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Abstract

To analyze the functioning of the posterior cingulate cortex (PCC) in depression, we performed the first fully
voxel-level resting state functional-connectivity neuroimaging analysis of depression of the PCC, with 336
patients with major depressive disorder and 350 controls. Voxels in the PCC had significantly increased
functional connectivity with the lateral orbitofrontal cortex, a region implicated in non-reward and which is
thereby implicated in depression. In patients receiving medication, the functional connectivity between the
lateral orbitofrontal cortex and PCC was decreased back towards that in the controls. In the 350 controls, it
was shown that the PCC has high functional connectivity with the parahippocampal regions which are involved
in memory. The findings support the theory that the non-reward system in the lateral orbitofrontal cortex has
increased effects on memory systems, which contribute to the rumination about sad memories and events in
depression. These new findings provide evidence that a key target to ameliorate depression is the lateral
orbitofrontal cortex.



Introduction

Depression characterized by persistently sad or depressed mood is a major personal burden to sufferers and
their families, and is a major economic burden to society *. Neuroimaging studies have highlighted a number
of large-scale functional networks, such as the default mode network (DMN) 2, the salience network 2, the
frontoparietal network * and also the interactions between these networks, contributing to the pathophysiology
of depression, as recently reviewed °. Considerable evidence has shown the important role of the DMN in the
pathophysiology of major depression and it appears to be related to rumination and depression severity in
MDD °.

The posterior cingulate cortex is a key region of the default mode network with strong connectivity in
primates with the entorhinal cortex and parahippocampal gyrus, and thus with the hippocampal memory system
™. The posterior cingulate region (including the retrosplenial cortex) is consistently engaged by a range of
tasks that examine episodic memory including autobiographical memory, and imagining the future; and also
spatial navigation and scene processing ' . It has also been shown that the functional connectivity of the
posterior cingulate cortex is related to the rumination in depression 2. Further we detected some voxels in the
posterior cingulate cortex and precuneus with different functional connectivity in depression in a study
involving very stringent correction for multiple comparisons for every voxel pair across the whole brain, but
did not attempt to separate out the posterior cingulate cortex from the precuneus, nor to analyze how the
posterior cingulate cortex may be related to depression .

Given this background, the aim of the current investigation was to focus on the posterior cingulate cortex,
and to analyse how voxels in it may have altered functional connectivity in depression; how any different
functional connectivities in depression may be related to the symptoms of depression; whether there are
differences in effective connectivity in unmedicated patients with major depressive disorder; and the effects
of medication on functional connectivity in depression.

In this investigation, we performed the first voxel-level resting state functional-connectivity neuroimaging
analysis of depression of voxels in the posterior cingulate cortex (PCC) with all other voxels in the brain in a
large sample of 336 patients with depression and 350 matched controls. With this large dataset, we are able to
analyse every posterior cingulate voxel for significantly different functional connectivity with every voxel
throughout the rest of the brain in depressed people vs controls, in order to advance understanding of the
posterior cingulate cortex and depression. In this paper we utilize what we term ‘hypothesis-based voxel-level
functional connectivity analysis’ in which we select a brain region of interest, but then calculate for every
voxel in that region whether it has functional connectivity with individual voxels in every other brain region.
In the present paper, we select the posterior cingulate cortex as the region of interest, given the research on it
described above implicating it in depression, and then we show exactly which posterior cingulate voxels have
altered functional connectivity in depression with which individual voxels in every other brain area. The
advantage over previous seed-wise approaches is that this new method enables identification of which voxels
within the posterior cingulate have altered connectivity with other brain regions. Given that the posterior
cingulate cortex has 241 voxels, and that there are 47619 3 x 3 X 3 mm voxels in the automated anatomical
atlas (AAL2) brain **, the number of voxel pairs in this study was approximately (241>47619/2). This
methodology is quite different from, and more statistically powerful than, a whole brain voxel-to voxel
functional connectivity analysis, which, because there are so many voxels pairs in the whole brain, is rather
insensitive, for it carries a huge burden to correct for the multiple comparisons (1,133,760,771 voxel pairs
requiring normally p<107 for any effect to be significant **). The AAL2 atlas {Rolls, 2015 #6473} was used
to provide names for brain areas in which voxels were found, and to define the posterior cingulate cortex region.
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We note that the AAL2 region identified as PCC is mainly what has been termed ventral posterior cingulate
cortex (vPCC) *°. The PCC is an important site of convergence of the dorsal and ventral processing streams,
as it receives from medial and lateral parietal cortical areas, and from temporal cortical areas ® * *°. Further,
there are direct connections between the parahippocampal gyrus and the PCC, providing a major route via
PCC into hippocampal circuitry °. The vPCC is activated during self-reflection and self-imagery **°. The PCC

also has direct connections from the orbitofrontal cortex & ° *°,

The focus here is on the posterior cingulate cortex, because not only is it implicated in depression as
described above, but also it is implicated in emotion and processes fundamental to emotion such as the
processing of rewards and non-rewards 2?2, We relate the discoveries described here to a new theory of
depression in which an area that projects to the posterior cingulate cortex, the lateral orbitofrontal cortex, has
increased sensitivity of a non-reward attractor in depression; and the medial orbitofrontal cortex reward system
is underactive in depression 2,

Methods
Participants

There were 336 patients with a diagnosis of major depression, and 350 controls. The patients were from
Taiwan (Veteran General Hospital, Taipei) and Xinan (First Affiliated Hospital of Chongging Medical School
in Chongging, China). All participants were diagnosed according to the Diagnostic and Statistical Manual of
Mental Disorder-1V criteria for major depressive disorder. Depression severity and symptomatology were
evaluated by the Hamilton Depression Rating Scale (HAMD, 17 items) 2° and the Beck Depression Inventory
(BDI) %, 211 of the patients were receiving medication at the time of the neuroimaging. The medication
consisted in most cases of selective serotonin reuptake inhibitors (SSRIs) including fluoxetine, paroxetine,
sertraline, citalopram and escitalopram; or serotonin-norepinephrine reuptake inhibitors (SNRIs) such as
venflaxine, or a tetracyclic antidepressant such as mirtazepine. Table S2 provides a summary of the
demographic information and the psychiatric diagnosis of the participants, and fuller information is provided
in the Supplementary Material.

Image Acquisition and Preprocessing

Data for resting state functional connectivity analysis were collected in 3T MRI scanners in an 8 min
period in which the participants were awake in the scanner not performing a task using standard protocols
described in the Supplementary Material. Data preprocessing was standard, as has been described before *3,
and details are provided in the Supplementary Material.

Hypothesis based voxel-wise association studies

In the present study, each resting-state fMRI volume included 47,619 voxels, and the posterior cingulate
cortex region of interest had 241 voxels in the AAL2 atlas '*. For each pair of voxels in the cingulate cortex
and voxels in all other brain areas, the time series were extracted and their Pearson correlation was calculated
for each subject, to provide the measure of functional connectivity, followed by z-transformation. Two-tailed,
two-sample t-tests were performed on the Fisher’s z-transformed correlation coefficients to identify
significantly altered functional connectivity links in patients with depression compared to controls within each
imaging centre. The effects of age, gender ratios, head motion (mean framewise displacements (FD)) and
education were regressed out within each dataset in this step by a generalized linear model 2”28, After obtaining
the t-test results (p value for each functional connectivity) for each centre, the Liptak-Stouffer z score method
2% (described in detail in previous studies ** % 31) was then used to combine the results from the individual
datasets. (With this approach, no dummy covariates for the dataset sites are needed.) Specifically, the p-value
of each functional connectivity resulting from the two-sample t-test in the previous step was converted to its
corresponding z score. This was calculated firstly as in equation: z;, = ®~1(1 — p;), where @ is the standard
normal cumulative distribution function and k represent the k centre. Next, a combined z score for a
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functional connectivity was calculated using the Liptak-Stouffer formula: Z = ¥ wyz,. /Y wi, where wy, =

Jsample size is the weight of the k’th dataset.

Finally, the Z is transformed into its corresponding p-value, and a FDR procedure was used to correct for
multiple comparisons across the (241 >x47619/2) voxel pairs. The results are presented based on this statistical
test with FDR p<0.05, corresponding to a p threshold of 4.4 x 105 in the Z-tests.

Visualization of the differences in functional connectivity (FC) for each voxel

To illustrate in some of the Figures the extent to which voxels in different brain areas had differences of FC
between patients and controls, we used a measure for the association (MA) between a voxel i and the brain
disorder. This was defined as: MA = N,, where N, isthe number of links between voxel i and every other
voxel in the brain that have a p-value of less than a (in the present study a = 4.4 x 107°) in z-tests
comparing patients with controls. A larger value of MA implies a more significant difference in functional
connectivity.

Clinical correlates

We also investigated whether the differences in functional connectivity (FC) between patients and controls
were correlated with clinical variables (the Hamilton depression rating Scale (HAMD) %, Beck Depression
Inventory (BDI) %, and illness duration ***%). We used the Liptak-Stouffer z-score method # to combine the
data from the different neuroimaging sites for this analysis, for this provides a principled way to take into
consideration possible differences in these measures between sites. Specifically, the functional connectivity of
the voxels with significant differences of functional connectivity (after FDR correction at P < 0.05, and within
the voxel clusters shown in Table 1) was measured for each of the AAL2 regions within which the voxels were
located. In this way, 17 regions of interest (ROI) were identified. Then we calculated the partial correlation
between the ROI-wise FCs and the clinical scores, with head motion, education, sex, age and medication as
covariates so that they did not contribute to the correlation between the FCs and the clinical scores, in each
individual centre. Then we used the Liptak-Stouffer z-score method to combine the results from the individual
datasets .

Results

A voxel-level Association Study (VAS) of posterior cingulate gyrus voxels with different functional
connectivity in depressed patients.

As shown in Figure 1 many posterior cingulate cortex voxels (Y=-42 to Y=-54) had overall increased
functional connectivity with voxels in other brain areas in depression. The voxels in other brain areas with
increased functional connectivity with the PCC include the lateral orbitofrontal cortex (Y=48 to Y=33);
temporal pole (Y=24 to Y=15); inferior frontal gyrus (Y=24 to Y=6); parahippocampal gyrus (Y=-9 to Y=-
27); and the fusiform gyrus (Y=-54 to Y=-63). There was decreased functional connectivity in depression to
some voxels in the anterior cingulate cortex. The whole group of patients was included for this figure.

To investigate the brain areas between which there was different functional connectivity in depression,
and whether it was increased or decreased, the functional connectivity (FC) of the posterior cingulate cortex
voxels with significant differences of FC (after FDR correction at p<0.05) was measured for each of the AAL2
regions within which the voxels were located. (A list of abbreviations of the AAL2 areas ** is provided in Table
S1.) The functional connectivity differences are shown in Table 1, which shows the MNI coordinates of the
different groups of voxels found in different brain areas that had significantly different FC in depression, the
numbers of such voxels, and a significance score. The brain areas include the lateral orbitofrontal cortex
(AAL2 areas OFClat and Frontal_Inf_Orb_2, with mainly increases of FC, as shown in Fig. 1); the anterior
cingulate cortex (decreased FC); the fusiform gyrus (mainly decreased FC); the temporal cortex areas

(Temp_Inf and Temp_Pole); the inferior frontal gyrus (Frontal _Inf_Oper, Frontal_Inf_Tri); the middle and
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superior frontal gyri; occipital areas; the precuneus and cuneus; and middle orbitofrontal cortex (OFC_ant,
OFC_post, decreased). The parts of the inferior frontal gyrus are shown in Fig. 1 and the coordinates shown

in Table 1 are close to those of the inferior frontal gyrus region with connections with the motor laryngeal area
34

Comparison of the functional connectivity in healthy controls and in patients with depression

Fig. 4 shows the functional connectivity between the posterior cingulate cortex and other brain areas in
healthy controls. This shows that in controls the PCC has moderately high FC with superior and middle frontal
gyri, and a part of the inferior frontal gyrus; the lateral orbitofrontal cortex; the anterior cingulate cortex down
into the gyrus rectus; the temporal pole; the hippocampus and parahippocampal areas; the fusiform gyri; and
the precuneus and parts of the lateral parietal cortex. Additional information on some of these functional
connectivities is shown in Table S3 in the column labelled ‘FC of controls’.

Table S3 shows a comparison between the functional connectivity in the healthy controls and in all the
patients with major depressive disorder (i.e. including medicated and unmedicated patients), for the areas with
significant differences. The functional connectivity value shown is the mean r (correlation) value between the
significant voxels in the posterior cingulate cortex and all significant voxels in each of the AAL2 areas
indicated. For comparison, the mean r value for the FC of the PCC with all other brain areas in the healthy
controls is 0.129. Table S3 shows that in healthy controls the PCC has moderately high FC with superior and
middle frontal gyri; the lateral orbitofrontal cortex; the anterior cingulate cortex; the fusiform gyri; the
precuneus, the temporal pole, and the inferior frontal gyrus regions noted above. Table S3 also shows the mean
values in the patients with depression (i.e. including both the medicated and unmedicated patients), and the t
and p values of the differences from the healthy controls. Table S3 makes it clear that on average there was in
depression (in the whole group of all patients) increased FC (a positive t value) of the PCC with the lateral
orbitofrontal cortex (AAL2 areas OFClat and Frontal_Inf_Orb_2); with the inferior frontal gyrus
(Frontal_Inf_Oper and Frontal_Inf_Tri); and with the temporal pole. Table S3 also makes it clear that on
average there was in depression decreased FC (a negative t value) of the PCC with the anterior cingulate cortex;
the precuneus; and parts of the superior frontal gyrus when the whole depression group including medicated
patients is considered.

Functional connectivity of unmedicated patients with depression.

The analyses shown in Fig. 1 and Table 1 included 125 patients without medication, and 211 with
antidepressant medication. Given that all patients from Taiwan were medicated and the sample size was much
smaller, the analysis on the effect of medication was performed only with the Xinan dataset. The patients with
medication tended to be longer term patients that those without medication, who were in many cases first
episode patients. When we refer to medicated vs unmedicated in what follows, the longevity of the depression
may be a factor. Nevertheless, important comparisons can be made as follows.

Fig. 2 shows the difference in the functional connectivities of the 125 unmedicated patients from the 254
controls. This shows that the main differences are an increase in functional connectivity between the PCC and
the lateral orbitofrontal cortex, and between the PCC and inferior frontal gyrus, in unmedicated patients with
depression. The lateral orbitofrontal cortex regions is on the right between X=51 and X=27. The inferior frontal
gyrus region is shown between X=45 and X=43.

Effect of medication on functional connectivity involving the posterior cingulate cortex

To investigate where the medication may influence the functional connectivity, we show in Fig. 3 the
voxels with different functional connectivity between the 125 unmedicated patients and the 157 medicated
patients. Blue in this diagram indicates a reduction in FC produced by the medication. The medication is
associated with a reduction of FC between the lateral orbitofrontal cortex and the PCC. Thus for the lateral
orbitofrontal cortex links with increased FC with the PCC in unmedicated depression, the depression reduces



those functional connectivities. An implication is that one way in which antidepressants work is by reducing
the FC between the lateral orbitofrontal cortex and the PCC.

In addition, the medication reduced the FC of the PCC with the ventral insula (an area implicated in
autonomic function); with the middle frontal gyrus (an area implicated in working memory); and with the
temporal lobe cortex (Fig. 3).

Clinical status correlates of the increased posterior cingulate gyrus functional connectivities in
depression

To obtain further evidence on whether the functional connectivities that were significantly different in
depression, we performed correlation analyses between the clinical measures and the AAL2 region based
functional connectivities. It was found that illness duration was negatively correlated with the decrease in
functional connectivity between the PCC and the anterior cingulate cortex (r=0.12, p=0.03). These correlations
provide additional evidence closely relating the differences in functional connectivity described here to the
depression.

Discussion

The main findings were as follows. VVoxels in the PCC had significantly increased functional connectivity
with the lateral orbitofrontal cortex, a region implicated in non-reward and which is thereby implicated in
depression. PCC voxels also had increased functional connectivity with the inferior frontal gyrus in depression.
In patients receiving medication, the functional connectivity between the lateral orbitofrontal cortex and PCC
was increased back towards that in the controls. In the 350 controls, it was shown that the PCC has high
functional connectivity with the parahippocampal regions which are involved in memory.

The posterior cingulate cortex (area 23) % is a key region related to memory ’. (It is noted that the
adjoining retrosplenial cortex (areas 29 and 30) is included in AAL2 area the precuneus.) It provides
connections to and receives connections from the hippocampal system, connecting especially with the
parahippocampal gyrus areas TF and TH, and with the subiculum %3¢ with the functional connectivity shown
in Fig. 4. The PCC can be conceptualized as providing access to the hippocampus for spatial and related
information from the parietal cortex (given the rich connections between the PCC and parietal cortex & 3 %
evident in Fig. 4), and with object information from the temporal lobe connecting to and from the hippocampus
via the perirhinal cortex . This provides a basis for the hippocampus to associate together object and spatial
information in the single network in the CA3 region of the hippocampus, to form an episodic memory with
object and spatial components *°. However, reward-related / emotional information may also be part of an
episodic memory, and connections from the orbitofrontal cortex to the hippocampal system via the posterior
cingulate cortex as well as by the perirhinal and entorhinal cortex pathway are the two main routes 2% 38 40.41,
Interestingly, the relatively strong functional connectivity between the PCC and the lateral orbitofrontal cortex
described here and illustrated in Fig. 4, indicates that reward / punishment-related information also enters this
part of the system, and consistently, the parahippocampal region is activated by negative / sad mood induction
4243 ‘Indeed, although the PCC can be activated by happy and neutral stimuli in healthy individuals ** %, one
of the points made here is that the inputs to the PCC may be biased towards unhappy or sad events because of

the increased functional connectivity with the lateral orbitofrontal cortex in depression revealed here.
Although a number of areas shown in Fig. 1 had altered functional connectivity in depression with the
PCC, it was found that it was primarily the link between the PCC and the lateral orbitofrontal cortex that stood
out in unmedicated patients. It was of interest that the medication reduced the FC between the PCC and the
lateral orbitofrontal cortex. The other link that stood out in the unmedicated patients was the increased
functional connectivity between the PCC and the inferior frontal gyrus region shown in Fig. 2 (and also in Fig.
1 and Table 1 for the whole group of patients) which is probably the inferior frontal gyrus region with
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connections with the motor laryngeal area 3. It is suggested that this is related to the increased rumination in
depression which may produce subliminal speech-related effects.

To test some of the implications of the findings described here, it would be of interest to perform a
functional neuroimaging study in which activations in the PCC and the lateral orbitofrontal cortex to sad vs
happy memories are measured. The prediction is that in the PCC and the lateral orbitofrontal cortex the

activations would be higher in depressed people for sad vs happy memories.

In a previous study, it was found that some voxels in the lateral orbitofrontal cortex had increased
functional connectivity with the precuneus and posterior cingulate cortex, which are nearby and connected
brain regions 3. In the present study we were able to separate out the involvement of the posterior cingulate
cortex as follows. An implication is that the increased functional connectivity of the lateral orbitofrontal cortex,
a region implicated in non-reward and punishment and therefore related to depression % #!, with these posterior
regions is to the PCC, a brain region involved in memory. The clear implication is that the lateral orbitofrontal
cortex — PCC circuit is related to the enhanced bias towards negative memories and rumination in depression.
Indeed, this is complemented by reduced functional connectivity between the medial orbitofrontal cortex, a
region implicated in reward, and the parahippocampal gyrus, other main input / output region for hippocampal
circuitry 3. The implication is that there is reduced processing of sad memories related to the medial
orbitofrontal cortex - parahippocampal gyrus circuit **, and increased processing of sad memories related to
the lateral orbitofrontal cortex — PCC circuit in depression as described here. We propose that these two
complementary processes are related to the rumination of negatively valenced thoughts in depression.

The findings described here are also of conceptual interest in relation to brain systems involved in memory
and emotion % “°. One route for information related to reward and punishment, and therefore to emotion, to
gain access to memory systems is via the orbitofrontal cortex projections to the perirhinal cortex and thus to
the entorhinal cortex and hippocampus 3 “6 4", Here we show functional connectivity between the lateral
orbitofrontal cortex and posterior cingulate cortex, which via its connections to the parahippocampal gyrus
and entorhinal cortex, provides a second route for reward and punishment related information involved in
emotion, especially from the lateral orbitofrontal cortex, to reach the hippocampal memory system. Moreover,
we show here that this lateral orbitofrontal cortex to posterior cingulate cortex system has enhanced functional
connectivity in depression, which may contribute to the sad ruminating thoughts in depression.

The importance of the present study is that by focusing on the posterior cingulate cortex, and using very
large neuroimaging datasets of patients with depression and controls, we were able to characterize the altered
functional connectivity at the voxel level in depression of the posterior cingulate cortex with other brain regions.
A strength of this investigation is that we analyzed functional connectivity at the level of voxel to voxel
functional connectivity. This was made possible by the uniquely large sample size, which enabled the
conclusions described above to be reached. The findings support the theory that the non-reward system in the
lateral orbitofrontal cortex has increased effects on memory systems, which contribute to the rumination about
sad memories and events in depression 2> 244! These new findings provide further evidence that a key target
to ameliorate depression is the lateral orbitofrontal cortex 23 44849,
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Table 1. Numbers of voxels in different AAL2 areas with significantly different functional connectivity with
the posterior cingulate cortex (PCC) in patients with depression. For PCC, the table shows the number of PCC
voxels that have different functional connectivity with the whole brain (FDR corrected, p<0.05). The other
entries in the table show the numbers of voxels in each of the specified brain regions with different functional
connectivity with PCC voxels (FDR corrected, p<0.05). The z value is the sum across voxels and FC links of
the absolute value of the z score for a significant link between a pair of voxels. Here, we only show clusters
with more than 10 voxels.

Areas Sum z value # Voxels I\/I(ll\ii:l(():);‘(d‘i? ;t)es
OFCant_R, OFCpost_R 197.8 12 39 36 -15
Frontal_Inf Orb_2_ R, OFClat_ R 205.7 30 36 36 -12
Cingulate_Ant_L, Cingulate_ Ant R 456.5 170 -3 36 3
Cuneus_L, Cuneus_R, Precuneus_L 52.0 30 -9 -60 21
Temporal_Pole_Mid_L 112.7 23 -33 18 -39
Occipital_Inf_L, Temporal_Inf_L 4.3 23 -51 -60 -12
Fusiform_L, Fusiform_R 50.8 78 -33 -42 -18
Frontal_Mid_2 R, Frontal_Inf _Tri_R 84.4 24 54 48 -3
Frontal Sup_Medial_L, Frontal Sup_Medial R 39.5 40 -3 60 9
Cingulate_Post_L, Cingulate_Post_ R 926.5 203 -9 -45 30
Frontal_Inf Oper_R, Frontal Inf Tri_R 722.5 120 36 12 27
Frontal Sup 2 L, Frontal Mid_2 L 52.0 26 -30 21 36
Frontal Mid 2 R 34.8 19 42 15 54

11



References

1. Matrix. Economic analysis of workplace mental health promotion and mental disorder prevention
programmes and of their potential contribution to EU health, social and economic policy objectives.
Executive Agency for Health and Consumers, Specific Request EAHC/2011/Health/19 for the
Implementation of Framework Contract EAHC/2010/Health/01 /Lot 2 (2013).

2. Sheline, Y.I, et al. The default mode network and self-referential processes in depression.
Proceedings of the National Academy of Sciences 106, 1942-1947 (20009).

3. Sikora, M., et al. Salience Network Functional Connectivity Predicts Placebo Effects in Major
Depression. Biol Psychiatry Cogn Neurosci Neuroimaging 1, 68-76 (2016).

4. Kaiser, R.H., Andrews-Hanna, J.R., Wager, T.D. & Pizzagalli, D.A. Large-Scale Network
Dysfunction in Major Depressive Disorder: A Meta-analysis of Resting-State Functional Connectivity.
JAMA Psychiatry 72, 603-611 (2015).

5. Mulders, P.C., van Eijndhoven, P.F., Schene, A.H., Beckmann, C.F. & Tendolkar, I. Resting-state
functional connectivity in major depressive disorder: A review. Neurosci. Biobehav. Rev. 56, 330-344
(2015).

6. Zhu, X., et al. Evidence of a dissociation pattern in resting-state default mode network
connectivity in first-episode, treatment-naive major depression patients. Biol. Psychiatry 71, 611-617
(2012).

7. Bubb, E.J., Kinnavane, L. & Aggleton, J.P. Hippocampal - diencephalic - cingulate networks for
memory and emotion: An anatomical guide. Brain Neurosci Adv 1 (2017).

8. Vogt, B.A. ed. Cingulate Neurobiology and Disease (Oxford University Press, Oxford, 2009).
9. Vogt, B.A. & Pandya, D.N. Cingulate cortex of the rhesus monkey: I1. Cortical afferents. J. Comp.
Neurol. 262, 271-289 (1987).

10. Auger, S.D. & Maguire, E.A. Assessing the mechanism of response in the retrosplenial cortex of
good and poor navigators. Cortex 49, 2904-2913 (2013).

11. Leech, R. & Sharp, D.J. The role of the posterior cingulate cortex in cognition and disease. Brain
137, 12-32 (2014).

12. Berman, M.G.,, et al. Depression, rumination and the default network. Soc. Cogn. Affect. Neurosci.
6, 548-555 (2011).

13. Cheng, W., et al. Medial reward and lateral non-reward orbitofrontal cortex circuits change in
opposite directions in depression. Brain 139, 3296-3309 (2016).

14. Rolls, E.T., Joliot, M. & Tzourio-Mazoyer, N. Implementation of a new parcellation of the
orbitofrontal cortex in the automated anatomical labeling atlas. Neuroimage 122, 1-5 (2015).

15. Vogt, B.A. & Laureys, S. The primate posterior cingulate gyrus: connections, sensorimotor
orientation, gateway to limbic processing. in Cingulate Neurobiology and Disease (ed. B.A. Vogt)
275-308 (Oxford University Press, Oxford, 2009).

16. Kircher, T.T., et al. The neural correlates of intentional and incidental self processing.
Neuropsychologia 40, 683-692 (2002).

17. Kircher, T.T., et al. Towards a functional neuroanatomy of self processing: effects of faces and

words. Brain Res. Cogn. Brain Res. 10, 133-144 (2000).
12



18. Johnson, S.C., et al. Neural correlates of self-reflection. Brain 125, 1808-1814 (2002).

19. Sugiura, M., et al. Cortical mechanisms of visual self-recognition. Neuroimage 24, 143-149
(2005).

20. Grabenhorst, F. & Rolls, E.T. Value, pleasure, and choice in the ventral prefrontal cortex. Trends
Cogn. Sci. 15, 56-67 (2011).

21. Rolls, E.T. The anterior and midcingulate cortices and reward. in Cingulate Neurobiology and
Disease (ed. B.A. Vogt) 191-206 (Oxford University Press, Oxford, 2009).

22. Rolls, E.T. Emotion and Decision-Making Explained (Oxford University Press, Oxford, 2014).
23. Rolls, E.T. A non-reward attractor theory of depression. Neurosci. Biobehav. Rev. 68, 47-58
(2016).

24. Rolls, E.T. The roles of the orbitofrontal cortex via the habenula in non-reward and depression,
and in the responses of serotonin and dopamine neurons. Neurosci. Biobehav. Rev. 75,331-334 (2017).
25. Hamilton, M. A rating scale for depression. J. Neurol. Neurosurg. Psychiatry 23, 56-62 (1960).
26. Beck, A.T. & Beamesderfer, A. Assessment of depression: the depression inventory. Mod. Probl.
Pharmacopsychiatry 7, 151-169 (1974).

27. Di Martino, A., ef al. The autism brain imaging data exchange: towards a large-scale evaluation
of the intrinsic brain architecture in autism. Mol. Psychiatry 19, 659-667 (2014).

28. Barnes, J., et al. Head size, age and gender adjustment in MRI studies: a necessary nuisance?
Neuroimage 53, 1244-1255 (2010).

29. Liptak, T. On the combination of independent tests. Magyar Tud Akad Mat Kutato Int Kozl 3,
171-197 (1958).

30. Cheng, W., Rolls, E.T., Gu, H., Zhang, J. & Feng, J. Autism: reduced functional connectivity
between cortical areas involved in face expression, theory of mind, and the sense of self. Brain 138,
1382-1393 (2015).

31. Cheng, W,, et al. Voxel-based, brain-wide association study of aberrant functional connectivity
in schizophrenia implicates thalamocortical circuitry. NPJ Schizophr 1, 15016 (2015).

32. Bell-McGinty, S., et al. Brain morphometric abnormalities in geriatric depression: long-term
neurobiological effects of illness duration. Am. J. Psychiatry 159, 1424-1427 (2002).

33. de Diego-Adelino, J., et al. Microstructural white-matter abnormalities associated with treatment
resistance, severity and duration of illness in major depression. Psychol. Med. 44, 1171-1182 (2014).
34. Kumar, V., Croxson, P.L. & Simonyan, K. Structural Organization of the Laryngeal Motor
Cortical Network and Its Implication for Evolution of Speech Production. J. Neurosci. 36,4170-4181
(2016).

35. Kobayashi, Y. & Amaral, D.G. Macaque monkey retrosplenial cortex: III. Cortical efferents. J.
Comp. Neurol. 502, 810-833 (2007).

36. Kobayashi, Y. & Amaral, D.G. Macaque monkey retrosplenial cortex: II. Cortical afferents. J.
Comp. Neurol. 466, 48-79 (2003).

37. Kobayashi, Y. & Amaral, D.G. Macaque monkey retrosplenial cortex: I. three-dimensional and
cytoarchitectonic organization. J. Comp. Neurol. 426, 339-365 (2000).

38. Rolls, E.T. Limbic systems for emotion and for memory, but no single limbic system. Cortex 62,
119-157 (2015).

39. Kesner, R.P. & Rolls, E.T. A computational theory of hippocampal function, and tests of the
theory: new developments. Neurosci. Biobehav. Rev. 48, 92-147 (2015).

40. Rolls, E.T. Cerebral Cortex: Principles of Operation (Oxford University Press, Oxford, 2016).
13



41. Rolls, E.T. The orbitofrontal cortex and emotion in health and disease, including depression.
Neuropsychologia doi: 10.1016/j.neuropsychologia.2017.1009.1021 (2017).

42. Renner, F., et al. Negative mood-induction modulates default mode network resting-state
functional connectivity in chronic depression. J. Affect. Disord. 208, 590-596 (2017).

43. Zamoscik, V., Huffziger, S., Ebner-Priemer, U., Kuehner, C. & Kirsch, P. Increased involvement
of the parahippocampal gyri in a sad mood predicts future depressive symptoms. Soc. Cogn. Affect.
Neurosci. 9, 2034-2040 (2014).

44. George, M.S., Ketter, T.A., Parekh, P.I., Herscovitch, P. & Post, R.M. Gender differences in
regional cerebral blood flow during transient self-induced sadness or happiness. Biol. Psychiatry 40,
859-871 (1996).

45. Phillips, M.L., et al. Neural responses to facial and vocal expressions of fear and disgust. Proc.
R. Soc. Lond. B. Biol. Sci. 265, 1809-1817 (1998).

46. Rolls, E.T. & Wirth, S. Spatial Representations in the primate hippocampus: evolution and
function. Neurosci. Biobehav. Rev., in revision (2018).

47. Rolls, E.T. The storage and recall of memories in the hippocampo-cortical system. Cell Tissue
Res., doi: 10.1007/s00441-00017-02744-00443 (2017).

48. Fettes, P., Peters, S., Giacobbe, P., Blumberger, D.M. & Downar, J. Neural correlates of
successful orbitofrontal 1 Hz rTMS following unsuccessful dorsolateral and dorsomedial prefrontal
rTMS in major depression: A case report. Brain Stimul 10, 165-167 (2017).

49. Fettes, P., Giacobbe, P., Blumberger, D. & Downar, J. Neural correlates of successful inhibitory
OFC-rTMS in major depressive disorder. Biol. Psychiatry 81, S402 (2017).

14



Figure legends

Figure 1. Anatomical location of voxels with significantly different functional connectivity with the
posterior cingulate cortex in depression obtained from the voxel-based Association Study (vVAS). Data
from the whole group of patients, i.e. medicated and unmedicated, were included for this figure. z values are
shown for each voxel, showing the mean difference of functional connectivities for patients with depression -
controls. Red thus indicates an increase in functional connectivity in depression, and blue a decrease. (The z
value shown for each voxel is the sum of the absolute values of the z for each significantly different link to a
voxel, with a red colour if the sum of the signed values is positive. This enables the effects of different numbers
of different links to a voxel to be illustrated. Links are considered only if they are significantly different with
FDR correction with p<0.05.) The right of the brain is on the right of each slice. The Y and X values are in
MNI coordinates.

A. Coronal slices. (figure 1a.tif)

B. Parasagittal slices. (figure 1b new?2.tif)

Figure 2. Anatomical location of voxels with significantly different functional connectivity with the
posterior cingulate cortex in depression in 125 unmedicated patients vs 254 controls obtained from the
voxel-based Association Study (vAS). z values are shown for each voxel, showing the mean difference of
functional connectivities for patients with unmedicated depression - controls. Red thus indicates an increase
in functional connectivity in depression, and blue a decrease. (The z value shown for each voxel is the sum of
the absolute values of the z for each significantly different link to a voxel, with a red colour if the sum of the
signed values is positive. This enables the effects of different numbers of different links to a voxel to be
illustrated. Links are considered only if they are significantly different with p<0.0001.) The X values are in
MNI coordinates. This shows that the main differences are an increase in functional connectivity between the
PCC and the lateral orbitofrontal cortex in depression that is unmedicated. (figure 2Sag.tif)

Figure 3. Voxels in the brain with different functional connectivity in the comparison medicated — non-
medicated patients with depression. z values are shown for each voxel, showing the mean difference of
functional connectivities for patients with medicated depression — non-medicated depression. Blue thus
indicates a decrease in functional connectivity associated with the medication. (The z value shown for each
voxel is the sum of the absolute values of the z for each significantly different link to a voxel, with a red colour
if the sum of the signed values is positive. This enables the effects of different numbers of different links to a
voxel to be illustrated. Links are considered only if they are significantly different with p<0.001.) The right
of the brain is on the right of each slice. The Y values are in MNI coordinates. (figure 3.tif)

Figure 4. Functional connectivity of the posterior cingulate cortex in 350 healthy controls. r values are
shown, thresholded at r=20.16. (figure4.tif)
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