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Abstract: Kin recognition, an evolutionary phenomenon ubiquitous among phyla, is thought to pro-
mote an individual’s genes by facilitating nepotism and avoidance of inbreeding. Whereas isolating
and studying kin recognition mechanisms in humans using auditory and visual stimuli is problematic
because of the high degree of conscious recognition of the individual involved, kin recognition based
on body odors is done predominantly without conscious recognition. Using this, we mapped the neu-
ral substrates of human kin recognition by acquiring measures of regional cerebral blood flow from
women smelling the body odors of either their sister or their same-sex friend. The initial behavioral
experiment demonstrated that accurate identification of kin is performed with a low conscious recogni-
tion. The subsequent neuroimaging experiment demonstrated that olfactory based kin recognition in
women recruited the frontal-temporal junction, the insula, and the dorsomedial prefrontal cortex; the
latter area is implicated in the coding of self-referent processing and kin recognition. We further show
that the neuronal response is seemingly independent of conscious identification of the individual
source, demonstrating that humans have an odor based kin detection system akin to what has been
shown for other mammals. Hum Brain Mapp 30:2571–2580, 2009. VVC 2008 Wiley-Liss, Inc.
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INTRODUCTION

The ability to identify kin is ubiquitous among phyla
(Lieberman et al., 2007). Ranging from microbes (Mehdia-
badi et al., 2006) to humans (Porter and Moore, 1981), spe-
cies have developed intricate mechanisms to distinguish

kin from non kin. Kin recognition is thought of as a vital
evolutionary tool to promote one’s genes by facilitating
both nepotism and inbreeding avoidance (Ables et al.,
2007). Research in animals demonstrates that kin recogni-
tion mechanisms have emerged within several senses,
lending further support to its evolutionary importance
(Baglione et al., 2003; Parr and de Waal, 1999; Sharp et al.,
2005; Sinervo et al., 2006).

It has long been known and is a well established fact
that humans are capable of distinguishing kin from non
kin based solely on cues originating from body odors
(Porter and Moore, 1981; Porter et al., 1985; Schaal and
Marlier, 1998; Weisfeld et al., 2003). Using event related
potentials, Pause et al. (2006) recently demonstrated a
clear difference in the electro cortical response when an
individual smells body odors originating from geneti-
cally similar and dissimilar individuals. This processing
difference occurred in the absence of a behavioral
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response, thereby demonstrating the ability of the
human brain to discriminate between different individu-
als’ perceptually similar body odors. This was the first
study to demonstrate that the human brain can extract
and process genetic information from body odors. Simi-
larly, it was recently demonstrated that body odors are
processed by a neuronal network largely separate from
the common olfactory system (Lundstrom et al., 2008).
Body odors did not activate what is commonly referred
to as primary and secondary olfactory cortex, the
piriform and orbitofrontal cortex (Zatorre et al., 1992).
Instead, body odors activated cortical areas known
to process emotional stimuli, as well as an area regarded
as an important node in the formation of the body
percept. The perceptually similar control odor evoked
activation in olfactory cortices. This clear separation in
neuronal processing between perceptually similar odors
indicates that human body odors contain signals capable
of triggering processes outside the common perceptual
spectra. To date, however, no attempts have been
made to map the neuronal substrates of human kin rec-
ognition in the absence of conscious identification of the
individual.

Experimentally isolating and assessing kin recognition
using auditory and visual stimuli is problematic in
humans owing to the ease with which one can readily
identify the individual. This high degree of conscious rec-
ognition leads to memories associated with the identified
individual, and processing the associated conscious memo-
ries is thought to mask the neuronal responses of a more
biologically mediated kin recognition process. Behavioral
data show, however, that correct identification of an indi-
vidual’s body odor is performed with a low level of con-
scious awareness (Lundstrom et al., 2008). Thus, it should
be possible to assess the human kin recognition network
with limited involvement of conscious cognitive processes
using body odor.

We sought to explore the mechanisms underlying olfac-
tory kin recognition in two consecutive experiments, both
using the same cohort of participating women. In Experi-
ment 1, we assessed the participants’ ability to recognize
body odors originating from either a sister or a longtime
friend. In Experiment 2, we sought to determine and map
the neuronal substrates of olfactory kin recognition. The
use of H2O15 positron emission tomography (PET)
allowed us the unique opportunity to capture images
while presenting the participants directly with unaltered
body odors originating from either their sister or their
longtime friend. The results of previous body odor stud-
ies have tentatively indicated that self-referent processing
may mediate body odor identification (Lundstrom et al.,
2008; Pause et al., 1999). Based on those findings, we
hypothesized that areas previously implicated in self-
referent processing, such as the dorsomedial prefrontal
cortex and precentral gyrus (Northoff et al., 2006; Platek
et al., 2005), would be recruited during kin recognition
processing.

MATERIALS AND METHODS

Experiment 1

Participants

Twelve healthy, right-handed, nulliparous, nonsmoking
women (mean age 24 years; SD 6 2.8) with an absence of
nasal congestion, sinus infection, allergies, or decreased ol-
factory function underwent a behavioral experiment
(Experiment 1) and a PET imaging experiment (Experi-
ment 2). Only self-described exclusively heterosexual
women participated, either as ‘‘full participants’’ or as
odor donors. Moreover, participants were not allowed to
invite odor donors with a known history of diabetes, using
psychopharmaca, or using hormonal substances, excluding
oral contraceptives. These inclusion criteria were used
because preference for body odors and their production
are influenced by sex, sexual orientation, certain medica-
tions, and diabetes (Martins et al., 2005; Wysocki and Preti,
2000). Participants were part of a previously reported body
odor neuroimaging experiment in our lab (Lundstrom
et al., 2008) and were thus familiar with all procedures.
Detailed written informed consent was obtained from all
participants prior to enrollment, and the experimental pro-
tocols were approved by the local Research Ethics Board.

Odor stimuli

Body odors were collected from each participant’s bio-
logical sister (mean age 23 years; SD 6 4.0) and close
woman friend (mean age 22 years; SD 6 2.7) of long-
standing (mean length of friendship, 50 months) without
being roommates. A Student’s t-test indicated that there
was no significant difference in age between the two odor
donor categories, t (11) 5 0.97, P > 0.35. To collect the
body odors, each odor donor slept for seven consecutive
nights alone in their bed wearing a tight cotton t-shirt in
which odorless cotton nursing pads (Ultra-Thin Nursing
Pads, Gerber Inc., ON, Canada) had been sewn into the
underarm area. The t-shirt was used to prevent the cotton
pads from being contaminated by external odor sources
and to ensure a close fit of the pads in the armpit. When
not worn in bed, the t-shirts were stored in a closed zip-
lock bag. Prior to insertion of the pads, the t-shirts and
any bedding used by the participants were washed with a
nearly odor-free detergent provided by the experimenters.
All odor donors followed strict instructions that regulated
their personal hygiene and diet to ensure that the collected
samples were not contaminated. To prevent identification
of an individual’s body odor due to dietary choices
(Wysocki and Preti, 2000), eating spicy food, garlic, or as-
paragus was prohibited during the whole study period.
After behavioral testing, as described later, the pads were
sealed in individual odor-free freezer bags and deep fro-
zen (2808C) until the morning of the day of scanning
(Experiment 2) to prevent further biological degradation of
the stimuli.
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Behavioral testing session

Participants returned the t-shirts on the morning of the
eighth day when an experimenter removed the pads and
subsequently screened them for any contamination of resid-
ual, nonbody odor related odors. None of the t-shirts were
deemed to be contaminated. That all participants possessed
a functional olfactory sense was initially assessed using a
five-item olfactory identification test consisting of easily
identifiable items selected from the Sniffin’ Sticks test
(Hummel et al., 1997). All subjects had four or more correct
identifications, indicating a functional sense of smell. Ability
to identify individual body odors was assessed in a coun-
terbalanced order using a psychophysical testing paradigm.
A three-alternative, no feedback, forced-choice task with
nine repetitions for each body odor category (sister and
friend), with body odors from strangers as foils, was admin-
istered. The body odor of strangers were those collected
from other participants. On each trial, participants indicated
how confident they were in their answer using a six point
scale ranging from ‘‘guessing’’ to ‘‘absolutely sure’’.

Statistical analyses

Behavioral identification performance above chance
value (3) for each body odor category was assessed with
separate one-sample Student’s t-tests.

Experiment 2

Participants

Participants were those described for Experiment 1.

Odor stimuli

The same body odors used in Experiment 1, except for
the body odor of strangers, were used in Experiment 2. In
addition, an odor control was used. The odor control was
a mixture of cumin oil, anise oil, and indole, all dissolved
in diethyl phthalate (DEP) down to a concentration of 1%
v/v (chemicals obtained from Sigma-Aldrich, Canada).
The stock solution consisted of 60% v/v of the cumin oil
solution, 14% v/v of the anise oil solution, and 36% v/v of
the indole solution. None of these chemicals can be found
naturally in human sweat. This mixture was described as
close to a natural body odor in its quality when rated by a
pilot group (n 5 8) and deemed to be similar to natural
body odors in pleasantness, intensity, and irritability. A
10% v/v concentration of this mixture was applied to cot-
ton nursing pads identical to those containing the natural
body odors; these cotton pads were subject to similar han-
dling as the pads containing natural body odors.

PET scanning session

The PET session consisted of four conditions [odor-free
baseline, odor control, sister’s body odor (sister), and

friend’s body odor (Friend)], each repeated twice in a
pseudo-randomized order yielding a total of 8 individual
scans, each 60 s long. Participants were informed that all
body odors within each scan would originate from the
same category, i.e., body odors from only one individual
were presented in any given scan. The cotton pads were
positioned inside wide-mouth glass jars and presented
during scanning by placing the bottle �10 mm under the
participant’s nose. Stimulus onset was 10 s prior to bolus
onset and ended �10 s after scanning termination. Stimuli
were presented for 3 s with 5 s interstimulus intervals of
no odor, thereby yielding a total of 10 stimulus presenta-
tions in each scan. This intermittent stimulus presentation
was performed to limit the degree of natural adaptation to
the odor sources. Scanning was performed with eyes open
so that the participants would be able to synchronize their
breathing with the onset of the stimulus presentation. Pre-
sentation of the different stimuli was identical, and only
the odor contained on the pad inside the jar varied across
presentations. Participants were instructed to focus their
gaze on a designated mark located inside a circumference
of the camera directly above their heads and to breathe
normally and consistently throughout all scans, regardless
of the valence or intensity of the stimuli. In addition, to
ensure that participants focused on the stimuli, they were
asked during each presentation to indicate with a mouse
click whether the stimulus was perceived as stronger or
weaker than the previous one. No emphasis was placed on
the speed of their response. To prevent sniffing behavior
that might activate cortical areas associated with olfactory
search, participants were informed when a blank stimulus
would be presented (odor-free baseline) and were
instructed to respond with a random click during each
stimulus presentation in this condition. Breathing was
monitored with chest and abdominal respiratory belts, and
no significant differences in either amplitudes or respira-
tory rates between scans were observed. At the end of
each scan, the stimulus was rated for perceived pleasant-
ness and intensity using a verbal 10 point scale. Lastly,
participants were asked to identify the body odors used in
the scan by selecting one of the following categories: Sister,
friend, stranger, or common odor. The choice of Stranger
was included to enable participants to respond according
to the potential sensation of ‘a nonidentifiable body odor’.
Each scan was followed by a minimum of 10 min rest to
prevent olfactory adaptation.

Acquiring of images and data analyses

PET scans were obtained with a Siemens Exact HR1
tomograph operating in three-dimensional acquisition
mode using H2O15 water bolus. T1-weighted structural
MRI scans (160 1 mm slices) were obtained for each sub-
ject with a 1.5 T Siemens Sonata to provide anatomical
detail. PET images were reconstructed using a 14 mm
Hanning filter and processed using conventional methods
(Zatorre et al., 1999). Statistical imaging analyses were
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done using the in-house program ‘‘DOT’’ as described in
detail elsewhere (Worsley et al., 1992). The presence of sig-
nificant changes in cerebral blood flow (CBF) was initially
established on the basis of an exploratory global search for
which the t-value criterion was set at >3.5. This value cor-
responds to an uncorrected P-value of < 0.0002 for a
whole-brain search volume. Because of the conservative
nature of conjunction analyses (Nichols et al., 2005), we
established the presence of significant changes of CBF in
the conjunction analysis based on a t-value criterion of
>3.0, corresponding to an uncorrected P-value of < 0.001
for a whole-brain search volume. Specifics of the conjunc-
tion analyses are explained later.

Potential differences in perceived intensity and pleasant-
ness of the odor categories (friend, sister, and odor control)

were assessed with individual repeated measures analyses
of variance (rm-ANOVA). Alpha-level was set at 0.05 in all
analyses using Greenhouse-Geisser correction on variables
failing Mauchly’s test of sphericity.

RESULTS

Experiment 1—Behavioral Identification of

Body Odor

Participants were able to correctly identify their sister’s
[mean value 5 7.7, SD 6 0.67; t (11) 5 20.77, P < 0.01]
and their friend’s body odor [mean value 5 6.5, SD 63.26;
t (11) 5 3.71, P < 0.01] above chance values when com-
pared with the body odors of strangers (Fig. 1A) in a three

Figure 1.

A: Average identification performance in each body odor cate-

gory in Experiment 1. The dotted line represents chance per-

formance and error bars denote standard error of the mean

(SEM). B: Confidence judgments plotted against actual propor-

tion of correct answers for the two body odor categories. The

dotted line represents perfect calibration, indicating that subjec-

tive experience is well matched to actual performance. Values

above the line indicate underconfidence in performance, whereas

values below the line indicate overconfidence. Note the relation-

ship between excellent identification performance and large

underconfidence when subjects were identifying body odors

from sister. C: Group averaged ratings of perceived intensity and

pleasantness of the three experimental odors in Experiment 2.

Error bars in graph denote standard error of the mean (SEM).
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alternative, force-choice task with nine repetitions. A
paired samples Student’s t-test indicated that there was no
significant difference in identification performance
between the two body odor categories (sister or friend),
t(11) 5 1.14, P > 0.28. One assumption of the design was
that identification of the body odors would be made with
a low degree of conscious recognition. We are here defin-
ing conscious recognition to mean correctly identifying the
individual from whom the odor originated and being
aware of making a correct identification. To explore this
issue, we evaluated the agreement between participants’
conscious judgment and their behavioral performance on
the identification task by calculating an over or underconfi-
dence score (O/U). Confidence is commonly measured in
the meta-cognitive literature as the difference between the
mean subjective probability of being correct, P, and the
actual proportion of correct discriminations, C (Bjorkman
et al., 1993); this difference, P—C, is expressed as an O/U
score. Responses are said to be calibrated to the extent that
the proportion of correct choices matches the subjective
probability, i.e., an O/U score of 0, and a large mismatch
between actual performance and subjective confidence, i.e.,
underconfidence, is thought of as a measure of noncon-
scious processing (Bjorkman et al., 1993; Juslin et al., 1999).
As can be seen in Figure 1B, identification of sisters was
poorly calibrated with conscious awareness of actual iden-

tification performance (O/U 5 20.24), whereas there was a
better agreement, albeit still quite low, for friends (O/U 5

20.13). This demonstrates that correct identification of the
body odors of kin was performed with low conscious rec-
ognition. The low level of conscious awareness of their
abilities was further evident during the behavioral testing.
Many subjects expressed frustration with the seemingly
impossible task of identifying someone based on their
body odor although they unknowingly were able to per-
form the task with good accuracy.

To explore further whether identification performance
was modulated by degree of familiarity with the body
odors, we correlated the length of friendship with accuracy

Figure 2.

A statistical parametric map (t statistics as represented by the

color scale) showing group averaged rCBF response to the proc-

essing of the odor control [contrast odor control vs. baseline]

superimposed on group averaged anatomical MRI. Significant

increase of rCBF is seen bilaterally in the orbitofrontal cortex

(x, y, z: 213, 22, 214; t 5 3.68 and 23, 34, 28; t 5 3.81). Coor-

dinates in figure and figure legend denotes slice and peak activa-

tions expressed according to the MNI coordinates system. Left

in figure represents left side (L).

Figure 3.

Statistical parametric maps (t statistics as represented by the

color scale) of group averaged rCBF responses to kin recogni-

tion [contrast sister vs. friend] superimposed on group averaged

anatomical MRI. Graphs represent extracted baseline-corrected

rCBF values within the activation peak in question, using a 7 mm

volume of interest (VOI) search sphere, in each odor category.

Error bars represent standard error of the mean (SEM). All sta-

tistical parametric maps are thresholded at t 5 2.5. A: Increased

rCBF in the dorsomedial prefrontal cortex (X 5 27). B:

Increased rCBF in the superior frontal gyrus (SMA) as marked

by the yellow circle (Y 5 218). C: Increased rCBF in the fron-

tal-temporal junction as marked by the yellow circle (Y 5 211).

Left in figure represents left side.
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in identifying a friend. There was no significant correlation
between length of friendship and identification perform-
ance according to a bivariate Pearson correlation analysis,
r(12) 5 0.279, P > 0.38.

Experiment 2—Neural Mapping

Cortical processing of odorous stimuli often elicits weak
regional cerebral blood flow (rCBF) activity in comparison
with other sensory stimuli. To verify that our paradigm
had enough power to evoke increased neuronal activity in
areas commonly thought to process olfactory stimuli, we
contrasted the odor control versus baseline. This contrast
revealed that the odor control, consisting of a mixture per-
ceptually similar to body odors, elicited clear bilateral acti-
vation of the orbitofrontal cortex (see Fig. 2), an area
known to process olfactory stimuli (Gottfried and Zald,
2005; Zatorre et al., 1992).

To identify the neuronal substrates of kin recognition,
we contrasted activations obtained while smelling sister
with activations obtained while smelling Friend (Table IA),
two familiar stimuli originating from individuals of the
same sex. This contrast yielded increased rCBF above
threshold in the dorsomedial prefrontal cortex, frontal-tem-
poral junction, intraparietal lobula, precentral gyrus, post-
central gyrus, occipital gyrus, and in the culmen (see Fig.
3). As this is the first neuroimaging study to map the neu-
ronal substrates of olfactory kin recognition, comparison of
these results with previous studies is not possible. There-
fore, in an effort to apply a more conservative approach,
we performed a conjunction analysis to explore regions
that were commonly activated in the two kin detection
contrasts [sister vs. friend 1 sister vs. baseline (Table IB)].
Conjunction analyses identify activations consistently
found in all individually included images within the con-
trast, whereas subtraction analyses rely only on the aver-
age contrast (Nichols et al.. 2005). Hence, conjunction anal-
yses provide a more conservative measure of the variable
of interest. The resulting activations from the conjunction
analyses were similar to those of the aforementioned con-
trast, with the main exception of activations in the insular
cortex and the precuneus (Table II).

Previous studies of body odor processing have implied
that self-referent processing might mediate body odor
identification in a nonconscious manner (Lundstrom et al.,
2008; Pause et al., 1999). We did not obtain confidence
judgments during scanning because of the free identifica-
tion task. Moreover, only two repetitions were performed
of each odor category, which put limits on the use of infer-
ence statistics. However, in an effort to explore potential
differences in identification performance between sister
and friend scans and to assess potential involvement of
conscious identification of sisters, we first performed a
paired samples Student’s t-test, which demonstrated a sta-
tistical tendency for better identification of sisters during
scanning, t(11) 1.91, P < 0.10. We thereafter explored
whether the activation in the dorsomedial prefrontal cortex

(Fig. 3A), an area known to be active during self-referent
tasks (Gusnard et al., 2001; Northoff et al., 2006), was
modulated by an awareness that the odor was originating
from one’s sister. We extracted normalized rCBF values
from the peak activation in sister scans only, using volume
of interest analyses with a 7 mm search sphere corre-
sponding to half the full width of the spatial smoothing fil-
ter. We then divided the scans into two categories, scans
in which subjects had correctly identified their sister, and
scans in which the odor was incorrectly identified as either
their friend, a stranger, or as a nonbody odor. There was
no significant difference in rCBF when subjects correctly
identified the body odor (mean rCBF 5 129.17; SEM 6 1.7)
compared with when they did not (mean rCBF 5 130.44;

TABLE I. Significant peaks of increased rCBF

for kin detection

A: Sister vs friend (kin detection)

Area x y z t-value

Frontal lobe
Precentral gyrus 262 3 15 4.0
Superior frontal gyrus/SMA 214 218 66 3.8
Dorsomedial prefrontal cortex 27 5 55 3.8
Frontal-temporal junction 265 211 10 3.7

Parietal lobe
Intraparietal lobula 265 243 36 3.9
Postcentral gyrus 243 226 63 3.7
Postcentral gyrus 25 242 66 3.5

Occipital lobe
Occipital cortex 219 2100 25 3.6

Cerebellum
Culmen 4 262 217 3.9

B: Sister vs baseline

Area x y z t-value

Frontal lobe
Medial cingulate cortex 25 15 35 4.3
Anterior cingulate cortex 25 32 9 4.2
Superior frontal gyrus 212 219 64 4.0
Medial cingulate cortex 29 214 42 3.8
Posterior Medial frontal gyrus 39 22 32 3.8
Dorsomedial prefrontal cortex 28 6 54 3.7
Fronto-temporal junction 264 27 9 3.7

Parietal lobe
Postcentral gyrus 244 233 60 5.3
Posterior cingulate cortex 29 242 34 4.3
Angular gyrus 27 250 48 4.1
Posterior cingulate cortex/Pre-Cuneus 212 252 36 4.0

Occipital lobe
Occipital cortex 217 2100 212 5.2

Peri-insular regions
Parietal operculum 39 233 28 4.0
Insular cortex 32 214 11 3.5

Cerebellum
Culmen 3 264 217 4.4

Anatomical labels follow the nomenclature of the Mai atlas. Posi-
tive values denote a right-sided activation, whereas negative val-
ues denote a left-sided activation. Peak locations are expressed in
MNI coordinates.
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SEM 6 1.7), as assessed by a two-tailed independent sam-
ples Student’s t-test, t(22) 5 0.40, P > 0.69. Similar nega-
tive results were obtained from the other activations
reported in the sister versus friend contrast, indicating that
these results were obtained without conscious identifica-
tion of the sisters. In addition, in an attempt to access a
potential influence of familiarity, scans correctly identified
as sister were compared with scans incorrectly identified
as Friend with a similar negative outcome. This indicates a
limited influence of familiarity. However, it should be
noted that participants were not instructed to attempt to
identify the odors during scanning. They were directed to
focus on intensity differences during scanning and first af-
ter each odor block asked to identify the stimulus pre-
sented to them. The lack of significant differences among
the three odor categories in both perceived intensity, F(2,
22) 5 3.72, P > 0.07, and pleasantness, F(2, 22) 5 0.33, P >
0.72, when rated inside the scanner further indicates that
the odor categories were perceived consciously as similar
in their basic percept (Fig. 1C).

DISCUSSION

We can here for the first time delineate the neuronal net-
work responsible for olfactory based kin recognition. Dor-
somedial and posterior parts of the prefrontal cortex, post-
central gyrus, and the peri-insular region seem to work
conjunctly with an area surrounding the frontal-temporal
junction to mediate kin detection in the human brain.

The underlying mechanism of kin recognition is thought
to depend on either an automatic self-referent phenotype

matching, or an explicitly learned response to one’s rela-
tives (Waldman, 1988). Recent data indicate that kin recog-
nition judgments seem to be mediated by self-referent phe-
notype matching in several species (Mateo and Johnston,
2000, 2003; Villinger and Waldman, 2008). Interestingly,
the results of the present study are generally consistent
with studies attempting to map the neuronal substrates of
self-referential mental tasks (Gusnard et al., 2001; Northoff
et al., 2006). The dorsomedial prefrontal cortex has repeat-
edly been demonstrated to serve as an important node in
tasks demanding self-referential assessments (Goldberg
et al., 2006), and a recent meta-analysis of self-referent
processing in different sensory modalities provides further
support to this notion (Northoff et al., 2006). One should
note, however, that the exact location of the peak activa-
tion reported in this study is slightly more dorsolateral
(x 5 28, y 5 6, z 5 54) than the large cluster reported by
Northoff et al. (2006) in their recent meta-analysis (x 5 22,
y 5 9, z 5 49) although still within our smoothing field.
Nevertheless, the dorsal parts of the frontal cortex demon-
strate widespread interconnections and both afferent and
efferent connectivity with large parts of the brain (Pandya
and Yeterian, 1996; Petrides, 2005) with rich connections to
regions responsible for emotional processing, memory
functions, performance monitoring, and sensory processing
(Petrides and Pandya, 2006). This extensive connectivity
suggests that the medial prefrontal cortex is particularly
well suited to regulate behavior and direct responses to
environmental stimuli. From this, one can postulate that
the medial prefrontal cortex acts as an important node in
the neuronal network processing of olfactory kin detection.
However, we would like to stress that additional investiga-
tions comparing body odor processing to a task that ex-
plicitly demands self-referent processing is needed to con-
firm this notion. Moreover, whether this neuronal network
is specific for odor based kin recognition or whether it is
modality independent remains to be determined by com-
parisons among modalities.

None of the two body odor categories activated either
primary or secondary olfactory cortices, the piriform and
the orbitofrontal cortex, respectively (Zatorre et al., 1992).
However, the perceptually similar odor control did signifi-
cantly activate the orbitofrontal cortex bilaterally, confirm-
ing the reliability of the results. The absence of activity in
the piriform cortex in response to odor stimulation is not
unusual in PET imaging; to date, several studies using
PET report a lack of activity in the piriform cortex (Dade
et al., 2001; Djordjevic et al., 2005; Royet et al., 1999, 2001;
Zald and Pardo, 1997; Zatorre and Jones-Gotman, 2000). A
possible explanation is that rapid habituation, known to
occur in this area (Poellinger et al., 2001; Wilson, 2000),
creates a transient response to which the PET technique
might not be sensitive to.

Visual and auditory stimuli of high social and ecological
importance have been shown to be processed in the brain
by specialized neuronal networks (Morris et al., 1998; New
et al., 2007; Seifritz et al., 2003). We recently demonstrated

TABLE II. Significant peaks of increased rCBF for

conjunction analyses

Kin detection [conjunction analyses]

Area x y z t-value

Frontal lobe
Superior frontal gyrus/SMA 215 218 65 3.8
Frontal-temporal junction 263 29 9 3.6

extending into Precentral gyrus 263 0 17 3.6
Dorsomedial prefrontal cortex 28 6 54 3.2

Parietal lobe
Postcentral gyrus 243 226 63 3.7
Medial postcentral gyrus 213 238 60 3.2
Precuneus 215 250 37 3.1

Occipital lobe
Occipital cortex 219 2100 25 3.6

Peri-insular regions
Insular cortex 34 214 13 3.1

Cerebellum
Culmen 4 262 217 3.9

Anatomical labels follow the nomenclature of the Mai atlas. Posi-
tive values denote a right-sided activation, whereas negative val-
ues denote a left-sided activation. Peak locations are expressed in
MNI coordinates
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that endogenous odors receives similar specialized treat-
ment (Lundstrom et al., 2006, 2008). These so-called evolu-
tionary relevant stimuli, which are processed with a low
conscious awareness, recruit additional cortical and sub-
cortical areas not commonly active in the processing of
stimuli with low evolutionary relevance (Morris et al.,
1999; Whalen et al., 1998). Further support of a separation
in neuronal processing between odor categories comes
from studies on olfactory receptor functions. It was
recently demonstrated that the rodent olfactory system
consists of at least two separate functional groups of olfac-
tory receptor neurons; one is dedicated to the processing
of common odors while another produces innate responses
to endogenous odors (Kobayakawa et al., 2007). The be-
havioral responses might, in addition, be modulated via
GABA dependent presynaptic inhibition of the olfactory
receptor neurons to correspond with the ecological needs
of the individual (Root et al., 2008). Interestingly, a recent
study demonstrated that body odors do not activate higher
olfactory cortices such as the orbitofrontal cortex (Lund-
strom et al., 2008). Whereas a perceptually similar non-
body odor activated, body odors deactivated the orbito-
frontal cortex. This implies that ecologically important
odors are processed primarily outside of higher order ol-
factory cortices also in humans, akin to what has previ-
ously been demonstrated for visual stimuli (Weiskrantz,
1996). In line with this notion is our finding that areas in
the frontal cortex, such as the medial prefrontal cortex,
and not the known olfactory cortices, play an important
role in olfactory based kin recognition.

Platek et al. (2005) recently reported results for a visual
self-referential task judging artificially created kin. Among
others, increased activations were observed in the precen-
tral gyrus, the medial prefrontal cortex, the precuneus, and
several peri-hippocampal areas. Several similarities exist
between our results and those presented by Platek et al.
(2005), such as activation in the precentral gyrus and pre-
cuneus. However, some notable discrepancies can be
noted. Olfactory kin recognition among sisters activated
the insular cortex which has been implicated in numerous
perceptual and cognitive phenomena and recently also in
facial self-resemblance (Platek et al., 2008). Facial self-re-
semblance has been hypothesized to tap kin recognition
mechanisms; however, the insular cortex has previously
been involved in the processing of body odors (Lundstrom
et al., 2008). Whether the insular cortex is involved in kin
recognition judgments or merely responds to body odors
per se remains to be elucidated. Interestingly, several of
Platek et al. (2005) reported activations occur in or around
the hippocampal formation, which was not activated in
the present study. Because the hippocampus plays a major
role in memory formation and retrieval, this can be inter-
preted as an increased taxation of memory functions in the
task used by Platek and colleagues. The absence of hippo-
campal activation in our study can be viewed as further
evidence that the activation is independent of conscious
recognition. Moreover, the medial prefrontal activation

reported by Platek et al. is located more posteriorly than
ours. Whether this discrepancy in peak location is modal-
ity-dependent remains to be determined. We are, however,
able to extend their results in two important ways. First,
we demonstrate that the results are not mediated by par-
ticipants’ perceptual evaluation of the stimuli in that they
were deemed to be both iso-intense and of equal pleasant-
ness. Second, our results seem to be independent of the
participants’ conscious identification of the source of the
body odor. Although they performed well in behavioral
testing, the participants expressed a large underconfidence
in their ability to identify the body odors. Moreover, there
was no difference in rCBF activity in the prefrontal cortex
between scans in which participants successfully identified
their sisters and scans in which sister was incorrectly la-
beled. In other words, we demonstrate a neuronal network
responsible for olfactory kin recognition that is seemingly
independent of conscious identification, and therefore in-
dicative of a process performed with a low conscious
awareness as previously demonstrated for other sensory
stimuli (Morris et al., 1999; Whalen et al., 1998).

We are here able to demonstrate the neuronal substrates
of olfactory kin recognition only in women. In an effort to
minimize the perceived qualitative differences, no men
were included. Although we have no reason to believe
that any vast sex difference exists in the neuronal process-
ing of a basic biological task such as kin recognition, we
would like to stress that we do not infer that these results
are directly generalizable to men. As mentioned earlier,
the exact underlying mechanism of kin recognition is yet
to be determined. Although one can assume that kin rec-
ognition of individual family members is performed in a
similar manner, the influence, if any, of implicit learning
on the process and whether differences exist in kin recog-
nition between siblings versus between children-parents
are currently unknown. We opted to study kin recognition
in biological sisters to reduce the number of redundant
variables and for the general availability in our sample
population. However, of special interest for future studies
would be to study the neuronal response of kin recogni-
tion between a mother and her child or between monozy-
gotic twins. Because of their identical genetic composition,
monozygotic twins have nearly identical body odors, and
behavioral studies have demonstrated that humans cannot
discriminate between monozygotic twins’ body odors (cf.
Roberts et al., 2005). Differences in the cerebral activation
of monozygotic twins processing their own body odor and
that of their noncohabitant twin compared with that of
another sibling would therefore be attributable to an
implicit learning of the inevitable minute differences in
body odor quality caused by dietary choices and hygiene
products. From this, one could infer the degree implicit
learning and innate mechanisms play in olfactory kin rec-
ognition.

In conclusion, we demonstrate that kin recognition in
women is mediated by a distinct neuronal network. The
emerging view in the animal literature represents nonhu-
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man kin recognition as mediated by self-referent pheno-
type matching (Mateo and Johnston, 2003; Villinger and
Waldman, 2008). Based on our results, we suggest that
human kin recognition also may be mediated by self-refer-
ent phenotype matching. In addition to delineating the
neuronal substrates of olfactory based kin recognition,
these findings are important for several reasons. First, we
demonstrate for the first time that kin recognition operates
seemingly independent of conscious identification of kin,
thereby indicating that this response is an ongoing non-
conscious process. Second, we address the controversial
existence of a human equivalent to the mechanisms of kin
recognition in other animals. We demonstrate using behav-
ioral and neuronal evidence that humans, similarly to
other animals, have a kin detection system operating out-
side conscious awareness by processing signals hidden
within the body odor cocktail, seemingly dependent on
self-referential matching.
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