aPC, pPC, OFC, and
MD thalamus, as an unbiased method of identifying voxels for inclusion
in the DCM analysis. Subjects underwent an odor detection task consist-
ing of 12 odor and 12 no-odor (air only) trials, using four odorants
(different from the main study) that were neutral to mildly pleasant in
valence, relatively unfamiliar, and matched for intensity (DL-menthol,
2-heptanol, amyl acetate, citronellol; Sigma). Odors (or air only) were
delivered using an MRI-compatible olfactometer (airflow, 2.5 m/s). Sub-
jects were cued to make a 2 s sniff. Odor and no-odor trials were pre-
sented for 2 s in pseudorandom order, with the constraint that equal
numbers of condition types appeared in each third of the experiment.
Subjects pressed one of two buttons to indicate whether an odor was
present or absent. Trials recurred with a stimulus-onset asynchrony of
12 s (� variable jitter between 75 and 525 ms). A total of 160 functional
volumes was acquired, using the same imaging parameters as the main
experiment. Image preprocessing and analysis were identical to the main
experiment, except that temporal and dispersion derivatives were in-
cluded alongside the canonical HRF. After model estimation in SPM5,
we contrasted odor versus no-odor conditions, to generate statistical
parametric maps of odor-responsive cortex, on a subject-by-subject ba-
sis, liberally thresholded at p � 0.5 uncorrected.

Results
Behavioral and physiological data
Accuracy of odor detection (during odor attention blocks) and
accuracy of tone detection (during tone attention blocks) were
compared to assess whether task difficulty was matched between
the two attentional states. Across the group of subjects, detection
accuracy was similar in odor attention (0.92 � 0.017, mean �
between-subject SEM) and tone attention (0.93 � 0.016), and
there was no significant difference in task performance (t(11) �
0.63; p � 0.53, two-tailed paired t test), confirming that task
demands were kept constant across blocks.

Throughout the experiment, subjects were cued to make a
sniff on each trial, regardless of the attentional task, to minimize
motor differences between conditions. We subsequently ana-
lyzed trial-specific sniff parameters, including peak amplitude,
inspiratory volume, and latency to peak (duration), using sepa-
rate ANOVAs for each of these respiratory measures (Fig. 2, Table
1). During odor stimulation, sniffs were deeper and longer when
odor was absent than when odor was present ( p � 0.05 for all
three sniff parameters), consistent with our previous findings
(Gottfried and Dolan, 2003) showing that subjects make larger
sniffs when trying to detect an odor that is not there. Moreover,
the interaction between attention task (odor vs tone attention)
and odor stimulation (presence vs absence) was significant for
both sniff peak ( p � 0.004) and latency/duration ( p � 0.032)
and was significant for inspiratory volume at trend ( p � 0.075).
Post hoc t tests revealed that subjects sniffed more deeply when
odor was absent (vs present) only during odor attention (for the
three parameters, p � 0.05) but not during tone attention ( p �
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0.35). These physiological findings highlight the efficacy of our
attentional manipulation, whereby subjects attended more to
odor content when it was relevant for the task (odor attention)
than when it was irrelevant (tone attention). Moreover, the data
are compatible with previous work showing that human can se-

lectively direct their attention to the olfactory modality (Spence
et al., 2001; Zelano et al., 2005).

Imaging data: effects of sensory stimulation and attention
We first performed a random-effects fMRI analysis to identify
sensory-related and attention-related increases in the magnitude
of brain activation (Penny and Ashburner, 2003). Importantly,
the fully balanced factorial design of our study enabled us to
characterize the main effects of sensory stimulation and attention
independently, as well as the interaction between these factors.

The main effect of olfactory stimulation was tested to high-
light attention-independent odor-evoked responses in the hu-
man brain. This revealed extensive neural activity throughout the
key olfactory projection sites (Fig. 3), including bilateral pPC (29,
2, �21: k � 162, Z � 5.72, p � 0.05 WBC; and �17, �5, �21: k �
159, Z � 4.73, p � 0.05 WBC), bilateral aPC (40, 9, �18: k � 193,
Z � 3.58, p � 0.05 SVC; and �22, 10, �21: k � 133, Z � 3.14, p �
0.06 SVC), and bilateral OFC (28, 28, �12: k � 122, Z � 4.36, p �
0.05 WBC; and �24, 29, �12, k � 210, Z � 4.11, p � 0.05 SVC).
Condition-specific plots and fMRI time courses (Fig. 3) both
demonstrate that odor presence (vs absence) evoked greater
mean responses in pPC, aPC, and OFC, regardless of whether
subjects were asked to attend to odor or attend to tone. These
results accord with previous imaging studies (Sobel et al., 2000;
Poellinger et al., 2001; Gottfried et al., 2002) and validate the
robustness of our paradigm to elicit widespread activation in the
olfactory brain.

Notably, and in contrast to previous findings (Sabri et al.,
2005; Zelano et al., 2005), none of the above regions was signifi-
cantly activated when subjects specifically attended to odor. The
main effect of odor attention (collapsed across odor and tone)
failed to reveal attention-dependent neural activity anywhere in
pPC, aPC, or OFC, or MD thalamus, even at a reduced threshold
( p � 0.05, uncorrected). Interestingly, it was only when we ex-
amined the attention � odor interaction that the effects of atten-
tion became evident and only then at liberal thresholds. Medial
aspects of olfactory OFC (�7, 34, �18: k � 78, Z � 2.66; 19, 34,
�9: k � 13, Z � 2.00; and �17, 31, �18: k � 15, Z � 1.87; p
values �0.05 uncorrected) (Fig. 3) and areas adjacent to the ol-
factory tubercle (�3, 12, �18: k � 11, Z � 2.26, p � 0.05 uncor-
rected) were sensitive to the presence of odor but only during
olfactory (but not auditory) attention. Post hoc t tests confirmed
that these interactions were selectively driven by odor stimulation
effects during odor attention, in direct comparison with tone
attention ( p values �0.05 uncorrected). Thus, the OFC and ol-
factory tubercle responded to the presence of an odor only when
it was task relevant (e.g., during odor attention), effectively tun-
ing out olfactory sensory information when it had no bearing on
the task (e.g., during tone attention). Although the effect in ol-
factory tubercle was observed at low threshold, it nevertheless
converges with previous fMRI findings from other investigators
showing that attention to sniff content modulates activity in this
particular brain area (Zelano et al., 2005).

Although auditory-evoked fMRI activity was not a focus of
this study, we note that the main effect of tone stimulation (tone
presence vs absence) was associated with bilateral increases of
fMRI activity in auditory cortices, centered within the anterior
aspect of the superior temporal lobe (67, �21, �3: k � 75, Z �
3.54, p � 0.05 SVC; and �48, �33, �3: k � 31, Z � 2.56, p � 0.05
uncorrected) (Fig. 4). In comparison, the main effect of auditory
attention revealed activations in bilateral primary and adjacent
auditory cortices spanning the superior temporal gyrus, Heschl’s
(transverse temporal) gyrus, and the superior temporal sulcus

Figure 2. Attentional effects on sniff behavior. A–C, Condition-specific respiratory measure-
ments including sniff peak amplitude (A), latency to sniff peak (B), and inspiratory (insp.)
volume (C) are shown averaged across subjects (mean � between-subject SEM). For display,
sniff data were normalized within subjects by setting the first condition (in which both odor and
tone were presented during odor attention) to a value of 1.0 and scaling the remaining condi-
tions (Gottfried et al., 2002). These findings show that subjects sniffed more deeply when odor
was absent but only during odor attention, highlighting a selective behavioral effect when
attention is directed to the olfactory modality. *p � 0.05; †p � 0.1.
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Figure 3. Imaging effects of odor stimulation and olfactory attention. A–C, Attention-independent odor-evoked neural activations (main effect of odor) were observed bilaterally in posterior
piriform cortex (A), anterior piriform cortex (B), and olfactory OFC (C). Neural responses are shown on coronal sections of the mean T1-weighted anatomical scan (threshold for display, p � 0.001).
Condition-specific response plots (betas) illustrate greater mean activation when odor was present than when it was absent (� SEM, across-subjects adjusted), regardless of whether subjects
attended to odor or tone. To the right of each functional scan, condition-specific response time courses (� SEM, across-subjects adjusted) show that, in each region, neural activity elicited by odor
(O�) exceeded that elicited by no odor (O�), with a maximal difference at 2–3 TRs (4 – 6 s), whereas there was no significant difference between tone (T�) and no-tone (T�) trials. The first TR
corresponds to the onset of the stimulus, and each TR represents 2 s of scanning. D, Although none of these olfactory regions was activated by the main effect of odor attention, there was a significant
interaction between odor presence and odor attention in the medial aspect of olfactory OFC (threshold, p � 0.05), signifying that this brain area responded to odor only when subjects explicitly
attended to smell. The effect of olfactory stimulation (O� vs O�) on the fMRI time courses is evident during odor attention but not during tone attention. Con., Contrast weighting.

Table 1. Summary of statistical results for the behavioral analyses of sniff peak amplitude, sniff latency-to-peak (duration), and sniff inspiratory volume

M.E. attention M.E. odor
Inter. attention �
odor M.E. tone

Inter. attention �
tone Inter. odor � tone

Inter. attention
� odor � tone

F p F p F p F p F p F p F p

Peak 46.71 0.000 15.96 0.002 13.314 0.004 1.10 0.317 29.55 0.000 0.49 0.497 0.01 0.915
Latency 0.36 0.560 8.37 0.015 6.0 0.032 6.91 0.023 8.23 0.015 0.11 0.747 0.53 0.483
Ins. vol. 4.76 0.052 5.82 0.034 3.88 0.075 9.14 0.012 14.46 0.003 0.034 0.851 0.00 0.989

M.E., Main effect; Inter., interaction; Ins. vol., inspiratory volume. For all comparisons, F degrees of freedom � (1,11). Note that a separate ANOVA was conducted for each sniff parameter.
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(52, �19, 0: k � 194, Z � 3.59, p � 0.05 SVC; �48, �14, 0: k �
223, Z � 3.21, p � 0.05 SVC) (Fig. 4), areas previously observed
in selective attention to auditory stimuli (Shomstein and Yantis,
2004; Johnson and Zatorre, 2006). In the same regions, neural
activity was also seen (at reduced threshold) in the interaction
between tone stimulation and tone attention (58, �15, �3: k � 9,
Z � 2.04; and �40, �17, 0: k � 96, Z � 3.00; p values �0.05
uncorrected) (data not shown). These additional results further
validate the efficacy of our experimental paradigm to induce ro-
bust switches between olfactory and auditory attentional modes,
with selective effects on sensory-specific cortices.

Imaging data: attentional modulation of olfactory
network connectivity
The central aim of our study was to determine whether attention
to odor (vs tone) alters neural connectivity within the putative
transthalamic olfactory network. Because odor attention per se
did not increase the mean level of activity in MD thalamus (as
discussed above), we hypothesized that attentional influences on
odor processing might instead be expressed as an increase in
thalamocortical coupling within the indirect (transthalamic)
odor pathway. Such a mechanism would accord closely with ex-
perimental models, suggesting that sensory perception is linked
to network synchrony and oscillations throughout thalamocor-
tical circuitry (Jones, 2001; Ribary, 2005).

We used a novel imaging analysis technique known as DCM
(Friston et al., 2003) to estimate changes in effective connectivity
(Friston et al., 1997) among prespecified olfactory brain regions
as a function of attentional context. Based on current anatomical
knowledge of olfactory connectivity (see Materials and Meth-
ods), we specified a network model of brain regions including
aPC, pPC, MD thalamus, and olfactory OFC (Fig. 5). In a subse-
quent step, the fMRI time series from each of these regions were
extracted to test how connection strengths in the direct and indi-
rect pathways were modulated as a function of attention. The

Figure 5. Anatomical schematic of the dynamic causal model specified for testing atten-
tional influences on olfactory network interactions. This model included aPC, pPC, MD thalamus,
and OFC, and connections between regions were reciprocal. Sniff events were entered into the
network as a direct input to aPC. From aPC, information was disseminated through the network
to OFC along either of two pathways: directly to OFC (direct pathway) or indirectly via pPC and
MD thalamus (transthalamic pathway). Brain regions are depicted on a rendered three-
dimensional, T1-weighted brain section, with the left anterosuperior quadrant removed to
expose the relevant olfactory areas. The region demarcated within the dashed box is magnified
to allow a more precise display of aPC and pPC. Sup, Superior; Post, posterior; Inf, inferior; Ant,
anterior.

Figure 4. Imaging effects of auditory stimulation and tone attention. A, The main effect of tone (presence vs absence) was associated with fMRI activation in auditory cortex, independently of
tone attention. Images are thresholded for display at p � 0.01. Group-averaged fMRI time courses show greater signal change during tone (T�) than no-tone (T�) stimulation, in the absence
of an effect of odor stimulation (O� vs O�). B, The main effect of tone attention (Att.) revealed activations in bilateral primary and adjacent auditory cortices, independently of tone stimulation.
Corresponding time course profiles from the transverse temporal gyrus show greater responses to tone (vs odor) attention, in both the presence (T�) and absence (T�) of tone.
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advantage of this hypothesis-driven (anatomically based) ap-
proach is that it is biologically plausible and results in better
model fitting than standard connectivity analyses (Friston et al.,
2003).

We began by examining the modulatory effect of odor atten-
tion on each of the connections specified in the model. To this
end, subject-specific estimates of the coupling parameters linking
each pair of nodes (regions) were entered into group-level statis-
tical analyses (Smith et al., 2006), contrasting the effect of odor
attention to tone attention (Table 2). This approach identified
only two connections that were significantly reinforced when
subjects attended to odor (vs tone): the forward connection from
MD thalamus to OFC (t(11) � 2.02; p � 0.05) and the forward
connection from pPC to MD thalamus (t(11) � 2.25; p � 0.05)
(Fig. 6). Separate inspection of the odor attention and tone atten-
tion data revealed that the MD thalamus to OFC connection was
positively strengthened (DCM of 0.033 � 0.02) during odor at-
tention and was weakened (DCM of �0.006 � 0.01) during tone
attention. The pPC to MD thalamus connection was strength-
ened both in the positive direction (DCM of 0.012 � 0.02) during
odor attention and in the negative direction (DCM of �0.010 �
0.02) during tone attention. Thus, for both of these critical con-
nections, there was evidence supporting the direct strengthening
of olfactory processing via odor attention. None of the remaining
connections, including the backward projections within the
transthalamic pathway, as well as the connections in the direct
(aPC–OFC) pathway in either direction, was significantly mod-
ulated by odor (vs tone) attention (all p values �0.12).

These findings are compatible with the idea that odor atten-
tion strengthens the effective forward connections from pPC to
MD thalamus and from MD thalamus to OFC. We next per-
formed several follow-up analyses to confirm that the influence
of odor attention on olfactory connectivity was both directionally
selective and pathway specific. First, a direct comparison between
forward and backward connections demonstrated that the
thalamocortical (forward, MD–OFC) connection was signifi-
cantly more enhanced that the corticothalamic (backward, OFC–
MD) connection when subjects attended to odor versus tone
(mean difference � between-subjects SEM, 0.059 � 0.020; t(11) �
2.94; p � 0.01). Elsewhere in the indirect pathway, there were no
significant differences between forward and backward connec-
tions linking aPC and pPC (0.056 � 0.032; t(11) � 1.75; p � 0.05)
or pPC and MD thalamus (0.010 � 0.009; t(11) � 1.05; p � 0.15),
nor did forward and backward connections linking aPC and OFC

Table 2. Parameter estimates of attention-dependent changes in neural connectivity (odor > tone attention) between each pair of linked brain regions in the direct and
indirect (transthalamic) pathways

Direct pathway Indirect pathway

Subject aPC to OFC OFC to aPC aPC to pPC pPC to aPC pPC to MD MD to pPC MD to OFC OFC to MD

S01 �0.176 �0.167 0.054 �0.004 0.03 �0.01 0.197 0.119
S02 �0.214 0.054 �0.057 �0.084 �0.043 �0.001 0.004 0.025
S03 0.065 0.1 �0.024 0.094 0.008 0.057 0.075 �0.077
S04 �0.033 0.000 0.007 0.000 0.000 0.00 0.000 �0.00
S05 �0.08 0.047 �0.069 �0.022 0.111 0.078 0.079 �0.132
S06 �0.118 �0.006 0.076 �0.000 0.001 0.00 0.000 �0.036
S07 �0.364 0.011 0.301 �0.006 0.021 0.021 0.017 �0.028
S08 0.087 0.001 �0.032 0.001 0.003 0.00 0.00 0.004
S09 �0.077 �0.03 0.079 0.019 0.036 0.003 0.01 �0.059
S10 0.155 �0.132 �0.079 �0.197 0.041 0.03 �0.006 �0.045
S11 0.010 0.121 0.059 �0.121 0.023 �0.039 0.086 �0.024
S12 �0.058 0.008 0.047 0.009 0.02 �0.08 0.009 0.014
Mean �0.067 0.001 0.030 �0.026 0.021* 0.011 0.039* �0.020
SEM 0.041 0.024 0.030 0.022 0.010 0.009 0.017 0.018

*p � 0.05.

Figure 6. Attention to odor enhances thalamocortical coherence. A, B, Odor attention mod-
ulated neural interactions significantly more strongly in the indirect (transthalamic) pathway
than in the direct pathway when compared with tone attention. Coupling between pPC and MD
thalamus and between MD thalamus and OFC was strengthened (filled black arrows) as a
consequence of attending to smell, an effect that was selective for the forward connections (A),
as well as for the entire indirect pathway (B). Group-averaged values for the connectivity pa-
rameter estimates (odor � tone attention) are shown beside each of the significant relevant
connections [mean (SEM)].
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significantly differ in the direct pathway (�0.067 � 0.047; t(11) �
�1.42; p � 0.09).

Second, a comparison between direct and indirect pathways
allowed us to test whether odor attention selectively augmented
response coupling within the transthalamic network. This analy-
sis showed that, when subjects attended to odors (vs tones), the
forward indirect pathway (aPC–pPC–MD thalamus–OFC) ex-
hibited greater modulation than the forward direct pathway
(aPC–OFC) (0.097 � 0.049; t(11) � 1.97; p � 0.05) (Fig. 6), and
the forward indirect pathway was also more modulated than its
backward counterpart (0.042 � 0.013; t(11) � 3.19; p � 0.01).
Finally, the robustness of these effects was corroborated by test-
ing the interaction between pathway and direction, such that
connections were significantly strengthened across the indirect
(vs direct) pathway for the forward (vs backward) direction dur-
ing odor (vs tone) attention (0.109 � 0.052; t(11) � 2.08; p �
0.05). It thus appears that feedforward activation across the indi-
rect (transthalamic) pathway is involved in attending to odor.

Discussion
By combining olfactory fMRI and effective connectivity tech-
niques, we have shown that attention to smell augments func-
tional interactions within thalamocortical networks. Selective at-
tention to odor enhanced the response coupling from pPC to MD
thalamus and from MD thalamus to olfactory OFC. In addition,
odor-specific state-related changes in effective connectivity were
enhanced across the entire indirect pathway (from aPC to pPC to
MD thalamus to OFC), over and above changes in the direct
pathway from aPC to OFC. Together, the findings presented here
confirm that the transthalamic pathway is functionally active in
humans and is a modulatory target of olfactory attentional
processing.

It is important to emphasize that the connectivity analyses
were all based on comparisons between odor attention and tone
attention, establishing the sensory specificity of our results and
ruling out potential confounds related to mere general shifts in
arousal or alertness. The possibility of task-related performance
differences also seems unlikely, because detection accuracy dur-
ing odor and tone attention were closely matched (even if we
cannot completely rule out the possibility of a ceiling effect), nor
can the findings be explained by state differences in sensory fea-
tures, because odors and tones appeared equal numbers of times
during both attentional blocks. Moreover, given that sniffing is
known to activate human piriform cortex (Sobel et al., 1998,
2000), trial-specific respiratory parameters were specifically
modeled as nuisance covariates in the imaging analyses to regress
out the attentive effects on sniffing (compare with Fig. 2; Table 1);
that the main effect of odor attention was not associated with
significant piriform activity (even at reduced threshold) suggests
that any sniff-related confounds were effectively partialed out of
the fMRI data. Conversely, because our design did not explicitly
test attended versus unattended states, the study was unable to
reveal areas that jointly participate in both olfactory and auditory
attention, which may account for some of the differences between
our findings and those from other studies (Zelano et al., 2005).

The idea that thalamocortical networks assemble conscious
perceptual experiences out of each of the senses (except for the
sense of smell) continues to motivate research models of atten-
tion, cognition, and consciousness. This prevalent view, based
primarily on olfactory anatomical evidence from rodents and
nonhuman primates, stands in conflict with the strong atten-
tional effect on sniffing behavior observed in our experiment,
along with increasing psychophysical data showing that humans

can successfully divert their attention between olfactory and non-
olfactory modalities, implying a mechanism common to all sen-
sory systems (Spence et al., 2001; Zelano et al., 2005). Our results
provide solid neurobiological evidence supporting the functional
integrity of an olfactory thalamocortical pathway when a subject
attends to odor. The implication is that olfaction, like other sen-
sory modalities, requires a thalamic relay, if only to consciously
analyze a smell.

The current data may help to reconcile the disparate findings
in the literature regarding olfactory functions of the MD thala-
mus. In rodents, ablation of this structure impairs olfactory dis-
crimination learning (Eichenbaum et al., 1980; Slotnick and
Kaneko, 1981; Staubli et al., 1987; McBride and Slotnick, 1997),
particularly for odors that were unfamiliar or difficult to associate
(Eichenbaum et al., 1980), and these deficits are overcome only
after extensive training (Staubli et al., 1987). In humans, lesions
of the medial thalamus have been associated with odor discrim-
ination impairments (Potter and Butters, 1980) as well as defects
in the perception of odor valence (Rousseaux et al., 1996). Not-
withstanding the functional complexity of MD thalamus, our
results suggest a novel way to unify this body of work: a disrup-
tion of sensory attention may best explain the olfactory behav-
ioral impairments documented in thalamus-lesioned animals
and humans.

Notably, these attention-dependent effects were not accom-
panied by quantitative changes in thalamic response magnitude
(see Results, Imaging data: effects of sensory stimulation and
attention), underlining the limitations of conventional fMRI
techniques and the potential benefits of effective connectivity
approaches. This may actually help explain why MD thalamus is
activated only inconsistently in human imaging studies (Sobel et
al., 2000; Poellinger et al., 2001; Gottfried et al., 2002), and why
increased neural activity in MD thalamus was not observed in
two previous imaging studies of odor attention (Sabri et al., 2005;
Zelano et al., 2005). Indeed, it is precisely those cases (when
“null” results in standard imaging analyses are obtained) that the
use of alternative techniques can become uniquely informative.
Here the use of dynamic causal modeling enabled us to test mech-
anistic hypotheses, namely, how the brain implements a particu-
lar function rather than simply where the brain implements that
function. In the current study, we found that, when subjects at-
tend to an olfactory environment, neural response coupling
across regions in the indirect pathway was enhanced, especially
connections involving MD thalamus, even if the global activation
level of this thalamic area was not.

Based on our pattern of findings, one plausible interpretation
is that odor attention induces a state change in the temporal
response profile of MD thalamus, or even perhaps in pPC (Mu-
rakami et al., 2005), thereby facilitating neuronal synchrony
throughout the indirect pathway and enhancing effective con-
nectivity as measured with DCM. In contrast, the lack of
attention-related increases in mean MD thalamus activity might
suggest that there is no net increase in overall spike firing or local
processing (Vaadia et al., 1995) at the level of MD thalamus. We
believe that such a formulation fits nicely with the known elec-
trophysiological signature of thalamic neurons, which alternate
between burst and tonic phases of firing (Jahnsen and Llinàs,
1984) to promote state-dependent alterations in sleep and wake-
fulness (Stériade and Llinàs, 1988; Llinàs and Pare, 1991) and in
consolidating perceptual experience, perhaps orchestrated via
synchronized oscillatory activity in the gamma frequency band
throughout thalamocortical networks (Llinàs and Ribary, 1993).
Of course, the slow temporal resolution of the fMRI technique
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(typically 4 – 6 s) is not sufficient to discern fast (milliseconds)
shifts in temporal coding at the neuronal level, but our data are
nevertheless consistent with the idea that attending to smells may
have an impact on response timing, rather than response magni-
tude, within the olfactory transthalamic pathway.

How might the direct and indirect olfactory pathways actually
interact during an encounter with an odor stimulus? We specu-
late that the monosynaptic projection directly linking aPC to
olfactory OFC would serve as a quick sweep of the odor environ-
ment, permitting fast, more reflexive sensory processing, at a
coarse level of discrimination, and perhaps not contingent on
conscious awareness. In turn, the transthalamic pathway, with at
least two additional intervening synapses between aPC and OFC,
would function at a slower timescale, but with a discriminative
capacity much more finely tuned, and informed by cognitive
factors, such as attention, expectation, and memory (Wilson and
Stevenson, 2003). Such a system could serve as an effective gate
for the direct pathway, helping to select only those inputs with
behavioral relevance for additional processing downstream of
OFC. Through feedback connections from OFC, the transtha-
lamic network could even help to refine the receptive field prop-
erties in olfactory bulb and aPC, optimizing discrimination for
biologically salient odor inputs. Additional work will be neces-
sary to elucidate how exactly these dual pathways cooperate, but
our present findings make it clear that the MD thalamus should
be incorporated into future research models of olfactory cogni-
tive processing.
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