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Abstract: The neural basis of human attachment security remains unexamined. Using event-related
functional magnetic resonance imaging (fMRI) and simultaneous recordings of skin conductance levels,
we measured neural and autonomic responses in healthy adult individuals during a semantic conceptual
priming task measuring human attachment security “by proxy”. Performance during a stress but not a
neutral prime condition was associated with response in bilateral amygdalae. Furthermore, levels of
activity within bilateral amygdalae were highly positively correlated with attachment insecurity and
autonomic response during the stress prime condition. We thereby demonstrate a key role of the
amygdala in mediating autonomic activity associated with human attachment insecurity. Hum Brain Mapp
27:623-635, 2006.  © 2005 Wiley-Liss, Inc.
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INTRODUCTION

Secure interpersonal attachment during primate infancy,
the equivalent of vertebrate filial imprinting [Insel and
Young, 2001], is critical for the formation of enduring inter-
personal relationships in adulthood [Kraemer, 1992].
Whereas securely attached individuals possess greater self-
confidence and improved emotion regulation, insecurely
attached individuals are more stress-prone and inclined to-
ward emotional disturbance [Lemche et al., 2004; Lovic et
al., 2001; Spangler and Grossmann, 1993; Spangler and
Schieche, 1998].

Heightened sympathetic nervous system activity (heart
rate increase and cortisol secretion) has been established as
a feature of insecure attachment [Spangler and Grossmann,
1993; Spangler and Schieche, 1998]. However, the neural
basis of human attachment remains relatively unexplored.
Previous findings indicate that mammalian attachment is
mediated by the hormone oxytocin, which binds predomi-
nantly to the amygdala and ventral striatum [Ferguson et al.,
2001; Insel and Young, 2001; Loup et al., 1991; Tomizawa et
al., 2003]. Furthermore, these structures have been postu-
lated to correspond to the intermediate medial hyperstria-
tum ventrale, which mediates avian filial imprinting [Horn,
1985; McCabe and Nicol, 1999]. These findings therefore
suggest a role for the amygdala and ventral striatum in
human attachment [Insel, 1997; Loup et al., 1991].

We aimed to examine the neurophysiological basis of
human attachment security and in particular, to determine
the roles of the amygdala and ventral striatum in this pro-
cess. We simultaneously measured neural and autonomic
responses (skin conductance levels) in healthy adults during
performance of a semantic conceptual prime paradigm pre-
viously construct-validated in two longitudinal cohort sam-
ples for the study of infantile and adult attachment [Maier et
al., 2004]. This paradigm comprises two conditions, a neutral
and a stress prime condition. Differential reaction times had
been found to be discriminative of secure and insecure levels
of attachment. Individuals view subliminal presentations of
either stress sentence or neutral sentence primes, and then
respond to statements describing self-centered or other-cen-
tered information, with which they agree or disagree by
response button press. More insecurely attached individuals
have been reported as demonstrating a greater difference in
mean reaction time for the neutral minus the stress prime
condition [Maier et al., 2004].

Previous studies have repeatedly highlighted the role of
the amygdala in the response to emotionally salient material
in humans [Calder et al., 2001; Morris et al., 1998; Whalen et
al., 2001]. We therefore predicted that performance of the
stress but not the neutral prime condition would be associ-
ated with a response within the amygdala in all individuals,
irrespective of the level of attachment insecurity. However,
after evidence from developmental research [Lemche et al.,
2004; Lovic et al., 2001; Spangler and Grossmann, 1993;
Spangler and Schieche, 1998] we predicted that the magni-
tude of the amygdalar response during performance of the
stress prime condition would be positively correlated with

the level of attachment insecurity, as measured by the mean
reaction time difference between the two prime conditions,
and positive correlations would occur between both of these
measures and the magnitude of autonomic response, as
measured by skin conductance level. We also predicted a
positive correlation between the magnitudes of ventral stri-
atal response, attachment insecurity, and autonomic re-
sponse during the stress prime condition [Loup et al., 1991].

SUBJECTS AND METHODS
Participants

Twelve healthy individuals (age, 27.25 = 4.95 yr; educa-
tion, 13.91 *+ 2.02 yr; seven males) participated in the study.
Right-handedness was verified with the Edinburgh Hand-
edness Inventory [Oldfield, 1971]. All individuals also com-
pleted ratings of state and trait anxiety [Spielberger, 1983] on
the day of testing. Informed consent was obtained from all
participants following the Declaration of Helsinki [World
Medical Association, 1991]. The experimental procedure was
approved by the Ethics Committee (Research) of the Insti-
tute of Psychiatry, London. All participants had normal
vision, were not taking any medication, and had been neg-
atively screened for psychiatric, neurologic, and substance
abuse problems in the past and present.

Behavioral Task

Individuals were shown two series of 32 sentence state-
ments describing self-centered or other-centered informa-
tion, with which they were asked to agree or disagree by
response button press (for examples, see Fig. 1). Before
presentation of the target sentences, individuals were pre-
sented eight times with a subliminally displayed sentence
prime. This sentence contained either nonsense information
(neutral prime condition) or descriptions of unpleasant at-
tachment experiences (stress prime condition). The two
types of sentence had an identical number of words. Indi-
viduals were instructed in advance about the nature of the
task but were unaware of the purpose of the study. The
mean reaction time difference between performance of the
two conditions, specifically the difference in mean reaction
for the neutral minus the stress prime condition, has been
demonstrated to possess concordant construct-validity both
with infantile attachment classification in the Strange Situa-
tion Procedure (SSP) and adult attachment representation in
the Adult Attachment Interview (AAI). A greater difference
in mean reaction time was associated with a greater level of
attachment insecurity [Maier et al., 2004]. The initial sen-
tence prime was presented subliminally for 30 ms followed
by a checkerboard mask for 100 ms. This procedure was
repeated on seven further occasions. For these stimuli, the
previously determined perceptual threshold was 71.3 ms
with a range of 45-165 ms [Maier et al., 2004]. The prime
sequence was introduced as a “test for reading capacities” to
subjects, and they were instructed to respond by button
press once they were able to understand the content dis-
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Figure 1.

Schematic diagram of the design of the attachment semantic prim-
ing task. The attachment priming task comprised two matching
conditions differing only in the content of eight subliminally pre-
sented prime sentences (30 ms). Prime sentences in the stress
condition (lower panel) were eight repetitions of a statement
evoking separation distress. In the neutral condition (top panel),
this was a nonsense anagram of the stress prime sentence. Prime
sentences were backwardly masked by presentation of a check-
erboard stimulus (100 ms). In each condition after the prime

played. Because no button presses were recorded, we could
be confident that individuals were unaware of the content of
each prime sentence in each condition. Individual reaction
times to visual presentation of 64 target sentences, each of
2-s duration, were measured. Presentation order of the two
conditions was counterbalanced randomly across individu-
als. The order of individual sentences was identical in both
conditions to allow comparison of neural responses between
conditions.

Stimulus Presentation

Stimuli were presented via back-projection using an LCD
projector and a semitransparent screen, which subjects
watched through a mirror mounted on the magnetic reso-
nance imaging (MRI) head coil (visual angle = 8 degrees).
All stimuli were presented in white upon a black computer
screen in 60-point Helvetica font. A maximum of eight let-
ters appeared within presented words, and all single state-
ments were composed of three- to four-word sentences. The
interstimulus interval (ISI) for presentation of the target
sentences was varied according to a Poisson distribution (M

sentences, subjects responded (“yes” or “no”) by button press to
32 visually presented target sentences, each of 2-s duration, evok-
ing autobiographical recall of attachment-related experiences. The
interstimulus interval varied according to a Poisson distribution.
Reaction times were measured. The presentation order of the
two conditions was counterbalanced across subjects. The condi-
tions were separated by a minimum of 60 m. The order of
individual sentences was identical in both conditions to allow
comparison of neural responses between conditions.

= 5.09 s, range 2-10 s), whereas stimulus presentation was
kept constant at 2 s, as in the validation study. During the
ISI, subjects viewed a fixation cross in the middle of the
computer screen. The total duration of the priming sequence
was 61,532 ms and that of the target sentences was 180,596
ms. The mean stimulus onset asynchrony (SOA) between the
priming sequence and target sentence blocks was 209.31 s (*
24.26 s, range 31-551 s). As in the validation study, both
experimental conditions were kept apart for a minimum of
60 m, during which other functional MRI (fMRI) experi-
ments were carried out.

Experimental Manipulation of
Prime Content and Repetition

To ensure that the between-condition reaction time differ-
ences were not caused by different levels of semantic pro-
cessing per se, an additional condition with neutral sentence
primes, comprising sentences with neutral rather than neg-
ative content, had been included in the original validation
study. There were no associations between attachment inse-
curity measured by SSP, AAI, and differences in reaction
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time between performance of this neutral semantic prime
condition and the neutral nonsense prime condition [Maier
et al., 2004]. Furthermore, manipulation of the number of
presentations of the sentence prime from one to sixteen had
revealed that eight repetitions yielded the most consistent
findings regarding the association between reaction time
difference between the two conditions and measures of at-
tachment insecurity [Maier et al., 2004].

Psychophysiological Data Acquisition

Measurement of skin conductance level (SCL) was made
during task performance. Following standard procedures,
skin conductance was recorded from the medial phalanges
of index and middle fingers of the nondominant hand after
individuals had undergone uniform soap hand-washing
procedures and thermal adaptation to the scanner environ-
ment. Standard AgCl electrodes and commercial K-Y (John-
son & Johnson) isotonic electrode jelly were used, and elec-
trodes were secured with surgical fixing bands.

Changes in SCL were recorded for all individuals during
task performance inside the MRI scanner. Using a skin-
conduction coupler, analogue-to-digital conversion, and
preamplification, the signal was processed by a PSYLAB
(Cambridge, MA) SC5SA preamplifier, a SC5AL amplifier,
and real-time PSYLAB online signal processing software.
These devices employ a 24-bit A/D converter, filter the
response signal at 10 Hz to prevent aliasing, and have an
output range 0-100 MicroSiemens (uS). SCL was then sam-
pled at 100 Hz without further compression and stored
offline serially, including stimulus presentation points. Se-
curity measures were included to prevent electric shocks,
radiofrequency (RF) burning, and to protect SCL signals
from scanner-induced magnetic distortion using screened
cables. Shielding of the wires received a 5.6-k{) correction by
resistors that produced a stable 1% shift of the signal. The
cable was led from the magnetically shielded scanner envi-
ronment through a Faraday cage, and the signal filtered at
1,000 pF by capacitors to a copper cap before signal process-
ing. Due to computer malfunction, SCL data were lost for
two individuals, so that SCL results are based on the data of
10 individuals.

Analysis of Psychophysiological Data

Latency windows of 0-2-s poststimulus (target sentence)
onset were used to ensure that SCL was not contaminated by
nonspecific skin conductance responses. The rationale for
using mean SCL was that this variable is more sluggish by
nature and thus less prone to be influenced by nonspecific
skin conductance responses, and that it can be mathemati-
cally normalized to account for interindividual variation of
baselines and response magnitudes. The resulting measure,
relative SCL, is thus a more veridical measure of arousal
than are uncorrected electrodermal responses. The SCL
within this duration was analyzed using a custom-made
software program, SC-ANALYZE (Neuroimaging Research,
Institute of Psychiatry, London, UK). Mean SCLs (in pS) per
individual were averaged across all 2-s periods after presen-

tation onset of each target sentence in each condition. Rela-
tive SCL values were then computed to control for interin-
dividual differences in SCL range by inclusion of individual
minima and maxima through application of the formula:

cI)SCLx = (SCLx - SCLmin)/(SCLmax - SCLmin)/

where ® is the corrected (relative) value, SCL, is the actual
value, SCL,,,;, is the minimal value, and SCL,, ., is the max-
imal value. Following standard methodology, each individ-
ual’s relative SCL was log-transformed to ensure normal
distribution by adding a constant before logarithmic trans-
formation ([20 + rSCL] e In). These values were then used in
all subsequent analyses.

min

Functional MR Image Acquisition

A 1.5-Tesla GE Neurovascular Signa MR system (Gen-
eral Electric, Milwaukee, WI) fitted with 40 mT/m high-
speed gradients and a quadrature birdcage head-coil for
RF transmission and reception was used to acquire non-
contiguous near-axial multislice T,*-weighted gradient-
echo echo-planar image (EPI) data providing whole-brain
coverage (16 slices, in-plane resolution 3.75 mm, slice
thickness 7 mm, gap 0.7 mm, 642 matrix, field of view
(FOV) 24 cm, echo time (TE) 40 ms, and flip angle o 70
degrees). The repetition time (TR) was 1,500 ms per vol-
ume. An automated shimming routine was used before
the first EPI images were acquired to optimize magnetic
field homogeneity. In each individual, 180 (prime) and
121 (target) image volumes were obtained in neutral and
stress conditions, respectively. Asynchrony between stim-
ulus presentations and scan volume acquisitions enabled
jittered sampling of time points over the course of blood
oxygen level-dependent (BOLD) responses to each stim-
ulus. A 43-slice high-resolution inversion recovery (EPI)
data set was also acquired parallel to the intercommis-
sural anterior—posterior commissure (AC-PC) line for
subsequent Talairach mapping (TR 12,000 ms, TE 73 ms,
1282 matrix, FOV 24 cm, in-plane resolution 1.5 mm, slice
thickness 3 mm, interslice gap 0.3 mm, and « 90 degrees).
Rigid body motion in three spatial dimensions during T,*
data acquisition was estimated and corrected by a two-
stage procedure, realignment followed by regression
[Bullmore et al., 1999].

Functional MRI Data Analyses

The statistical inference software package Brain Activa-
tion Mapping (XBAM; Brain Image Analysis Unit, Insti-
tute of Psychiatry; online at http://www.brainmap.it)
was used to analyze the EPI images obtained in response
to the target sentences in each condition. Due to distorting
metallic artifact, fMRI data of one female participant had
to be discarded. An event-related analysis was carried out
to identify differences in BOLD response to target sen-
tences versus baseline in each condition, regressing the
corrected time-series data on a linear model produced by
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convolving each contrast vector to be studied with two
Poisson functions parameterizing hemodynamic delays of
4 and 8 s.

Generic Brain Activation Maps

The distributions of the same statistics under the null
hypothesis of no experimental effect were then calculated by
Daubechies wavelet-based resampling [Breakspear et al.,
2003, 2004] of the time series at each voxel and refitting the
models to the resampled data [Bullmore et al., 2001; Fadili
and Bullmore, 2002]. This resulted in 10 parametric maps
(for each individual at each plane) of the sum-of-square
quotient (SSQ) estimated under the null hypothesis that SSQ
is not determined by periodic stimulation. SSQ reflects a
ratio measure of the model fit for BOLD signal against
residual noise, similar to the F test in analysis of variance
(ANOVA)-type statistics. For each voxel in the observed
image, its probability under the null hypothesis in terms of
time series activity was combined with its probability under
the null hypothesis in terms of time spatial clustering. Vox-
els with such a spatiotemporally combined probability of
false positive activation of P < 0.0004 were regarded as
activated in a resulting generic brain activation map
(GBAM). All parametric maps of SSQ were then registered
in the standard space of Talairach and Tournoux [1988] to
produce median activation maps as described previously
[Brammer et al., 1997].

Conjunction Analysis

Regions of activation significantly common to both con-
ditions were determined using cluster conjunction analysis.
The search volume for the conjunction analysis was limited
to clusters activated during each of the two conditions. The
voxel-wise probability of false-positive test was P < 0.0001,
with one false-positive voxel expected per whole brain vol-
ume (Table I).

Correlational Analyses

The mean reaction time difference for the neutral minus
the stress prime conditions has been validated as a measure
of attachment insecurity [Maier et al., 2004]. To examine
neural regions whose magnitude of response correlated pos-
itively with this measure of attachment insecurity during
performance of each condition, overlap maps were pro-
duced combining regions activated by performance of each
condition, and regions correlating positively (P < 0.0001,
fewer than one false-activated voxel expected over the
whole brain) with this measure of attachment insecurity.
Similar correlational analyses were carried out to determine
neural regions whose magnitude of response correlated pos-
itively with the measure of autonomic response, each indi-
vidual’s mean SCL value, corrected for individual maxima
and minima. Correlational analyses were also carried out
between measures of attachment insecurity and autonomic
response, using as the measure of autonomic response each
individual’s mean SCL value, corrected for individual max-

ima and minima and log-transformed to ensure normal dis-
tribution.

RESULTS
Reaction Time Data

For the neutral condition, the mean reaction time (mRT
+ standard error of the mean [SEM[) was 1,122.41 * 56.17
ms (range 821.53-1,453.59 ms). For the stress condition, the
mRT was 1,122.06 = 26.54 ms (range 1,006.28-1,329.94 ms).
Mean RT difference (mean ART) for the neutral minus the
stress condition was 0.35 = 61.22 ms (range —279.39-366.19
ms). These ranges of mRT and mean ART were highly sim-
ilar to those observed in the original validation study (see
below), in which individuals with larger (positive) ARTs
were those with greater attachment insecurity on the SSP
and AAI [Maier et al., 2004]. The present sample resembled
the two validation cohorts in subject characteristics, specif-
ically with regard to age (27 vs. 20/23 yr) and gender dis-
tributions.

Examination of ARTs

The potential confounding effects of age, sex, socioeco-
nomic status (SES), education level, and scanning date upon
mean ARTs were examined. Age and education level were
not significantly correlated with mean ART. There was a
near-significant effect of sex upon (F[1,12] = 4.77, P = 0.05,
r = 0.59) and a significant correlation with SES (r = 0.57, P
< 0.03) with mean ART. ANCOVA covarying for sex, SES,
and presentation order of the two conditions (all nonsignif-
icant), demonstrated a main effect of attachment status,
defined as insecure versus secure using the cut-off criterion
derived from the SSP-AAI and employed previously in the
validation study, upon mean ART (F[1,12] = 7.98, P < 0.04).
Because the magnitude of the experimental effect and its
significance in mean ART was not altered after covarying for
the above variables, the robustness of mean ART against the
possible confounding influences was thus demonstrated.
We could therefore be confident that the magnitude of mean
ART reflected the degree of attachment security of partici-
pants in the current study, with those demonstrating larger
mean ART being more insecurely attached.

Validation Studies of the Attachment Task

The attachment priming task had been piloted and vali-
dated in two longitudinal developmental cohorts (initial
investigations funded by the Volkswagen Foundation and
the German Research Community, DFG, conducted by Drs.
Klaus E. and Karin Grossmann) in Bielefeld and Regens-
burg, Germany [Maier et al., 2004]. In a subset of the Re-
gensburg cohort (n = 19), sampled from birth in 1978, the
present task was administered between April and June 1998.
The attachment (secure/insecure) distributions for these
subjects in SSP (SSP,4 1979) and AAI (AAI,, 1995) were 11/8
and 13/6, respectively. In the Bielefeld cohort (n = 38),
sampled from birth in 1975, the present task was validated
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TABLE I. Regions activated during task performance

Talairach
coordinates
Region Side No. voxels BA %y, 2z) P
Regions activated in both conditions
Ventrolateral PFC L 9 47 —52,18, =2 0.0028
Postcentral gyrus L 65 1-3 —40, —19, 48 0.00010
Precentral gyrus L 2 4 —40, 7, 31 0.0033
Inferior parietal lobule L 54 40 —54, —22, 37 0.00079
Middle occipital gyrus R 19 18 36, =78, =2 0.00063
Lingual gyrus R 9 19 36, =77, =9 0.0011
L 11 19 —42, =73, =3 0.00063
Superior temporal gyrus L 13 22 —-61, —37,9 0.0030
Middle temporal gyrus L 3 21 —47, —44, 4 0.0035
Dorsal mid-anterior cingulate gyrus R 6 24 8, 20, 31 0.0044
Stress prime condition only
Dorsolateral PFC L 8 45 —40, 20, 9 0.000007
Ventrolateral PFC R 2 47 50, 20, —13 0.0011
Middle occipital gyrus L 20 19 —40, —60, =7 0.000007
Cuneus R 6 31 4, -69,9 0.00014
Middle temporal gyrus R 4 21 47, —63, =2 0.00085
Superior temporal gyrus L 14 22 —53, =52, 15 0.000029
Inferior parietal lobule R 3 40 53, —33, 31 0.00015
Insula L 6 — —36, 20, 4 0.000007
Putamen L 4 — -17,5, =7 0.0016
Amygdala R 3 — 15, —4, —13 0.00031
L 2 — -25, -7, —18 0.002
Neutral prime condition only
Dorsolateral PFC R 6 9 17,42, 18 0.0034
Inferior frontal gyrus L 12 44 —47,4, 36 0.00023
Precentral gyrus R 3 4 50, 0, 31 0.00048
Fusiform gyrus L 35 20 —25, =37, —18 0.0018
Cuneus R 3 19 0,73, 31 0.00032
Middle occipital gyrus L 15 19 —43, —69, =7 0.00023
Middle temporal gyrus L 8 21 —57, =50, 9 0.00006
Superior temporal gyrus L 6 22 —53, =39, 4 0.000029
Thalamus L 8 — —4, =26, 4 0.00019
Inferior parietal lobule R 2 40 40, —52, 42 0.0018
Anterior insula L 4 — —40, 13, -2 0.00067
Putamen L 3 — =21, 7,4 0.00061

Talairach coordinates are for the cluster center, not for the peak of activation. The primary threshold for activation at each single voxel was
set at P < 0.0004. In GBAMs (Stress prime condition only and Neutral prime condition only), cluster-level threshold was P < 0.005.

BA, Brodmann area; PFC, prefrontal cortex.

from August to October 1998. The attachment distributions
for these subjects in the SSP54 (1976) and the AAIL, (1992/93)
were 11/24 (+ 3 unclassified) and 20/17, respectively. There
were some unclassified or missing cases, as well as changes
in attachment status.

Experimental Details of the Validation Study

The two conditions of the task were presented 60 min
apart. This temporal distance had been established to be
optimal for discrimination among differential prime effects.
In each condition, target sentences were presented 7 s after
presentation of the eight prime sentences. As in the present
experiment, prime presentation lasted 30 ms, followed by
100-ms checkerboard masking. The ISI for the target sen-
tences was 3 s. Each target sentence was presented for 2 s.
Subjects viewed all stimuli on a 50 X 250 mm computer
screen (refreshment rate: 75 Hz) from a distance of 70 cm.

The mRT for all subjects in the neutral prime condition was
1,245.12 ms, and 1,253.33 ms in the stress prime condition.
For stable insecure subjects (SSP;,, + AAI,,), mRT
= 1,175 ms and mRT, a1 = 1,270 ms; for stable secure
subjects (SSPyess T AALyess) MRTeee = 1,175 ms and
MRT, e = 1,300 ms. The AmRT variability between stable
secure and stable insecure subjects was >24 ms [Maier et al.,
2004].

Replication of the Validation Study

In the validation cohort, a cut-off value of ART >24 ms
was employed to discriminate individuals with insecure
(infantile/adult) from those with secure (infantile/adult)
attachment (see above). With this criterion, the present sam-
ple comprised seven putatively secure and five putatively
insecure subjects, thus being in line with typical attachment
distributions (~60:40) found in general populations world-
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wide. Applying the cut-off criterion, putatively insecure
mRTs were 1,148.56 = 30.14 ms and 1,079.01 % 28.09 ms in
neutral and stress conditions, respectively. Putatively secure
had mRTs of 1,103.67 *= 41.23 ms in the neutral and 1,152.52
+ 37.34 ms in the stress condition. Mean ART differences
between the two conditions were 68.54 =14.94 ms for puta-
tively insecurely attached and —48.71 = 38.74 ms for puta-
tive securely attached.

Psychophysiological Data

The mean SCL for the neutral condition was 1.36 = 0.29
WS, and for the stress condition, 1.59 * 0.41 pS. Minimum
SCL were 1.21 = 0.21 pS (neutral condition) and 1.26 = 0.22
WS (stress condition). Maximum SCL were 1.38 = 0.25 pS
(neutral condition) and 1.56 = 0.38 pS (stress condition).
Relative SCL were 0.48 = 0.08 wS (neutral condition) and
0.32 £ 0.04 pS (stress condition). There were significant
correlations between the two conditions for mean SCL (r
= 0.88, P < 0.008), minimum SCL (r = 0.85, P < 0.002),
maximum SCL (r = 0.87, P < 0.001), and relative SCL (r
= 0.66, P < 0.05). These variables were examined for the
potential confounding effects of social (education, socioeco-
nomic group), presentation order, and biological (sex, age,
scanning date, time of data acquisition) factors. There were
no significant effects of these factors upon any of the SCL
variables.

Voxel-Cluster Conjunction Analysis of Neural
Responses for the Two Conditions

We wished to determine the activated regions common to
both conditions, and those regions activated specifically dur-
ing the stress and the neutral prime conditions. Generic
brain activation maps [Brammer et al., 1997] representing
group-averaged neural responses during performance of
both experimental conditions compared to baseline fixation
cross were created with a voxel-wise probability of false-
positive voxels (type I error) of P < 0.0004. At this level of
statistical inference, we would expect one or fewer false-
positive voxels to be activated per slice of the generic brain
activation map containing approximately 14,000 voxels. A
voxel-cluster conjunction analysis was carried out to exam-
ine generically activated regions common to both conditions
(voxel-wise probability of a false-positive test: P < 0.0001,
fewer than one false-activated voxel expected over the entire
brain volume). These regions included left precentral (Brod-
mann area [BA] 4) and postcentral (BA 1-3) gyri, left inferior
parietal cortex (BA 39/40), bilateral visual (BA 17-19), and
temporal cortical (BA 21/22), regions, left ventrolateral pre-
frontal cortex (BA 47), and right anterior cingulate gyrus (BA
24; Table I).

Between-Condition Differences in
Other Activated Regions

In addition to the above regions, regions activated during
performance of the stress prime condition included bilateral
amygdalae, left anterior insula, and left putamen. Areas

within bilateral prefrontal (BA 45) and visual cortices not
identified in the conjunction analysis, and the right middle
temporal (BA 21) and inferior parietal (BA 40) cortices, were
also activated during this condition (Table I). In addition to
regions identified in the conjunction analysis, regions acti-
vated during performance of the neutral prime condition
included left anterior insula, left putamen and left thalamus,
right inferior parietal cortex (BA 40) and right precentral
gyrus (BA 4), areas within bilateral prefrontal (BA 46), and
visual cortices not identified in the conjunction analysis
(Table I).

Correlational Analyses Between Attachment
Insecurity and Neural Response

Regions whose magnitude of response during perfor-
mance of the stress prime condition correlated positively (P
< 0.0001, fewer than one false-activated voxel expected over
the whole brain) with the measure of attachment insecurity,
the mean reaction time difference for the neutral minus the
stress prime condition, included bilateral amygdalae, left
putamen/nucleus accumbens, left ventrolateral prefrontal
cortex (BA 47), right dorsal anterior cingulate gyrus (BA 24),
left middle and superior temporal gyri (BAs 21/22), and left
inferior parietal cortex (BA 40; Fig. 2 and see Fig 4A,B).
During performance of the neutral prime condition, there
were no regions in which the magnitude of response corre-
lated positively with the measure of attachment insecurity.
There were no significant correlations between the magni-
tudes of neural response in any regions and state or trait
anxiety in either of the two conditions.

Correlational Analyses Between Attachment
Insecurity and Autonomic Response

During performance of the stress prime condition, there
was a positive U-formed association representing a qua-
dratic trend between autonomic response, each individual’s
log-transformed mean SCL value corrected for individual
maxima and minima, and the previous measure of attach-
ment insecurity within the group (R%;, = 69, r = 0.84, P
< 0.003, n = 10; see Fig. 4C,F). There was no correlation
between these measures in the group during performance of
the neutral prime condition. There were no significant cor-
relations between this measure of autonomic response and
state or trait anxiety in either of the two conditions.

Correlational Analyses Between Neural and
Autonomic Response

Positive correlations between magnitudes of autonomic
response (relative SCL) and neural response (P < 0.0001,
fewer than one false-activated voxel expected over the
whole brain) were demonstrated within bilateral amyg-
dalae, left-sided ventrolateral prefrontal cortex (BA 47), mid-
dle temporal gyrus (BA 21), anterior insula, inferior parietal
cortex (BA 40; Figs. 3 and 4D,E). Scatterplots as depicted in
Figure 3A-F furthermore excluded the possibility that the
reported correlations could be biased by outliers.
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Figure 2.

Correlation between neural responses and attachment insecurity
during performance of the stress prime condition. Correlation
overlap images are demonstrated for neural regions whose mag-
nitude of response during performance of the stress prime con-
dition correlated positively with mean reaction time difference
(ART;) for the neutral minus the stress prime condition, the
measure of attachment insecurity (yellow regions; P < 0.0001). In
A (left) are axial slices displaying these regions. Numbers below
each slice indicate Talairach z-coordinates (in mm) from inferior
(top left) to superior (bottom right) slices. Overlap regions (Ta-
lairach coordinates x, y, z) in the stress condition included bilateral
amygdalae (encircled; —25, —7, —18, and 15, —4, —13), left
ventral putamen/nucleus accumbens (—17, 5, —7), left ventrolat-

eral prefrontal cortex (Brodmann area [BA] 47; —3I, 16, —18),
left superior temporal gyrus (BA 22; —61, —37, 9), and left middle
temporal gyrus (BA 21; —47, —44, 4). Other regions not shown
included left inferior parietal cortex (BA 40; —54, —22, 37) and
right mid-anterior cingulate gyrus (BA 24; 8, 20, 31). Sides are
reversed in these slices according to radiological image format. In
B (right) are 3-D views predominantly of peaks of left-sided
amygdalar activation correlating positively with mean ART (coor-
dinates underneath each image). Top left and right, axial and
coronal views, respectively. Bottom left and right: sagittal views of
activation in left and right amygdala, respectively. Images are
shown in neurological format.

Sk gy
left: x= -20, y= -6, 2= -15

right: x= 20, y= -8, z= -14 right: x= 18, y=-8, 2= -15

o |
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Figure 3.

Correlation between neural and autonomic responses during per-
formance of the stress prime condition. Correlation overlap im-
ages are demonstrated for neural regions whose magnitude of
response during performance of the stress prime condition cor-
related positively with log relative skin conductance level (rSCL),
a measure of autonomic response (yellow regions; P < 0.0001). In
A (left) are axial slices displaying these regions. Numbers below
each slice indicate Talairach z-coordinates (in mm) from inferior
(top left) to superior (bottom right) slices. Overlap regions (x, Y,
z) in the stress condition included bilateral amygdalae (15, —4,

—13, and —25, —7, —18), left ventrolateral prefrontal cortex
(Brodmann area [BA] 47; —43, 27, — | 3), left anterior insula (— 36,
20, 4), and left middle temporal gyrus (BA 21; —47, —44, 4). The
other region not shown here was left inferior parietal cortex (BA
40; —54, —22, 37). In B (right) are 3-D views predominantly of
peaks of amygdalar activation correlating positively with log rSCL
(coordinates underneath each image). Top left and right: axial and
coronal views, respectively. Bottom left and right: sagittal views of
activation in left and right amygdala, respectively. Images are pre-
sented in identical formats as those in Figure 2.
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Figure 4.

Regression scatterplots demonstrating correlations between left
and right amygdalar responses and mean reaction time difference
(ART;), mean ART and log relative skin conductance level (rSCL),
and between left and right amygdalar responses and log rSCL
during performance of the stress prime condition. A: The scat-
terplot depicts left amygdala sum-of-square quotient (SSQ), the
measure of blood oxygenation level-dependent (BOLD) signal
against residual noise, with magnitude of mean ART, the measure
of attachment insecurity (R?,, = 0.34, r = 0.46, P < 0.079). B: The
scatterplot displays SSQ in the right amygdala, the measure of
BOLD signal against residual noise, with mean ART, the measure

of attachment insecurity (R, = 0.19, r = 0.49, P < 0.063). These
scatterplots demonstrate positive correlations between the mag-
nitude of mean ART and that of SSQ. C: The scatterplot depicts
the U-formed association between the magnitude of mean ART
and log rSCL, the measure of autonomic response (quuad = 0.72,
r = 0.59, P < 0.006). This relationship can preferably be trans-
formed into a linear relationship by squaring as depicted in F (R,
= 0.69, r = 0.84, P < 0.003). D, E: Scatterplots demonstrating
positive correlations between SSQ in left (R%,, = 0.11, r = 0.33,
P < 0.019) and right (R,, = 0.32, r = 0.57, P < 0.056) amygdalae,
respectively, and log rSCL.
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Between-Condition Differences in
BOLD Signal Changes

Differences in the fMRI signal were compared utilizing
mean peak values in SSQ, the measure for BOLD signal
against residual noise, in the left and right amygdalar voxel
clusters between neutral and stress conditions, respectively
(Fig. 5). The mean peak SSQ for the left amygdala in the
neutral condition was —0.0088 * 0.0059 and the mean peak
SSQ for the left amygdala in the stress condition was 0.0466
+ 0.0256. The mean peak SSQ for the right amygdala in the
neutral condition was —0.0162 = 0.0112 and the mean peak
SSQ for the right amygdala in the stress condition was
0.0562 = 0.0181. The difference for SSQ in the left amygdala
between neutral and stress conditions approached signifi-
cance (95% CI, —0.0044-0.1151; paired Student’s t[11] =
2.065, P = 0.066). The difference for SSQ in the right amyg-
dala was significant (95% CI, —0.0924-0.0173; paired Stu-
dent’s t[11] = 3.481, P = 0.006). Similar results were ob-
tained when using nonparametric Wilcoxon’s signed-rank
test.

DISCUSSION

Although previous studies have implicated the amygdala
and ventral striatum in mammalian attachment [Insel, 1997;
Loup et al.,, 1991], and have reported elevated autonomic
responses in insecurely attached individuals [Spangler and
Grossmann, 1993; Spangler and Schieche, 1998], the neuro-
physiological basis of human attachment remains relatively
unexplored. In the current study, we used event-related
fMRI and online psychophysiological measurements to ex-
amine the neural basis of human attachment. The measure
of attachment security employed was the reaction time dif-
ference in performance between two conditions on a seman-
tic conceptual priming task of the neutral minus that for the
stress prime condition. This measure has been validated
with other measures of attachment security [Maier et al.,
2004]. Previous findings allowed us to predict an amygdalar
response during the stress but not the neutral condition in
all individuals. Importantly, we predicted the involvement
of amygdala and ventral striatum in the mediation of auto-
nomic responses associated with attachment insecurity; spe-
cifically, we predicted positive correlations between the
magnitudes of attachment insecurity, and autonomic, amyg-
dalar, and ventral striatal responses during performance of
the stress prime condition.

The findings of the current study supported the first of the
above predictions: bilateral amygdalar responses were ob-
served only during the stress prime condition, and not dur-
ing the neutral prime condition. Our findings also supported
our second prediction of the involvement of the amygdala
and, in part, that of the ventral striatum in the mediation of
autonomic responses associated with attachment insecurity.
Specifically, our findings demonstrated that the magnitude
of response within bilateral amygdalae and left ventral stri-
atum (ventral putamen/nucleus accumbens) during the
stress prime condition correlated positively with the mea-
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Figure 5.

Between-condition differences in amygdalar blood oxygenation
level-dependent (BOLD) signal intensities. Mean values of sum-of-
square quotient (SSQ), the measure of BOLD signal against resid-
ual noise, for bilateral amygdala clusters in the neutral and stress
conditions. Error bars indicate upper and lower 95% confidence
intervals. Between-condition differences are close to or below
significance levels in both hemispheres.

sure of attachment insecurity, and the magnitude of re-
sponse within bilateral amygdalae during this condition
correlated positively with the magnitude of autonomic re-
sponse. Magnitudes of attachment insecurity and autonomic
response were also positively correlated during the stress
prime condition.

Positive correlations were demonstrated between attach-
ment insecurity and magnitudes of neural response in left
ventrolateral prefrontal cortex, right dorsal anterior cingu-
late gyrus, left middle and superior temporal gyri, and left
inferior parietal cortex. Positive correlations were also dem-
onstrated between magnitudes of autonomic response and
neural response within left ventrolateral prefrontal cortex,
left middle temporal gyrus, left anterior insula, and left
inferior parietal cortex. However, these regions were acti-
vated during performance of both stress and neutral prime
conditions. The bilateral amygdalae were the only neural
regions activated specifically during the stress prime condi-
tion whose magnitude of response correlated positively with
measures of attachment insecurity and autonomic response.
Together, these findings therefore suggest a role for the
amygdala in the mediation of autonomic responses associ-
ated with attachment insecurity.

Susceptibility loss effects are possible in neuroimaging of
the amygdaloid complex due to the neighboring sphenoid
sinus and auditory canals; however, 1.5-T gradient echo EPI
is less prone to susceptibility artifacts than are higher mag-
netic fields. As amygdalar volume is usually 1.7 cm?®, an
anatomic in-plane resolution of 1.5 mm in a 128 matrix will
provide optimal coverage of this structure. Voxel sizes such
as those in the present study (98.4 ul) have been shown to
reliably demonstrate amygdalar activity in response to emo-
tive stimuli [e.g. Surguladze et al., 2003]. Furthermore, the
positive finding of amygdalar activation in the present study
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speaks in favor of the reliability of signal detection in this
study rather than against it. Moreover, it was possible to
demonstrate significant differences in bilateral amygdalar
signal intensities between both conditions, even when con-
trolling for signal-to-noise ratio.

Our findings support those from studies in mammals
implicating the role of the amygdala in attachment. In mam-
mals, the neuropeptide oxytocin has been found to be cru-
cially involved in both filial and between-mate attachment
[Carter, 1998; Insel and Shapiro, 1992]. In mice, the strongest
expressions of oxytocin receptors have been reported in the
amygdala, the hippocampus, and the caudate-putamen [To-
mizawa et al., 2003], and failure of oxytocin binding in the
amygdala prevents the formation of kin recognition and
memory. It is known that dopamine controls oxytocin re-
ceptor expression in the amygdala and that oxytocin infu-
sion in the amygdala is related to both anxiety and sexuality
[Bale et al., 2001]. Experimentally induced maternal separa-
tion in Octodon degus has been demonstrated to significantly
reduce the pruning of dendritic spines in the lateral amyg-
dalae and the hippocampus [Poeggel et al., 2003]. In addi-
tion, recent lesion studies in non-human primates (Macaca
mulatta) have revealed that point lesions in the amygdaloid
complexes leading to shrinkage of neural tissue in these
regions cause significant decreases in social interactions in
adult monkeys [Amaral et al., 2003]. When applying the
same insults to infant rhesus monkeys, amygdala-lesioned
but not hippocampus-lesioned animals show fewer explor-
atory behaviors and increased bodily proximity to mothers
during the infancy period, but do not display separation
distress or protest vocalizations, and exhibit proximity
avoidance in later development, all indicators of disorga-
nized attachment in humans [Baumann et al., 2004]. These
findings therefore suggest that in primates, the amygdalae
not only modulate the amount of interaction, but also criti-
cally mediate behaviors known to be attachment specific in
humans.

In humans, as in other mammals, oxytocin mediates re-
productive and maternal care behaviors. Radiotracer studies
on binding sites for oxytocin in the human brain have also
revealed that the highest concentration of oxytocin receptors
are within the amygdalae [Insel, 1997; Loup et al., 1991] and
ventral striatum [Loup et al., 1991]. Interestingly, neuroim-
aging data have revealed a relative decrease in amygdalar
response to stimuli evoking maternal and romantic love
[Bartels and Zeki, 2004]. These findings are consistent with
our above findings on the role of the amygdala in humans in
the mediation of behaviors associated with attachment inse-
curity. However, when using a face-familiarity paradigm to
test parent-to-child attachment, activation of the right amyg-
dala in the own- versus other-child subtraction contrast and
activation of the left amygdala in the familiar versus unfa-
miliar child subtraction contrast was found [Leibenluft et al.,
2004].

Each test item within each condition necessarily evoked
retrieval of autobiographic, and therefore emotionally sa-
lient, memories after semantic priming. The amygdala and

hippocampus have been linked with a specific arousal-evok-
ing pathway during the processing of emotional memories
[Kensinger and Corkin, 2004]. In the current study, amyg-
dalar responses were observed solely in the stress prime
condition, making it unlikely that the amygdalar responses
observed during this condition were the result of emotional
memory recollection per se. The corpus of studies on amyg-
dalar activation and skin conductance [e.g., Anders et al.,
2004] shows that unilateral amygdala engagement and skin
conductance responses are specific to faces (but not scenes)
and follow fear or threat only. This is consistent with the
notion that in our task, arousal associated with reminiscence
of separation distress-evoking autobiographic memory con-
tent is triggered and produces bilateral amygdalar activa-
tion.

Furthermore, conjunction analysis revealed that perfor-
mance of both conditions was associated with activation in
several regions, but not the amygdala, and predominantly
within left precentral and postcentral gyri, bilateral visual
regions, left inferior parietal lobule, middle temporal gyrus,
left dorsolateral prefrontal cortex, and right dorsal anterior
cingulate gyrus. Other regions activated in both conditions,
although not identified in the conjunction analysis, included
other areas within bilateral prefrontal and visual cortices
and right inferior parietal cortex. These regions have been
implicated in sensorimotor and visuospatial processing, se-
lective attention [Kiehl et al., 2000; Kristoff and Grabrieli,
2000], and semantic processing [Dehaene et al., 1998; Hen-
son, 2001; Rossell et al., 2001; Vandenberghe et al., 2002],
processes common to the performance of both conditions in
the current study.

We predicted the involvement of the ventral striatum in
the mediation of autonomic responses associated with at-
tachment insecurity. Although we observed a positive cor-
relation between left ventral striatal response and attach-
ment insecurity during the stress prime condition, there was
no positive correlation between this response and the mag-
nitude of autonomic response during the stress prime con-
dition. Furthermore, the left putamen responded to both
stress and neutral prime conditions. These findings may
therefore reflect the role of the putamen in the response to
emotive or salient material, reported previously in other
neuroimaging studies in humans [e.g., Pagnoni et al., 2002;
Surguladze et al., 2003], but not in attachment in humans.
Another region implicated in the response to emotive stim-
uli, the insula [e.g. Calder et al., 2001; Phillips et al., 1997;
Surguladze et al., 2003], was also activated by both condi-
tions.

As a caveat, the presented findings should be consid-
ered limited to this semantic conceptual priming task
validated for attachment security. The relatively small
sample size and the inability to control for AAI results in
this fMRI study currently prevent a generalizability of the
results. Ideally, neuroimaging studies using this para-
digm should be conducted in larger developmental at-
tachment cohort samples.
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CONCLUSIONS

This study examines the neural basis of human attach-
ment security, the human equivalent of vertebrate imprint-
ing, using a novel but well-validated experimental para-
digm for the assessment of attachment security. In humans,
the amygdala has been implicated repeatedly in the re-
sponse to emotionally salient stimuli and contains high den-
sities of receptors for oxytocin, a neuropeptide critical for
mammalian attachment-specific maternal, filial, and mating
behaviors. Our findings highlight the important role of the
amygdala in the mediation of autonomic responses associ-
ated with attachment insecurity in healthy adult humans.
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