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Abstract

Despite widespread interest in social dominance, little is known of its neural correlates in primates. We hypothesized that
social status in primates might be related to individual variation in subcortical brain regions implicated in other aspects of
social and emotional behavior in other mammals. To examine this possibility we used magnetic resonance imaging (MRI),
which affords the taking of quantitative measurements noninvasively, both of brain structure and of brain function, across
many regions simultaneously. We carried out a series of tests of structural and functional MRI (fMRI) data in 25 group-living
macaques. First, a deformation-based morphometric (DBM) approach was used to show that gray matter in the amygdala,
brainstem in the vicinity of the raphe nucleus, and reticular formation, hypothalamus, and septum/striatum of the left
hemisphere was correlated with social status. Second, similar correlations were found in the same areas in the other
hemisphere. Third, similar correlations were found in a second data set acquired several months later from a subset of the
same animals. Fourth, the strength of coupling between fMRI-measured activity in the same areas was correlated with social
status. The network of subcortical areas, however, had no relationship with the sizes of individuals’ social networks,
suggesting the areas had a simple and direct relationship with social status. By contrast a second circuit in cortex,
comprising the midsuperior temporal sulcus and anterior and dorsal prefrontal cortex, covaried with both individuals social
statuses and the social network sizes they experienced. This cortical circuit may be linked to the social cognitive processes
that are taxed by life in more complex social networks and that must also be used if an animal is to achieve a high social
status.
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Introduction

Social status is a salient feature of group life in many primates
including humans and macaques [1]. Position in the dominance
hierarchy influences access to food and mates and is a predictor of
health and reproductive success [2]. It is also associated with
individual differences in behavior; for instance, more dominant
macaques make more prosocial choices and are more likely to make
a choice that leads to reward for both themselves and another as
opposed to a choice that leads just to reward for themselves [3,4].
Although subordinate animals pay attention to social cues provided
by animals from any social rank, dominant animals follow
information provided by other dominant animals [5].

Despite widespread interest [6,7] the neural correlates of social
status in primates are largely unknown. Identifying brain areas in
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which structure and function are related to social status is an
important first step for understanding the neural mechanisms that
might drive social status and mediate its consequences. Serotonin
has been linked to dominance status; pharmacological manipula-
tions that increase or decrease serotonergic activity lead,
respectively, to increases and decreases in dominance status in
monkeys [8]. However, the wider neural system in which serotonin
operates in relation to dominance in primates has proved difficult
to investigate.

An alternative approach to studying the neural correlates of
primate dominance has been to induce relative differences in
social status during the playing of interactive games in human
subjects. The amygdala was recently implicated in tracking social
hierarchy during performance of such a game in human subjects
[9], but the degree to which playing brief and artificial games
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Author Summary

Social status is an important feature of group life in many
primates. Position in the dominance hierarchy influences
access to food and mates and is correlated with both
general and mental health. Discovering how the brain is
organized with respect to individual social status is an
important first step for understanding the neural mecha-
nisms that might drive social status and mediate its
consequences. We performed a neuroimaging study in
non-human primates and our findings suggest that brain
organization reflects at least two aspects of dominance.
First, we identified neural circuits in brain regions that
appear to have a relatively simple and direct relationship
with social status—one circuit in which gray matter
volume tended to be greater in socially dominant
individuals and another in which gray matter volume
was greater in those with a more subordinate social
position. We also showed that the degree of connectivity
within each circuit was associated with experiences at each
end of the social hierarchy. Second, given that social status
in male macaques depends not only on successful
engagement in agonistic behavior but also on success in
forming social bonds that promote coalitions, we explored
regions where gray matter relates to both social status and
social network size. This second neural circuit may mediate
the way in which dominance is dependent on social bond
formation, which is in turn dependent on social cognition.

induces or simulates the often protracted differences in dominance
status experienced by primates, including humans, in the real
world remains unclear.

Here, we investigate the neural correlates of social status by
relating spontaneously occurring social dominance status in 25
captive macaques to differences in their brains’ gray matter (GM),
measured with structural MRI, and the spontaneous coupling of
activity between brain regions, measured with functional MRI
(fMRI). Quite distinct aspects of macaque behavior have been
related to neural structure and function in this way in the past
[10]. MRI has the advantage of furnishing quantitative measure-
ments of neural data across the whole brain. However, some of the
neural structures implicated in other fundamental aspects of
emotional and motivational behavior are subcortical and small in
size and so they are difficult to investigate with non-invasive
approaches.

Questions remain, however, over the best methods to ensure
the reliability and robustness of whole brain GM differences. The
originators of MRI voxel-based GM analyses emphasized that
taking into account the spatial extent, across adjacent MRI
voxels, of any statistical effect may not be appropriate in GM
analyses [11]. Instead they suggested an alternative approach for
testing whether or not relationships between GM and behavioral
or disease variables are robust; they suggested examining whether
effects are bilaterally symmetrical [12]. The approach of finding
similar effects in bilaterally symmetrical structures was used in
some of the earliest human GM analyses by some of these
investigators [13] and has continued to be used [14]. It rests on
the assumption that if a statistical effect noted had a chance of
occurrence of p$<<0.001 in one brain area under the null
hypothesis, then it has the chance of occurring in the same area
in both hemispheres with the square of this probability (i.e., p<
0.00001) [12,14]. The convention adopted in these studies in
recent years has been to focus on effects that extend over 10
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voxels [14] and so we have adopted the same approach in our
study.

In addition to the whole brain approach, we also adopted a
hypothesis-driven region of interest (ROI) approach widely used in
human neuroimaging. We examine effects in predefined ROIs
using a threshold of $<<0.05 and correction for multiple
comparisons across all voxels in the ROI. As noted above, there
are a priori reasons for thinking that dominance may be associated
with the amygdala and the serotonergic system. We cannot, with a
non-invasive approach such as MRI, selectively examine neurons
identified as serotonergic, but we can examine whether the
brainstem nuclei containing many serotonergic nuclei have any
association with dominance. As explained below, the two analysis
approaches, the ROI-led and the more exploratory search for
bilaterally symmetric effects, suggest similar conclusions.

In addition to social status, another major aspect of social life is
overall size of the social network that an animal experiences.
Previously we reported that structure and activity in a specific
network of cortical areas in the macaque, centered on the mid-
superior temporal sulcus (mST'S), anterior cingulate cortex (ACC),
and dorsal and rostral prefrontal cortex (PFC) reflects each
macaque’s social group size [15]. In an additional analysis, we
contrasted the relationship between brain structure and these two
social variables: social status and social network size. We identified
subcortical regions that were solely related to social status and
cortical regions linked to social status and social network size. The
pattern of results suggested the existence of two distinct networks
related to different aspects of social status.

Results

Relationship between GM and Social Status in ROI-Based
Analyses

We obtained structural and fMRI scans of 25 macaques living
in groups of five, four, three, and two individuals (five, twelve,
one, and seven animals in each case) after assigning each animal
a cardinal index of dominance on the basis of its behavioral
interactions (based on [16]). Deformation-based morphometric
(DBM) analysis was used to identify regions in the left
hemisphere where GM covaried with social status. This analysis
specifies the expansion/contraction required at each voxel in
the group average templates scan to deform the brain to an
individuals’ brain. A discussion of these types of methods can be
seen in [17].

First, we report the results of tests examining the relationship
between dominance and GM, after controlling for age, weight,
sex, and number of structural scans included in the DBM (see
Methods) [15], in a 2752.5 mm® (22,020 voxels) ROI (Figure 1)
centered over bilateral medial temporal lobe so as to include the
whole amygdala. After correcting for multiple comparisons
across all voxels in the ROI, we were able to identify voxels
extending from the central AMY to the border with the
hippocampus in both left and right hemispheres that showed a
relationship with dominance (p<<0.05 corrected for multiple
comparison; Figure 1).

Next we examined a 2,574.5 mm® (20,596 voxels) bilateral
ROI (Figure 2) in the brainstem between the medulla and the
midbrain so as to include the location of the serotonergic nuclei.
Using the same approach in the amydala investigation, we
identified voxels both to the left and right of the midline with a
significant association with dominance (p<<0.05 corrected for
multiple comparisons; Figure 2). The region included parts of
the RN and the adjacent reticular formation such as the
gigantocellular reticular nuclei.

September 2014 | Volume 12 | Issue 9 | 1001940



Subcortical Areas Linked to Social Status in the Left

Hemisphere

Next we employed the approach of looking for bilaterally
symmetrical brain regions in which GM exhibited similar
relationships with dominance [12-14]. We used the same
threshold as in other recent human GM investigations [14]:
$<<0.001; volume>1.25 mm®, equivalent to 10 adjacent
voxels. The chance that bilaterally symmetrical effects would
be found in the two hemispheres under the null hypothesis is,
of course, even lower (p<<0.00001). In order to explain the
approach, we first report how we sought regions of GM in the
left hemisphere where the deformation was significantly related
to social status after controlling for age, weight, sex, and
number of structural scans included in the DBM (see Methods)
[15] and identified (1) the AMY, (2) a region centered on the
posterior hypothalamus (PH) but extending into adjacent
lateral hypothalamus, and (3) a brainstem region that again
included parts of the RN and the adjacent reticular formation
such as the gigantocellular reticular nucleus (Figure 3 and
Table S1). In other words, this alternative approach identifies
the same two areas that were identified in the ROI approach
and a third region—the PH.

We also sought regions of GM that significantly correlated with
decreased dominance, or subordinance scores. We identified
several regions within the striatum and the adjacent septum.
These comprised the posterior putamen (PPUT), and the tail of
the caudate (CAUD) (Figure 4 and Table S1). Using a slightly
more liberal statistical threshold of $<<0.005 (volume>5 mm?),
however, we were also able to identify a relatively extensive
region in the anterior dorsal striatum, in the caudate nucleus, that
extended into dorsal parts of the septum (DS) (Figure 4). We note
the existence of this region here because we again found evidence
for a negative relationship between all three of these brain
structures and dominance even at the more stringent statistical
criterion level of p<<0.001 in the right hemisphere (see below).

Medial Temporal ROI

Figure 1. Areas of GM significantly (p<0.05 corrected for
multiple comparisons) related to social status in an ROI
covering the left and right amygdala. The medial temporal ROI
mask is shown in translucent pink.
doi:10.1371/journal.pbio.1001940.g001
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Brainstem ROI

Figure 2. Areas of GM significantly (p<0.05 corrected for
multiple comparisons) related to social status in an ROI
covering the brainstem including raphe nucleus and adjacent
reticular formation. The brainstem ROl mask is shown in translucent
pink.

doi:10.1371/journal.pbio.1001940.g002

Subcortical Areas Linked to Social Status in the Right
Hemisphere

To examine the reliability of the effects we had found in the left
hemisphere, we next examined whether effects could be found in
the other hemisphere. A similar approach has been used in human
neuroimaging experiments [12-14]. We sought regions of GM in
the right hemisphere where the deformation was significantly
related to social status (positive and negative correlations are
shown in Figures 5 and 6, respectively). Notably all regions
survived at our strigent criterion ($p<<0.001, volume>1.25 mmg),
with the exception of the RN, which survived at $<<0.005 (cluster
volume, 6.5 mm®). Importantly, at this threshold, the effect was
spatially extensive and included many voxels at which the effect
was significant at p<<0.001 (Figure 5, righthand panel).

Again in the right hemisphere, as in the left hemisphere, we also
found evidence of a negative relationship between GM and social
status in PPUT, CAUD, and DS. Notably the DS region that had
been tentatively idenfied in the left hemisphere was the largest
cluster to survive within the analysis at 3{)<0.001 of right
hemisphere effects (cluster volume, 5.375 mm”).

On reviewing the illustrations of the partial correlations between
GM and dominance in each ROI, we noted that it might be
argued that the animal with the lowest dominance score was an
outlier. Although this animal’s dominance score was within two
standard deviations of the mean, we nevertheless checked whether
the relationship between dominance and GM in each ROI still
held after excluding this individual. We found that this was indeed
the case, with the exception of the right CAUD ROI, where the
correlation remained only marginally significant (p =0.065). In
order to further corroborate the link between GM in the ROIs, we
collected a second set of dominance scores and carried out a
second set of MRI scans of the animals. We turn to the results of
this follow-up investigation next.

Subcortical Areas Linked to Social Status: A Follow-Up

Investigation
After an interval of 4 to 5 months we were able to collect a
second structural scan as well as a second independent measure of
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Figure 3. Left hemisphere DBM results where GM is significantly related to social status. A significant positive correlation between GM
and social status—dominance—is found in the AMY, PH, and adjacent lateral hypothalamus and RN and adjacent reticular formation. The
determinant of the Jacobian matrix summarizes the size of the GM effect. For illustration purposes, partial correlations between the determinants of
the Jacobian for each animal and for each ROl and dominance, after controlling for age, weight, sex, and number of structural scans, are shown.
Spatially uncorrected effects (p<<0.001, volume>1.25 mm?) are indicated by light (yellow) colors, whereas the darkest red color indicates effects at
p<0.005 (cluster volume>5 mm?).

doi:10.1371/journal.pbio.1001940.g003
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Figure 4. Left hemisphere DBM results where GM is significantly negatively related to social status. A significant negative correlation
between GM and social status—subordinance—is found in the PPUT and tail of the CAUD. Note the dorsal striatum and dorsal septum (DS) appears
only at the more liberal threshold of p<<0.005, cluster volume>5 mm?. Format, colors, and methods are the same as in Figure 3, but now stronger
effects (p<<0.001, volume>1.25 mm?>) are shown in light blue and weaker effects in dark blue (p<<0.005, cluster volume>5 mm?>).
doi:10.1371/journal.pbio.1001940.g004
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Figure 5. DBM results where GM is significantly related to increased social status in the right hemisphere (shown on the left of the
figure). The areas identified include AMY and PH (p<<0.001, volume>1.25 mm?) and an extensive brainstem region (RN; p<<0.005, volume>5 mm?).
There is a clear bilateral symmetry in the positions of effects. Format, colors, and methods are the same as in Figure 3.
doi:10.1371/journal.pbio.1001940.g005

dominance for a homogeneous subgroup of 15 monkeys drawn been male macaques and living in groups of four or five
from the original group of 25. We focused on male macaques individuals (see Table S3), but otherwise we attempted to include
because nearly all the macaques in the initial investigation had as many of the original animals as possible. Because the animals
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Figure 6. DBM results where GM is significantly related to decreased social status in the right hemisphere (shown on the left hand
side of the figure). The areas identified include PPUT, CAUD, and DS. There is a clear bilateral symmetry in the positions of effects. Format, colors,
and methods are the same as in Figure 3.

doi:10.1371/journal.pbio.1001940.g006
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were assigned to other neuroscientific experiments, it was only
possible to reinvestigate 15 monkeys at this second time point. This
second measure of dominance confirmed that, despite some
changes in group membership (two of the monkeys previously
housed in a group of four were now housed in a group of two),
social hierarchies were relatively stable across the time spanned by
the two assessment periods; there was a correlation between the
social statuses assigned to the 15 monkeys measured on the two
different occasions (r=0.681, p =0.005). We therefore examined
whether the same relationship between brain structure and
dominance could be detected in this new data set. Instead of
running whole brain analyses in what was now a smaller group of
animals, we focused on the six bilateral ROIs identified from the
first experiment. Twelve 166.375 mm® (equivalent to 11 voxels® at
a resolution of 0.5 mm) ROI masks were positioned over the
coordinates calculated as the centers of gravity of the clusters
identified in the previous analyses. Within these ROIs, even after
controlling for age and weight, we once again found positive
correlations between GM and dominance in AMY, RN, and PH
in both left and right hemispheres and negative correlations in
CAUD and PPUT in both left and right hemispheres and in right
DS. The only effect of the original 12 that was not observed on the
second occasion was the negative one between left DS and social
status (Figure 7 and Table S2).

Interregional Interactions in Activity Covary with Social
Status

The first three analyses examined relationships between social
status and brain structure. In the next analysis, we sought to
determine whether dominance was associated with differences in
functional activity. We looked at activity measured in the resting
state and indexed by the blood oxygen level-dependent (BOLD)
signal measured with fMRI. It has previously been shown that the
strength of BOLD coupling between certain cortical regions is
correlated with the social network size that an individual animal
experiences [15] and so, by analogy, here we measured whether
the strength of activity coupling between pairs of regions identified
in the first three analyses was correlated with social status.

Positive Social Status ROIs

Neural Circuit Covarying with Social Hierarchy in Macaques

In order to avoid making multiple comparisons of the many
possible pairs of areas, we focused our analysis in two ways. First,
we again focused on just the left hemisphere—the hemisphere in
which we had begun our analysis and in which, on average,
effects were perhaps slightly stronger. Second, we examined the
correlations in resting state activity in a network of areas with a
positive relationship with dominance and a network of areas with
a negative relationship to dominance. Therefore, we focused on
coupling between the largest area identified as having a positive
relationship with dominance (AMY) and each of the other two
areas that also had a positive relationship with dominance (PH
and RN) and then on the largest area identified as having a
negative relationship with dominance (PPUT) and the other two
areas that also had a negative relationship with dominance (DS
and CAUD). Note, however, that we are not testing alternative
hypotheses about the coupling between just particular pairs of
areas, rather than others, being related to dominance. We are
testing the more general hypothesis that coupling within this
network of areas is related to dominance. If such a relationship
exists, then we might observe evidence for it in the coupling
strengths between more than one pair of areas (i.e., that both
mterregional AMY-PH and AMY-RN coupling correlate with
dominance).

To carry out the analysis, we first extracted the raw BOLD time
series for every 3.375 mm® ROI mask registered individually in
each of the 25 animals. We did this after controlling for
fluctuations in BOLD signal across the whole brain GM, white
matter, and cerebral spinal fluid. Next, for each animal, the partial
correlation coeflicient between the resulting BOLD time series in
each pair of areas (AMY and RN, AMY and PH, PPUT and
CAUD, PPUT and DS) was calculated after controlling for all
other ROI time series in both hemispheres (the 10 other areas
identified in Figures 1-7—in other words, after controlling for the
BOLD time series in the other left hemisphere areas and all the
right hemisphere areas). This first stage of the analysis establishes
the relationship between the activity levels in each pair of areas,
after controlling for the effects of other areas, in each individual
animal. The next stage of the analysis is then to test whether
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Figure 7. DBM effects in 15 animals at a second time point. GM in 11 of the 12 ROIs still correlated significantly with social status. For
illustrative purposes, scatter plots of the Jacobian determinant extracted from a 3.375 mm?® mask placed over the peak coordinate for each contrast
(uncorrected p<<0.05) against dominance are shown after controlling for age, weight, sex, and number of structural scans.

doi:10.1371/journal.pbio.1001940.g007
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Figure 8. Partial correlation between interregional coupling of
activity and social status after controlling for age, weight, and
sex. There were significant negative correlations between AMY-PH
coupling (A), AMY-RN coupling (B), and PPUT-CAUD (C) but not PPUT-
DS (D) coupling and dominance. Individual dominant (red) and
subdominant (blue) animals in which interregional coupling was
significantly positive (in subdominant animals) and negative (in
dominant animals) are also shown. All other animals, where the
interregional correlation was not significant at the individual subject
level, are shown in black.

doi:10.1371/journal.pbio.1001940.g008

variations in the strength of these interareal coupling relationships
across individuals were related to dominance.

In order to examine how variations in the strength of interareal
coupling across individuals are related to dominance, the next
analysis was conducted at the “group level’—on data from all
individuals. At the group level, the resulting partial correlation
values were Fisher-transformed and entered into a correlation with
the residual variance of individual social status values after
controlling for age, weight, and sex. This analysis indexes
interareal BOLD coupling between areas in individuals and the
individuals’ dominance statuses. Significant negative relationships
were found between dominance and the activity coupling between
left AMY and PH (r=—0.423, p =0.035; Figure 8A), the activity
coupling between left AMY and left RN (r=—0.477, p=0.016;
Figure 8B), and the activity coupling between left PPUT and
CAUD (r=-0.466, p=0.019; Figure 8C). The relationship
between dominance and PPUT-DS activity coupling, however,
was not significant (r=—0.039, p =0.853; Figure 8D). Statistical-
ly, under the null hypothesis that there is no real relationship of
BOLD coupling between each pair of areas and dominance at p>
0.05, the chance of our finding evidence of coupling being
correlated with dominance in three of the pairs of areas is actually
$<0.0025.

In general, a subordinate social status was associated with
positive coupling between activity levels in pairs of the areas, but as
social status rose, there was more likely to be negative coupling
between areas. We are unable yet to explain the directions of the
relationships between coupling strength and social status; however,
we note that this is generally the case in human neuroimaging
experiments too. Although a negative coupling between BOLD
signals might indicate that one area is exerting an influence, via
inhibitory interneurons, on the other area, what is important is
that there is a relationship between a behavioral or cognitive
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variable and BOLD coupling as opposed to the specific sign of the
coupling. For example, in one of the brain systems in which
activity coupling changes have been most extensively investigated,
the premotor-motor system, it is known that coupling between
two areas changes between negative and positive within a matter
of milliseconds as an individual transitions from being at rest to
engaging in a behavior [18-24]. Whether the same is true for the
subcortical brain regions we investigated here can only be
determined in further experiments with awake behaving animals.

The BOLD coupling relationships are relatively strong. This is
illustrated by the fact that several subdominant individual animals
(animals in which dominance scores were less than the median
score of 31.25) had activity coupling that was significantly positive
at the individual time series level (p<<0.01; blue crosses in
Figure 8), whereas several dominant animals (animals in which
dominance scores exceeded the median score of 31.25) had
activity coupling that was significantly negative at the individual
time series level (p<<0.01; red crosses in Figure 8). Chi-squared
tests confirmed the existence of a significant relationship between
the presence of a positive coupling pattern and subdominant status
and a negative coupling pattern and dominant status for the
AMY-PH and AMY-RN pairs (p =0.041 and p =0.050, respec-
tively).

Contrast and Interaction of Neural Networks Correlated
with Social Status and Social Network Size

We have previously reported that GM in the mSTS and rostral
and dorsal PFC correlates with the sizes of macaques’ social
networks [15]. Animals experienced extensive contact with social
networks of different sizes (of between one and seven individuals)
in which they lived for most of each day. The group sizes were
artificially determined; they were set by the needs of various
neuroscientific experiments that would be carried out. Such group
sizes are smaller than the group sizes that occur in the wild, but
nevertheless they are larger than the pairwise interactions typically
studied in neuroscientific investigations of social behavior in
macaques [25-31]. In addition, an attractive feature of such group
sizes 1s that it ensures all animals within a given group come into
proximity with one another on a daily basis. More GM was found
in mSTS and rostral and dorsal PFC when animals experienced
larger social networks. The next question, therefore, is whether the
six subcortical areas (Figures 1-6) identified in the present analysis
of social status also have any relationship with social network size.
The two factors, social network size and social status, should not
be correlated with one another, and this was the case in the
present sample (Pearson’s r=—0.31, p =0.126, Spearman’s r = —
0.24, p=0.256). The lack of correlation between the two factors
means that it is possible to identify variance in GM that is related
to either social network size or dominance, or both.

The most stringent and sensitive test for any impact of social
network size on the brain areas reported in Figures 1-7 is to
examine the largest number of animals for which data are
available. Because we now have MRI and social network size
measurements for 36 animals, we used this large group when
testing whether social network size was associated with GM in the
six subcortical ROIs. Note, however, that because we had not
obtained dominance status measures from all of these animals, we
had only been able to analyze data from 25 animals in our
mvestigation of dominance. Despite the sensitivity of a social
network size test involving 36 individuals and an ROI-based
approach, no significant correlation with social network size was
found even after controlling for age, weight, sex, and number of
scans [left ROIs, AMY (r=-0.015, $=0.932), CAUD
(r=-0.021, $=0.905, DS (r=0.003, $=0.987), PH
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Figure 9. DBM effects of social network size in areas identified as having a relationship with dominance status in Figures 1-8. No
significant correlation between GM and social network size was found in any ROI.
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(r=-0.100, p=0.983), PPUT (r=—0.004, p =0.983), and RN
(r=0.001, p=0.997); right ROIs, AMY (r=0.103, p=0.548),
CAUD (r=0.019, p=0.911), DS (r=-0.099, p=0.567), PH
(r=-0.072, p=0.675), PPUT (r=-0.023, p =0.896), and RN
(r=-0.026, p=0.880); Figure 9]. Further direct comparisons
confirmed no differences between sexes. This suggests that
individual variation in dominance status in the six subcortical
regions we have identified in the present report is specific to this
aspect of social behavior and unrelated to other aspects of social
behavior associated with experience of social networks of different
sizes. This was confirmed by showing that all of the relationships
between social dominance and GM in these six regions remained
significant even when social network size was partialled out from
the residual GM effects (all r<<—0.525 or >0.573 and all p<<0.01).
Moreover, the resting state fMRI coupling analyses that reported a
link between BOLD coupling and dominance in Figure 8
remained significant even after the effect of social network size
was similarly partialled out (all r<—0.385, all $<<0.05).

Neural networks associated with effects of social network size
and social status did, however, overlap at two points in the cortex
that we have previously linked to social network size—the mSTS
and rostral and dorsal PFC [15]. ROI examination based on areas
identified in our previous study revealed the effects of both social
status and social network size overlapped within voxels in both left
and right mSTS (p<<0.05 corrected for multiple comparisons;
cluster volumes, 3.875 mm® and 1.375 mm® right and left,
respectively; Figure 10A); even after taking into account age,
weight, and sex, increased mSTS size correlated with higher social
rank. In the rostral and dorsal PFC, effects of social network size
and dominance were found in adjacent voxels in close proximity in
the anterior part of the principal sulcus. When we tested for
overlap of social network size and dominance in a small ROI
between these voxels, we again found positive results (H<<0.05
corrected for multiple comparisons; cluster volume, 1.75 mm?;
Figure 10B).

Hormone Metabolite Levels and Dominance
It has been suggested that some hormone levels correlate with
dominance in monkeys, but the relationship is complex and
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influenced by numerous factors and perhaps is only clear when
very large group sizes are investigated [32,33]. We measured two
hormone-related metabolites in 13 of the male macaques
participating in the second study of dominance (see Table S3).
We assessed fecal levels of a metabolite of cortisol, associated with
stress, by measuring the 3o,118-dihydroxy structure cortisol
metabolite (30,11B-dihydroxy-CM), and we assessed fecal andro-
gen metabolite levels by measuring epiandrosterone, which reflects
testicular function. Naturally, a logical step would be to test
correlations between individual hormone levels and differences in
structure or functional couples; however, statistical power in our
sample would be too low to infer meaningful relationships.

We were unable to find a relationship between dominance and
cortisol metabolite regardless of whether or not effects of social
network size, age, and weight were partialled out. We did,
however, find evidence for a significant relationship between
epiandrosterone and dominance after partialling out effects of age,
weight, and social network size (r=—0.703, p=0.023). This
pattern of results suggests that stress, at least as indexed by cortisol
metabolite levels, is unlikely to mediate the relationship between
the brain areas in Figures 1-8 and social status.

Discussion

We identified two types of social-status—related brain regions.
The evidence is particularly clear regarding the association
between these areas and dominance in male macaques; all but
three of the macaques in the first sample investigated were males,
and all the macaques studied in the second sample were males.
The first type (Figures 1-6), which have been identified, to our
knowledge, for the first time in the present study comprised a
network centered on (1) the amygdala (AMY) and closely
interconnected structures including (2) posterior hypothalamus
(PH), (3) brainstem regions including the raphe nucleus(RN) and
adjacent reticular formation areas such as the gigantocellular
reticular nucleus. We also identified regions of the basal ganglia—
(4) the posterior putamen (PPUT), (5) caudate tail (CAUD) and (6)
dorsal striatum/lateral septum (DS). It is composed of two parts in
which GM was either positively (AMY, RN, PH) or negatively
(PPUT, CAUD, DS) correlated with social status. In each case, the
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relationship with social status was a simple, direct, and strong one
and spatially extensive, bilateral, and found in a series of analyses
of both GM and BOLD coupling (Figures 1-8). Relationships
between GM and activity coupling and social status in these
subcortical areas were observed, but there was no evidence of
relationship with other variables such as social network size. The
second network involved cortical regions, such as mSTS and
rostral PFC, where GM covaried both with social status and with
social network size. We discuss this second network at the end of
the Discussion section.

It is perhaps worth drawing attention to the fact that an
assumption behind our analysis is that there is something about the
experience of being subordinate (or conversely dominant) in a
small group that is shared with the experience of being subordinate
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(or conversely dominant) in a larger group even if all aspects of the
experience are not identical. By including a factor of dominance as
well as a factor of social group size in our analyses, we identify
variance in GM and brain activity that is related to the experience
of being subdominant or dominant independent of the impact of
group size.

As explained in the Introduction, we focused only on brain
areas that exhibited a consistent relationship with social status in a
series of four distinct tests. A relationship between GM in the six
subcortical structures was found in both left and right hemi-
spheres. In a further test, when structural MRI and social status
measurements were repeated after a 4- to 5-month interval, we
again observed similar relationships between GM in these six
regions and social status. The only exception was that although the
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social status effect in DS was found once again in the right
hemisphere, it was not found again in the left hemisphere.
Furthermore, an additional test showed that the strength of
coupling between fMRI-measured activity in different parts of the
subcortical network changed as a function of social status.

Whether neural activity in these brain regions determines or is
determined by dominance is still to be ascertained. In theory, to
address this question, animals could be repeatedly assigned and
reassigned from one social group to another, and an attempt could
be made to carry out a longitudinal analysis of dominance effects.
Although such a manipulation is theoretically possible, it would be
disruptive to the animals’ welfare. In our colony, in line with
national guidelines, emphasis is placed on the welfare benefits of
stable group housing. Another potentially interesting approach is
to test whether incidental changes in dominance that occur
spontaneously can be ascribed to prior neural changes. For such
an approach to work, however, it is necessary for dominance
changes over time to be sufficiently substantial that successive
dominance measures are uncorrelated with one another. If such a
change occurs, then it would be possible to test if neural measures
are more predictive of later dominance than current dominance.
However, sufficiently large incidental changes in dominance did
not occur during our study period; dominance scores at the two
time periods we studied were highly correlated (r=0.681,
p=10.005). Such an approach might also require more frequent
neural measurements and dominance measurements to be taken
so that putative predictive neural changes were not missed.

It has been suggested that humans and monkeys assign values to
themselves, “self-values,” just as they assign values to environ-
mental stimuli [34]. Social rank is likely to be an important
determinant of such self-values. Activity in some of the regions we
identified, such as parts of the striatum, is known to encode many
parameters that determine the values of choices [35], and our
results suggest the same regions may also encode longer term
valuation signals reflecting each individual’s status. Recently
neurons have been reported in the caudate that track a monkey’s
own social status during an interactive food-grab game with a
competitor. These cells showed decreased activity when an
individual was in a submissive state and the competitor was
performing successfully and was actively taking most food items in
the task [27]. It is also now clear that caudate cells encode not just
the actions that an individual macaque makes but the actions
made by other macaques present [26,36].

The amygdala is also known to be important for tracking some
aspects of reward value [37] and lesions to the amygdala affect
socioemotional behaviors such as defense and approach tendencies
[38]. The prevalence of such behaviors covaries with social status.
Amygdala activity in humans has been linked to the tracking of
social hierarchies during an investment game [9]. The degree to
which such brief games provide insights into dominance hierar-
chies has been questioned, but the present results, which included
particularly extensive regions of amygdala GM associated with
social status, confirm the importance of the amygdala as a neural
correlate of dominance.

Serotonin levels have been related to social status. Raleigh and
colleagues [39] examined the consequences of removing the
dominant individual from groups of vervet monkeys when
serotonin levels were either increased or decreased in one of the
remaining group members. Animals in which serotonin levels had
been increased were more likely to accede to the dominant
position than animals in which serotonin levels had been
decreased. Although we did not measure serotonin directly in
the current study, the brainstem regions we identified in the
present study have been associated with serotonin; in the rodent,
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not only is the raphe nucleus a source of serotonin, but
serotonergic neurons are found in other areas such as the
gigantocellular raphe nucleus [40]. Such serotonergic neurons
may influence spinal circuits for coordinating emotionally related
motor behaviors [40], but they may also influence other areas such
as the amygdala. Allelic differences in serotonin transporter [5-
hydroxytryptamine transporter (5-HTT)] are associated with some
of the same socioemotional behaviors that have been linked to the
amygdala [41], and social reward in rodents has been shown to be
related to the interaction of serotonin with oxytocin in the ventral
striatum [42]. Whether such interactions also occur in primates is
unknown, although there is evidence that social reward is also
related to oxytocin levels in macaques [30].

Such brainstem regions are not often reported in human
neuroimaging experiments. The locations of effects were identified
with reference to monkey brain atlases [43,44]. Methodologically,
it may be important to note that this region was consistently within
our field of view and that our subjects have smaller brains than the
humans typically studied in neuroimaging investigations. Second,
there is very little head movement in our subjects because they
were anaesthetized and held in a stereotaxic frame. Third, we note
that because respiration, which disproportionately affects brain-
stem regions, was artificially maintained at a fixed rate in our
anaesethetized subjects, respiratory artefacts could be, and were,
removed with 0.1 Hz low-pass filtering.

Not only did the series of analyses confirm the relationship
between the six regions and social status, but it was also noticeable
that there was not similarly strong or consistent evidence for GM
correlations with social status in other brain areas. Only one
additional region deserves to be mentioned—the hippocampus
and immediately adjacent cortex. We found evidence of a
reasonably extensive region of hippocampus in which GM was
significantly positively correlated with higher social status in our
initial analysis of the left hemisphere, which survived small volume
correction for multiple comparisons in the medial temporal ROI.
We were able to find evidence of a similar relationship in the right
hemisphere. However, we were not able to find evidence for the
relationship in our third analysis, which focused on a smaller
group of exclusively male subjects at a later date. This region may
be especially deserving of attention in future investigations of the
neural correlates of dominance. Although neonatal lesions of the
hippocampus do not appear to affect social status in macaques
[43], the region is smaller in human individuals that have suffered
stressful events particularly when they occurred in childhood [46].
Stress has been related to hippocampal degeneration [47], but the
relationship between stress and social status is a complex one that
may be related to the stability of the social group [48]. There is
also evidence that stress decreases as social status increases but that
being at the very top of a hierarchy is stressful [33]. Differences in
the individuals sampled in the second test or undetected variation
in group stability might therefore account for changes in the
relationship between hippocampus and dominance in our two
measurement periods. However, the relationship between stress
and social status was not strong in the present sample (Figures 1—
8); metabolites of the stress-related hormone cortisol were not
correlated with social status in the current study.

Another social variable, social network size, has previously been
shown to be related to brain structure and function in macaques
[15,49]. However, GM in all six of these subcortical regions bore
no relationship with the social network size in which animals lived
(Figure 9). We were, however, able to identify a second set of
regions, the mSTS and the dorsal and rostral PFC, in which GM
was related to both social status and social network size
(Figure 10).
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A complex set of factors determine an individual monkey’s
social status [50]. Social status in male macaques is not simply the
consequence of successful engagement in agonistic behavior but a
consequence of success in forming social bonds that promote
coalitions between individuals [2]. We suggest that the second set
of regions—mST'S and rostral PFC—in which GM was related to
both social status and social network size may mediate the way in
which dominance is dependent on social bond formation, which is
in turn dependent on social cognition. The interactions that mSTS
and rostral PFC have with other brain areas while macaques are at
rest resemble the interregional interactions of the human temporal
parietal junction (TP]) and rostral medial frontal cortex brain
areas, suggesting some relationships between these regions of the
macaque and human brain [51-54]. In humans, TP] and rostral
medial frontal cortex are associated with the making of inferences
about other individuals’ actions and intentions [55,56] and the use
of memories of social networks [57]. The PFC region identified in
the present investigation of macaques included parts of the
principal sulcus just anterior to where neurons have been
recorded that are active during the performance of competitive
games [25,58,59]. Unlike in some other cortical regions, these
neurons’ activity encoded both choices that the monkey and the
competitor made and activity depended on whether the monkey
was engaged in a genuinely social situation, playing against
another monkey, or against an inanimate computer. Being able to
track another individual’s behavior as well as one’s own would
obviously be an advantage in a social setting, and this may be
why these areas increase as an individual experiences larger social
network sizes; as an individual’s social network expands, so too
does the number of individuals, and combinations and alliances
of individuals, whose behavior must be followed in relation to
one’s own. A better ability to track others’ actions in relation to
one’s own may, however, also assist an individual in becoming
more dominant.

There is some evidence that GM of the macaque amygdala is
correlated with an individual’s social network size [15]. The
relatively restricted region in which such effects have been found
was in a more dorsal part of the amygdala than that linked with
social status in the current study. However, as explained above,
there was no evidence that the amygdala region identified in the
current study had any association with social network size
(Figure 9). The amygdala is composed of many anatomically
dissociable nuclei, each with distinct connectivity, and so it is
entirely possible that potentially neighboring nuclei have distinct
functions related to different aspects of social life.

In summary, in a series of analyses we have identified brain
areas with a consistent relationship with two aspects of dominance.
The fact that the association was much stronger in these brain
areas than in other brain areas underlines the importance of
particular neural processes and argues against all neural processes
being equally predictive of dominance. Nevertheless there are a
number of other factors that are likely to influence dominance that
we were not able to examine in this study. For example,
personality types varying in extraversion have been identified in
female baboons and have been related to position in the social
hierarchy [60].

In humans social hierarchies govern life experiences. Individual
social status is correlated with both general and mental health
[61]. It is possible that the subcortical areas identified in this study
mediate some of these effects. These areas appear to have a
relatively simple and direct relationship with social status. By
contrast, other cortical regions, mSTS and rostral and dorsal PFC,
are assoclated not just with social status but with other social
cognitive processes that are taxed as social network size increases
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but which are also prerequisites for success in competitive social
Interactions.

Methods

The work with animals reported in this study was conducted in
accordance with the recommendations of the Weatherall report
and under the cover of a license to carry out research with animals
issued by the British Home Office.

Subjects

MRI scans of 25 (3 females) rhesus macaques were used in a
DBM analysis of the effect of social status on GM. Data from
individuals were used if at least two isotropic 0.5 mm resolution
scans were available. Animals were drawn from social groups
comprised of five, four, three, and two individuals and five, twelve,
one, and seven animals lived in groups of each of these sizes (see
Table S3).

The same animals were subsequently also used in a DBM
analysis of the effect of social network size on GM, but additional
data from other animals were added to this analysis so that the
total data set for this second analysis comprised 36 macaques (10
females; see Table S4). The additional animals in this second
analysis were ones that could not be included in the dominance
status analysis because their dominance status had not been
determined. In addition, animals in the second analysis were
sometimes drawn from large social groups (groups containing six
and seven individuals) that could not be effectively counterbal-
anced within the dominance status analysis, but of course such
larger social group sizes are essential for parametric analysis of
social network size.

The relative social status indices used in the first, second, and
fourth analyses shown in Figures 1-8 and 10 were adapted from
Zumpe and Michael [16] determined by one investigator (J.S.)
during a series of 5-minute observations (11 or 12 sessions). Each
observation period was preceded by 5 minutes of habituation to
the presence of the investigator. The directions of agonistic
behaviors (aggressive or submissive) were recorded. Each individ-
ual exhibited at least seven single agonistic behaviors during the
allotted time period. Behaviors recorded included chasing,
escaping, aggressive, and nonspecific social behaviors (for exam-
ple, resting together). The percentage of dominant interactions out
of the total social interactions was calculated to determine cardinal
dominance indices. Grooming and mounting are thought to have
no necessary relationships with dominance [62] (p100); therefore,
these behaviors were classified as nonspecific social behaviors.
Both structural MRI and resting-state {MRI data were available
for all of 25 animals from this first period of data collection.

For 15 monkeys from the original 25, we were able to collect,
after a 4- to 5-month interval, a second structural scan (again
composed of at least two isotropic 0.5 mm resolution scans as
discussed below; see Table S3) as well as a second independent set
of measures of dominance (7 to 10 observation sessions).
Measurements were made in the same way as those carried out
previously in the first assessment period. This smaller group of
animals were all male and came from similar sized social groups.
At the time of the first measurement, all animals were living in
groups of five or four individuals (5 and 10 animals, respectively).
At the time point of the second measurement, 13 of the animals
were still living in the same sized social group. Two animals had
moved from a group of four to a pair. Although dominance status
again appeared stable within the second measurement period,
there were some differences between the dominance statuses of
individuals recorded at the first and second time periods.
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Hormone Data Collection and Analysis

Fecal samples were collected from a subset of the male animals
included in the second social status analysis (13/15). Animals were
included when three fecal samples were available (see Table S3).
We measured two hormone related metabolites: (1) fecal cortisol
metabolite levels [we measured levels of the 3a,118-dihydroxy
structure cortisol metabolite (30.,11B-dihydroxy-CM)] and (2) fecal
androgen metabolite levels (we also measured epiandrosterone,
which reflects testicular function). The samples were analyzed at
the German Primate Centre, Leibniz Institute for Primate
Research, Goettingen. Analyses were carried out using parametric
bivariate analysis in SPSS.

MRI Data Collection

Protocols for animal care, MRI, and anesthesia were carried out
under authority of personal and project licenses in accordance
with the UK Animals (Scientific Procedures) Act (1986) using
similar procedures to those that we have previously described
[15,63]. During scanning, under veterinary advice, animals were
kept under minimum anaesthetic using Isoflurane. A four-channel
phased-array coil was used (Windmiller Kolster Scientific, Fresno,
CA). Structural scans were acquired using a T1-weighted MP-
RAGE sequence (no slice gap, 0.5x0.5x0.5 mm, TR =2,500 ms,
TE=4.01 ms, 128 slices). Whole-brain BOLD fMRI data were
collected for 53 min, 26 s from each animal, using the following
parameters: 36 axial slices, in-plane resolution 2x2 mm, slice
thickness 2 mm, no slice gap, TR =2,000 ms, TE =19 ms, 1,600
volumes. Only structural MRI scans were available from the
second data collection period.

DBM Analysis of Structural MRI Data

Structural MRI data were submitted to a DBM analysis
using the Oxford Centre for Functional Magnetic Resonance
Imaging (FMRIB) Software Library (FSL) tools FNIRT and
Randomise [11,64]. The logic of the approach is that if a
group of brain images can be warped to an identical image,
then volumetric changes involved in that warping process give
measures of the local differences in brain structure between
individuals. Related analyses have previously been described
[15].

All the brains were first aligned to the MNI rhesus macaque
atlas template [65,66] using the affine registration tool FLIRT
[67,68], followed by nonlinear registration using FNIRT
[69,70], which uses a b-spline representation of the registration
warp field [71]. The resulting images were averaged to create a
study-specific template, to which the native GM images were
then nonlinearly reregistered. The determinant of the Jacobian
of the warp field used on registered partial volumes to correct
for local expansion or contraction was extracted—the Jacobian
1s a matrix of the directional stretches required to register one
image to another, and the determinant of this matrix gives a
scalar value for the volumetric change implied. The Jacobian
values were then used as the dependent variable in the statistical
analyses of the effects of social status. The GLM analysis
included factors of demeaned social status, age, weight, sex, and
the number of structural scans from which each individual’s
mean structural MRI scan was derived and it was implemented
using permutation-based nonparametric testing in the Rando-
mise procedure. We examined both positive and negative
contrasts to identify GM regions that were larger in more
dominant animals as well as GM structures larger in subordi-
nate animals.
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ROI-Based Approach

We examine the relationship between dominance and GM,
after controlling for age, weight, sex, and number of structural
scans included in the DBM [15], in a 2,752.5 mm® (22,020 voxels)
ROI (ROI mask depicted in Figure 1 in translucent pink) centered
over bilateral medial temporal lobe so as to include amygdala.
Statistics produced from the FSL Randomise procedure were
small volume corrected for multiple comparisons using the
threshold free cluster enhancement approach at p<<0.05 [72].

Next we created a 2,574.5 mm® (20,596 voxels) bilateral ROI
(ROI mask depicted in Figure 2 in translucent pink) in the
brainstem between the medulla and the midbrain so as to include
the location of the serotonergic nuclei. Using the same approach,
we performed the FSL Randomise procedure and corrected for
small volume multiple comparisons with threshold free cluster
enhancement at $<<0.05.

Left Hemisphere

In another set of analyses we looked throughout all subcortical
regions in the left hemisphere for areas in which effect significance
was p<<0.001 and extended over 10 voxels (corresponding to
1.25 mm?). The results of this analysis are shown in Figures 3 and
4.

For illustrative purposes we show the relationships between
dominance and the mean Jacobian value extracted from
3.375 mm® mask ROIs placed at the centers of gravity of the
regions identified as having a significant relationship with
dominance (at $<<0.005). The Matlab Regstats function was used
to calculate the residual DBM effect size and dominance after
controlling for confounding effects of age, weight, sex, and number
of structural scans that had contributed to the average MRI scan
used for each individual.

Right Hemisphere

We carried out the same analysis in the right hemisphere, again
seeking subcortical regions in which effect significance was p<
0.001 and extended over 10 voxels (corresponding to 1.25 mm®).
The results of this analysis are shown in Figures 5 and 6. In
examining the bilaterality of our effects, we adopt an approach
advocated by the originators of MRI voxel-based GM analyses
who emphasized that taking into account the spatial extent, across
adjacent MRI voxels, of any statistical effect is not necessarily
appropriate for GM analyses [11]. The alternative test of
robustness involves examining whether effects are bilaterally
symmetrical [12]. The premise rests on the assumption that if a
statistical effect noted had a chance of occurrence of $<<0.001 in
one brain area under the null hypothesis, then it has the chance of
occurring in the same area in both hemispheres with the square of

this probability (i.e., p<0.00001) [12,14].

Second Time Point Analysis

For 15 monkeys from the original 25, we were able to collect a
second structural scan as well as a second independent set of
measures of dominance. We therefore conducted the same DBM
analyses for these 15 animals in both hemispheres. Instead of
running whole brain analyses, we now focused on the 12 ROIs (six
in each hemisphere) identified in the analysis of data from the first
time period. These were AMY (left hemisphere, —10.62, —1.47,
—9.85; right hemisphere, 11.21, 0.35, —9.39), PH (left hemi-
sphere, —1.43, —10.02, —5.83; right hemisphere, 2.06, —10.08,
—5.49), RN (left hemisphere, —2.763, —22.65, —10.80; right
hemisphere, 4.79, —24.46, —12.15), PPUT (left hemisphere,
—13.36, —9.87, 1.60; right hemisphere, 13.98, —8.82, 1.06), DS
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(left hemisphere, —1.99, 2.67, 6.40; right hemisphere, 2.31, 4.27,
5.72), CAUD (left hemisphere, —7.19, —9.03, 9.20; right
hemisphere, 7.08, —7.39, 9.22). Note the coordinates refer to
the macaque MNI atlas [65]. Each mask was first registered to F99
space and then individually registered from F99 space to each
monkey structural scan. The ROI masks were 166.375 mm® in
size. We also restricted our analyses to contrasts that reflect the
expected direction of effect—that is, positive correlation for AMY,
PH, and RN and negative for CAUD, DS, and PPUT. The results
of this analysis are shown in Figure 7. Again as in Figures 3-6, for
illustrative purposes, we show the relationships between domi-
nance and the mean Jacobian value extracted from 3.375 mm®
ROI masks centered over the peak voxel of the significant cluster
within the larger volume of interest.

Social Network Size

We carried out additional analyses to determine whether the
regions identified as having a relationship with social status in the
first series of analyses were exclusively concerned with social status
or whether GM 1in these regions was also correlated with social
network size. To examine whether GM or functional coupling in
the regions shown in Figures 1-6 was also significantly correlated
with social network size, Jacobian values were extracted from
3.375 mm® ROIs placed on the AMY, PH, RN, PPUT, DS, and
CAUD (the same coordinates were used as in the follow-up
investigation of dominance using the data collected at the second
time point). The residual GM effect size (after age, weight, sex, and
number of scans included was controlled) was calculated and
correlated with social group size with nonparametric bivariate
analyses in SPSS.

A previous report suggested mSTS and rostral and dorsal
prefrontal GM correlates with social network size [15]. We
therefore overlaid the two statistical images: one showing GM
regions with a significant relationship with dominance and one
showing GM regions with a significant relationship with social
network size after cluster correction using a small ROI mask
(p<<0.05). Specifically, we created anatomically corrected
cuboids based on coordinates from [15] where GM correlated
with both social status and social network size in the left mSTS
and PFC (—25.75, —13.75, —3.25 and 7.25, 21.25, 5.75,
respectively). The PFC cuboid in the current analysis was
49 mm®, whereas the mSTS was 63 mm®. We also replicated
the mSTS in the opposite hemisphere by flipping the ROI mask
into the other hemisphere. As confirmation we performed a
conjunction analysis across the two 3D statistical images by first
merging the two images and then determining the lowest p value
in the overlap cluster.

For illustrative purposes, we again show the relationships
between dominance and now also for social group size and the
mean Jacobian value extracted from 3.375 mm® ROIs placed
at the centers of gravity of the clusters identified by this overlap
analysis. The residual DBM effect size of social group size is
shown (green) after controlling for confounding effects of social
status, age, weight, sex, and number of structural scans that
had contributed to the average MRI scan used for each
individual. The residual DBM effect size of social status (red) is
shown after controlling for confounding effects of social group
size, age, weight, sex, and number of structural scans that
had contributed to the average MRI scan used for each
individual.

fMRI Analysis of Activity Coupling

Prior to fMRI analysis, the following preprocessing was applied
[63]: removal of non-brain voxels, discarding of the first six
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volumes of each fMRI dataset, 0.1 Hz low-pass filtering to remove
respiratory artifacts, motion correction, spatial smoothing (Gauss-
ian 3 mm FWHM kernel), grand-mean intensity normalization of
the entire 4D dataset by a single multiplicative factor, high-pass
temporal filtering (Gaussian-weighted least-squares straight line
fitting, with sigma =50.0 s). Registration of functional images to
the skull-stripped structural MRI scan and to the MNI macaque
template [65,66] was achieved with nonlinear registration using
FLIRT [67].

To establish increases in functional connectivity between brain
areas as a function of social status, we conducted partial
correlation analyses. A 3.375 mm® mask was drawn over the
coordinates identified as the centers of gravity of the 12 areas
(six in each hemisphere) in which significant DBM effects of
social status had been found (AMY, PH, RN, PPUT, DS, and
CAUD). This meant that the same coordinates were used both
in this analysis and in the follow-up DBM analysis of data
collected at a second time point. The masks were then
registered to each individual animal’s MRI scan and corrected
to ensure that they accurately covered the same region in each
individual. The individual animal masks were then registered
into each individual’s fMRI scan space, and the BOLD time
series were extracted from each mask in each monkey. We
partialled out the confounding influence of the whole brain
GM, white matter, and cerebrospinal fluid BOLD time courses
by using the FSL general linear model (GLM) tool. To avoid
multiple comparisons, we focused on just the left hemisphere—
the hemisphere in which we had begun our analysis. Second, in
order to further focus our analysis, we examined the correla-
tions in resting state activity in a network of areas with a
positive relationship with dominance and a network of areas
with a negative relationship to dominance. Therefore, we
focused on coupling between the largest area identified as
having a positive relationship with dominance (AMY) and each
of the other two areas that also had a positive relationship with
dominance (PH and RN) and then on the largest area identified
as having a negative relationship with dominance (PPUT) and
the other two areas that also had a negative relationship with
dominance (DS and CAUD).

The time series for four pairs of left hemisphere masks (AMY—
RN, AMY-PH, PPUT-CAUD, and PPUT-DS) were then
entered into four partial correlation analyses that each controlled
for the correlation with the BOLD time series in all 10 other
ROIs. So, for example, when examining the partial correlation
between left AMY and left RN BOLD times series, we controlled
for the correlation with the BOLD time series in left PH, PPUT,
CAUD, and DS and right AMY, RN, PH, PPUT, CAUD, and
DS. The resulting partial correlation values were then Fisher-
transformed and entered into a correlation with individual social
status values. This group-level correlation was performed after
the variance explained by age, weight, and sex was partialled out
using Matlab’s Regstats tool. Effectively, at this point we are
examining the correlation between each individual’s Fisher-
transformed value and its social status after controlling for age,
weight, and sex.

For illustration we plot the residuals of dominance against the
residuals of the partial correlations. We also distinguish which
animals had significant regional partial correlation coupling at
ecach end of the dominance spectrum. Those animals where
ROIXROI correlation coefficients were significant at p<<0.01
and whose dominance scores were less than the group median
(31.25) are indicated in blue. In contrast, those animals where
ROIXROI correlation coefficients were significant at $<<0.01
and whose dominance scores were more than the group median
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are indicated in red. There is a rough clustering of animals along
this dimension suggesting that subordinance is associated with
slight but significant positive coupling that becomes a more,
slight, but significant anticorrelation the more dominant an
animal is. Chi-squared tests in SPSS were used to examine this
relationship.

Supporting Information

Table S1 Six subcortical regions identified in both hemispheres
as showing significant correlation with social status.

(DOCX)

Table S2 Correlations between six subcortical regions in both
hemispheres and social status at a second time point. An asterisk
signifies more than one cluster identified in the volume of interest.

(DOCX)

Table 83 Summary of group housing for animals in the social
status analyses. Social status, sex, and group sizes at the time of
each scan are shown.

(DOCX)

Table S4 Summary of group housing for animals in the social
network size analysis (Figure 10). The group sizes at the time of
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