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Loneliness and depression dissociated on parietal-centered networks in cognitive and resting states
Robin Shao Ph.D 1,2 , Ho-Ling Liu Ph.D 3, Chih-Mao Huang Ph.D 4, Yao-Liang Chen M.D 5, Mengxia Gao M.Sc 1,2, Shwu-Hua Lee M.D 6,7, Chemin Lin M.D*8, Tatia M.C. Lee Ph.D*1,2
Supplementary Materials
1 State Key Laboratory of Brain and Cognitive Sciences, The University of Hong Kong, Hong Kong
2 Laboratory of Neuropsychology, The University of Hong Kong, Hong Kong
3 Department of Imaging Physics, University of Texas MD Anderson Cancer Center, Houston, TX, US
4 College of Biological Science and Technology, National Chiao Tung University, Hsinchu, Taiwan 

5 Department of Medical Imaging and Intervention, Chang Gung Memorial Hospital, Keelung, Taiwan

6 Department of Psychiatry, Linkou Chang Gung Memorial Hospital, Taiwan 

7 College of Medicine, Chang Gung University, Taiwan

8 Department of Psychiatry, Chang Gung Memorial Hospital, Keelung City, Taiwan
Correspondence to:

Tatia M.C. Lee, Ph.D.

Address: Room 656, Laboratory of Neuropsychology, The Jockey Club Tower, The University of Hong Kong, Pokfulam Road, Hong Kong

Tel.: 852-39178394

E-mail address: tmclee@hku.hk

Chemin Lin, M.D.

Address: Department of Psychiatry, Keelung Chang Gung Memorial Hospital, Keelung, Taiwan

Tel: 886-3-3281200

E-mail address: chemin117@gmail.com

Participants

All participants were right-handed as assessed with the Edinburgh Handedness Inventory (Oldfield, 1971), had normal or corrected-to-normal sight and normal color vision, and screened for contraindication for entering the magnetic resonance imaging (MRI) scanner.

Sample sizes of the MDD and HC groups were determined to be superior or comparable to those of a number of previous and recent functional imaging studies investigating the effect of loneliness (Cacioppo et al. 2009; Wong et al. 2016) or MDD (Wagner et al. 2006; Mitterschiffthaler et al. 2008; Vasic et al. 2009; Chantiluke et al. 2012; Müller et al. 2013; Wong et al. 2016). 

The stroop color-word task stimuli
The task was originally developed as a Chinese adaptation of the Stroop Colour-Word Victoria Version (Lee and Chan, 2000). This task had been pilot-tested on 10 participants, and the 1-month test-retest reliability based on 20 participants was 0.9 (Lee & Chan, 2000). The task was later adapted for fMRI (Lee et al. 2008). The 12 affectively neutral, color-unrelated words were selected from the Contemporary Chinese Word Frequency Dictionary (1986). All words were rated by an independent panel of clinical psychologists blind to the purpose of the study on valence, using a 7-point Likert scale ranging from 3 (very positive) to -3 (very negative). The mean affective score of the neutral words was -0.02 (SD=0.13). The length of all neutral and color words were identical (i.e. 2 Chinese characters). The selected neutral words showed comparable frequency of use as the colour words. The visual complexity of the neutral and colour words were also balanced (the number of strokes in the character was 18.8 and 18.3). Most of the words overlapped with those used by Compton et al. (2003). All word stimuli were printed in Arial font, size 28. 
Neutral words (English translation): 

Data; Equivalent; Effect; Division; Graph; Influence; Subtract; Year; Odd number; Chart; hour; Month. 
The stroop color-word task design

Within each incongruent block, each of the 4 colors (red, blue, green or yellow) featured the meaning and ink color of the upper word for 3 times, delivered in a pseudo-random sequence. Half trials required ‘yes’ and the other half required ‘no’ responses, which were also pseudo-randomly arranged. The spatial positions of the ‘yes’ and ‘no’ response buttons were counter-balanced across participants. Before entering the fMRI scanner, participants received task instructions and practiced for at least 10 trials until full comprehension. The fMRI task lasted for 3 minutes and 12 seconds.
Our task consisted of alternating blocks of incongruent and neutral conditions, which were previously shown to elicit robust interference effect (Mohanty et al., 2007). In FMRI tasks, block design allows maximizing power of signal detection and contrast (Liu et al., 2001).

Imaging acquisition parameters

All MRI and fMRI images were acquired on a clinical 3-T MRI scanner using an 8-channel head coil (Discovery MR 750, GE Healthcare). For the colour stroop paradigm, a total of 64 3.44×3.44×4 mm3 T2*-weighted gradient echo-planar images (slice number/TR/TE/flip angle = 36/3000 ms/30 ms/90o, matrix=64×64, FOV = 220×220 mm2) were collected. 

For resting-state data, totally 180 3.44×3.44×4 mm3 T2*-weighted images were collected (slice number/TR/TE/flip angle = 36/2000 ms/30 ms/90o, matrix=64×64, FOV = 220×220 mm2). Participants were instructed to stake awake with eyes closed and not think about anything in particular. 

Anatomical T1-weighted images were acquired (160 sagittal slices, TR/TE/flip angle=8.2 ms/3.2 ms/12°, matrix= 256×256, FOV=250×250×160 mm3; voxel size=0.98×0.98×1 mm3) for co-registration with the EPI.

Stroop task imaging preprocessing

Stroop task-related fMRI images were slice-timing corrected, realigned, normalized to the MNI standard space using the Diffeomorphic-Anatomical-Registration-Using-Exponentiated-Lie-Algebra (DARTEL) procedure, and resampled to 3×3×3 mm3 before being smoothed using a 6-mm-FWHM Gaussian kernel. No participant showed head motions exceeding a voxel in any direction.

The TFCE method

TFCE procedure was performed using the TFCE toolbox of SPM12. This method alleviates problems commonly associated with parametric methods, such as inflated type-I error rates when making cluster-based inferences (Eklund et al. 2016). Importantly, the TFCE technique bypasses the need to set initial cluster-forming thresholds by calculating voxel-wise TFCE values that represent the amount of cluster-like local spatial support, while making minimal assumptions on the spatial distribution of image smoothness levels (Smith & Nichols, 2009). In our study, the TFCE procedure was performed using 1000 permutations following the toolbox’s advice. 
Resting-state imaging preprocessing

The first 5 volumes were discarded to allow for MR signal equilibrium. Preprocessing for resting-state data included slice-timing correction and realignment to correct for head motion. In particular, several procedures were performed to minimize the confounding motion effect. First, we ensured that all participants displayed less than 2.5mm or 2.5o in translational or rotational motion. Second, data were scrubbed based on Power framewise displacement (FD) at a default threshold of 0.5 (Yan et al., 2016). Third, Friston 24 motion parameters were generated during realignment and these, alone with the scrubbing regressors, were regressed out from the data to remove motion effect. Lastly, we investigated whether the scrubbing procedure produced any bias to the effects of interest. Importantly, no significant effect of MDD, loneliness or MDD × loneliness was discovered for participants’ FD values (ps>.12), or scrubbed volume numbers (ps>.23), further minimizing the possibility that at the currently-employed scrubbing criterion, any observed between-group difference on resting-state connectivity could be due to between-group difference in motion (Power et al., 2014). The white matter and cerebral spinal fluid signals were additionally regressed out from the data (Murphy et al. 2009). The data were then normalized to the MNI space using the DARTEL procedure and resampled to 3×3×3 voxels, smoothed using 6-mm FWHM Gaussian kernel, detrended and temporally band-pass filtered at 0.01-0.1 Hz.

Whole-brain task activation results

At the whole-brain level, relative to neutral trials, incongruent trials elicited pronounced activations in the prefrontal-parietal networks across all participants (Supplementary Table S1). The MDD×loneliness effect generated a small significant cluster at the whole-brain level in the right middle occipital cortex (maxima=9, ˗96, 6, voxels=3, TFCE=491.54, p=.046). No significant voxels were observed for the main effect of MDD or loneliness. Beta values in this small occipital cluster showed insignificant negative relation with loneliness (t22=˗.85, pcorrected=.36) in the MDD patients, but significant positive relation with loneliness in the HC group (t21=3.82, pcorrected=.01), after controlling for performance accuracy. The occipital signals also correlated significantly and positively with performance RT difference in incongruent versus neutral trials (t22=3.50, pcorrected<.05) in the MDD patients, while the association switched to insignificantly negative in the HC group (t21=-0.25), as reflected by a significant moderating effect of MDD group (t44=2.73, pcorrected=.03). 
Whole brain gPPI results

Whole-brain analyses revealed a positive loneliness effect on parietal connectivity with frontal, parietal and temporal cortices in incongruent versus neutral trials (Supplementary Table S2). No significant MDD, loneliness or MDD×loneliness effect on cerebellar task-related connectivity was observed.
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Supplementary Table S1. Whole-brain analysis results of the regional activations for the contrast between incongruent and neutral trials, including the overall pattern, the effect of MDD vs. HCs, the loneliness effect, and the MDD × loneliness effect. BA: Brodmann Area. Size: number of voxels. 

	
	Region
	BA
	X
	Y
	Z
	Size
	TFCE
	p(FWE)

	Overall

Incongruence>Neutral
	Bilateral middle frontal gyrus

Bilateral inferior frontal gyrus

Bilateral dorsomedial prefrontal cortex

Bilateral precentral gyrus

Bilateral supplementary motor area

Anterior cingulate cortex

Bilateral insula
	6/8/9/10/13

32/44/45/

46/47
	-36
	24
	24
	3866
	1660.16
	.001

	
	Left superior parietal lobule

Left inferior parietal lobule

Left precuneus
	7
	-27
	-57
	45
	179
	595.22
	.017

	
	Right middle frontal gyrus

Right superior frontal gyrus

Right orbitofrontal gyrus
	10
	30
	57
	-6
	164
	562.05
	.023

	
	Right inferior parietal lobule
	40
	54
	-45
	51
	103
	553.29
	.024

	
	Right superior parietal lobule
	7
	33
	-69
	54
	4
	448.4
	.046

	Overall

Neutral>Incongruence
	n.s.

	MDD effect
	n.s.

	Loneliness effect
	n.s.

	MDD × loneliness

Loneliness (MDD>HC)
	n.s

	MDD × loneliness

Loneliness (HC>MDD)
	Right middle occipital cortex
	18
	9
	-96
	6
	3
	491.54
	.046


Supplementary Table S2. The MDD, loneliness and MDD × loneliness effects on the stroop task-based functional connectivity of parietal and cerebellar seed regions, at the whole-brain level. BA: Brodmann Area. Size: number of voxels. TFCE: Threshold-Free-Cluster-Enhancement value. SMA: Supplementary Motor Area. 

	
	Seed
	Region
	BA
	X
	Y
	Z
	Size
	TFCE
	p(FWE)

	Overall
	parietal (-57, -42, 39)
	n.s.

	
	cerebellum (-12, -75, -27)
	n.s.

	MDD effect

(HC>MDD)
	parietal (-57, -42, 39)
	Left anterior cingulate cortex
	32
	-12
	21
	24
	1
	343.54
	.05

	
	
	Right inferior parietal lobule
	40
	63
	-39
	27
	2
	339.87
	.05

	
	Cerebellum (-12, -75, -27)
	n.s.

	MDD effect

(MDD>HC)
	parietal (-57, -42, 39)
	n.s.

	
	cerebellum (-12, -75, -27)
	

	Loneliness effect

(positive)
	parietal (-57, -42, 39)
	Right postcentral gyrus

Right inferior parietal lobule

Right middle temporal gyrus

Right superior temporal gyrus

Right superior parietal lobule

Right middle cingulate cortex

Right middle frontal gyrus

Right precuneus

right SMA

Right precentral gyrus
	40/62/3/7
	63
	-27
	30
	1795
	796.25
	.002

	
	
	Left superior temporal gyrus

Left inferior parietal lobule

Left postcentral gyrus
	40
	-63
	-24
	15
	90
	465.15
	.022

	
	
	Right inferior frontal gyrus

Right precentral gyrus
	44
	60
	9
	24
	68
	430.49
	.024

	
	
	Right precuneus

Right cuneus
	7
	12
	-78
	45
	52
	423.41
	.024

	
	
	Left middle frontal gyrus

Left superior frontal gyrus
	10
	-30
	51
	9
	49
	421.84
	.024

	
	
	Left superior temporal gyrus
	22
	-54
	9
	0
	9
	402.18
	.028

	
	
	Left inferior parietal lobule Left superior temporal gyrus

Left middle temporal gyrus
	39
	-48
	-45
	21
	28
	386.63
	.032

	
	
	Right precuneus

Right cuneus
	7/31
	18
	-63
	27
	41
	381.72
	.036

	
	
	Right middle frontal gyrus

Right superior frontal gyrus
	10
	30
	48
	12
	75
	381.1
	.036

	
	
	Left postcentral gyrus

Left superior parietal lobule
	5/3
	-24
	-45
	69
	55
	378.3
	.036

	
	
	Left cuneus
	19
	-18
	-57
	24
	14
	366.15
	.04

	
	
	Left middle temporal gyrus
	39
	-48
	-63
	15
	17
	360.17
	.041

	
	
	Right caudate

Right insula
	13
	21
	18
	12
	22
	357.89
	.042

	
	
	Right middle frontal gyrus

Right superior frontal gyrus
	8
	30
	18
	48
	27
	355.59
	.042

	
	
	Left middle cingulate cortex
	24
	-12
	6
	39
	3
	354.47
	.042

	
	
	Right angular gyrus

Right middle occipital gyrus
	39/

19
	36
	-75
	39
	27
	351.63
	.045

	
	
	Right SMA
	6
	9
	18
	54
	6
	348.18
	.046

	
	
	Left inferior frontal gyrus
	46
	-42
	36
	12
	12
	347.71
	.046

	
	
	Left inferior parietal lobule
	40
	-57
	-36
	51
	2
	346.6
	.046

	
	
	Right middle temporal gyrus
	21
	57
	3
	-12
	3
	343.3
	.05

	
	
	Left middle frontal gyrus
	9/10
	-33
	45
	30
	3
	343.1
	.05

	
	
	Left anterior cingulate cortex
	24
	-9
	18
	39
	1
	342.98
	.05

	
	
	Right middle frontal gyrus
	9
	27
	39
	36
	2
	342.85
	.05

	
	
	Right anterior cingulate cortex 
	32
	9
	36
	18
	2
	342.11
	.05

	
	cerebellum (-12, -75, -27)
	n.s.

	Loneliness effect

(negative)
	parietal (-57, -42, 39)
	n.s.

	
	cerebellum (-12, -75, -27)
	n.s.

	MDD×loneliness
	parietal (-57, -42, 39)
	n.s.

	
	cerebellum (-12, -75, -27)
	n.s.


Supplementary Figure S1. The regions of interest (ROI) masks overlain on standard ch2bet MNI template. ACC: anterior cingulate cortex. LPFC: lateral prefrontal cortex.  
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Supplementary Figure S2. Significant positive correlation was observed between the parietal-ACC connectivity in stroop task-state (incongruence versus neutral) and in resting state, both of which were more positive in HCs than in MDD patients.
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