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Depression is highly prevalent among older people globally. It is well known that childhood trauma and loneliness are significant risk
factors for depression, and neural alterations in the default mode network and immunological dysregulation (e.g., neutrophil-to-
lymphocyte ratio) are factors significantly associated with loneliness and depression. This study examined the inter-relationships and
interactions of these factors for translational insight into the pathophysiological underpinnings of late-life depression. Among ninety-
two healthy older adults, we measured the leukocyte distribution as reflected by neutrophil-to-lymphocyte ratio, childhood trauma
history, current feelings of loneliness, and levels of depressive symptoms. All participants underwent structural MRI scanning to acquire
T1-weighted images, which were used to measure the grey matter volume within the default mode network and its key regions. We
observed that loneliness as a significant mediator explained the positive relationship between childhood emotional neglect and the
severity of depression in late life. The modulating effect of grey matter volume in the default mode network depends on the level of
neutrophil-to-lymphocyte ratio. In sum, our findings indicated that the more severe the lonely feeling those older people with
childhood emotional neglect felt, the more the depressive symptoms were, which was especially obvious among those with relatively
higher neutrophil-to-lymphocyte ratio and with lower grey matter volume in the default mode network. The current findings inspire
future preventive and interventional studies targeting loneliness and inflammation to promote mental wellness in older adults.
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INTRODUCTION

Late-life depression

Late-life depression (LLD) is a medical condition characterized by the
occurrence of depression, as defined in the Diagnostic and Statistical
Manual of Mental Disorders [1], among individuals aged 65 years
and above [2]. It is highly prevalent in the aging population globally,
with a prevalence of 29% in a population-based European sample
[3], 8-16% of clinically significant depressive symptoms in the U.S.
[4], and a pooled rate of 17.1% among older adults aged over 75, as
reported in a meta-analysis [5]. Major depression in late life
detrimentally affects individuals’ well-being by impairing social
and cognitive functioning, increasing the risk of chronic diseases,
disability, frailty, suicide, and mortality. It also places substantial
caregiving burdens on families and society [6].

Childhood trauma and loneliness in depression

Childhood trauma and loneliness are significant risk factors for
depression [7, 8]. The effect of childhood trauma is long-lasting,
even in late life [9, 10]. Childhood emotional maltreatment,

including abuse and neglect, shows the strongest association with
depression among all types of trauma [8, 11]. Among different
underlying mechanismes, it has been discovered that loneliness is
one of the psychological pathways mediating the adverse effect of
childhood trauma on the development of affective disorders
[12, 13]. Loneliness is a subjective experience of unfulfilled social
needs, even in the presence of objectively available social
bonding. Its prevalence among middle-aged and older adults,
especially during the COVID-19 pandemic, poses a significant
public health issue [14]. Previous studies consistently demon-
strated the bidirectional relationship between loneliness and
depressive symptoms in middle-aged to elderly adults [7, 15-17].
Notably, individuals who experienced emotional maltreatment
during childhood exhibit an increased vulnerability to experien-
cing loneliness across the lifespan, mirroring the pattern observed
with depressive symptoms [18]. Therefore, individuals with a
background of childhood trauma, especially emotional maltreat-
ment, are more prone to developing depressive symptoms when
experiencing profound feelings of loneliness.
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The role of inflammation and the Social Signal

Transduction Theory

Immunological dysregulation, including elevated inflammatory
markers, weaker immune cell functioning, and changes in immune
cell composition, were widely reported to be associated with
perceived loneliness and depression [19-23]. For instance, a meta-
analysis of 104 studies has found that patients with depression have
a notably higher neutrophil-to-lymphocyte ratio (NLR), suggesting a
potential abnormality in the dynamic interaction between the innate
and adaptive cellular immune responses, when compared to healthy
controls [24]. While inflammation in depression is prominent, the fuel
of such long-lasting responses might be ignited since early life and
stirred up throughout the life course. As postulated by the Social
Signal Transduction Theory [25], early life stress contributes to the
development of depression by sensitizing the immune system,
provoking glucocorticoid resistance and pro-inflammatory responses,
which further interfere with neuropsychological processes [26-28].
This theory has been supported by a recent prospective longitudinal
study of over 1000 participants, in which adults with depression who
had undergone severe types of early life stress (e.g, maternal
rejection, harsh discipline, physical or sexual abuse) had a 1.48 times
higher likelihood of having clinically elevated levels of C-reactive
protein (CRP; 3mg/L or higher) compared to individuals with
depression with no such severe stressful early life experiences [29].

Default mode network, inflammation, and affective
dysregulation
At the neural level, research suggests that structural and functional
alterations in the default mode network (DMN), which primarily
comprises brain areas of the dorsal medial prefrontal cortex,
posterior cingulate cortex, precuneus, and angular gyrus, are
particularly involved in the development and maintenance of
loneliness and depression [30, 31]. The DMN is critical for self-
referential processing and is the major neural substrate for
rumination, a repetitive passive-thinking pattern that focuses on
negative thoughts and distressing feelings related to past failures
and perceived shortcomings, which plays a pivotal role in
strengthening the link between loneliness and depression
[32, 33]. Neuroimaging studies have revealed loneliness-related
neural correlates, particularly concentrated in the default mode
network, compared to other cortical networks [34]. Significantly,
altered activation in the DMN is a well-established finding in major
depressive disorder (MDD) [35, 36]. People with late-life depression
experience volumetric reduction and asymmetry in DMN regions,
especially in the frontal regions [37-39]. Overall, these findings
highlight the critical involvement and unique role of the DMN in
the intrinsic interaction between loneliness and depression.
Moreover, among different brain regions, the default mode
network is relatively more susceptible to the effects of inflammation
[40, 41] with a consistent association observed between peripheral
inflammation and functional alterations in the DMN in middle-aged
and older adults, and patients with depression [42]. Especially in
patients with depression, the precuneus, posterior cingulate cortex
(pC/pCAQ), and medial prefrontal cortex (mPFC) - vital nodes within
the DMN - exhibit co-localization of reduced hubness and CRP-
related increases in proton volume, as well as alterations in
functional connectivity [43]. Functional connectivity within the
DMN also exhibited a significantly negative association with levels
of inflammatory markers among participants with depression [44].
In sum, previous work suggests that experiencing childhood
emotional maltreatment is associated with profound feelings of
loneliness and an increased vulnerability to developing depressive
symptoms. Early-life stress sensitizes the immune system to a pro-
inflammatory state, leading to depressive symptoms. DMN plays a
critical role in the link between loneliness and depression and is
highly sensitive to immune challenges. However, existing literature
primarily focuses on individual relationships between pairs of
concepts without an overarching interdisciplinary framework. The
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proposed interplay among psychosocial, immune, and neurobiolo-
gical processes in depression under the Social Signal Transduction
Theory of Depression [25] and the theoretical framework of the
psychoneuroimmunology of mental health [45] is more intricate and
complex than direct bivariate relationships can capture. Therefore,
this study aims to elucidate the relationship between psychosocial
factors (i.e, childhood emotional maltreatment and loneliness),
immunological factors (i.e., NLR), and neural correlates (i.e., brain
structure in DMN) in the development of depression. This
interdisciplinary approach helps identify underlying multi-
dimensional pathways that might be overlooked, outlining early
detection markers and intervention targets for personalized treat-
ments. Specifically, we hypothesized that childhood trauma,
particularly emotional maltreatment, is associated with alterations
in NLR, stronger feelings of loneliness, and late-life depressive
symptoms. Moreover, considering the significant role of loneliness in
mediating childhood trauma and depression [12, 13], we hypothe-
sized that loneliness plays a significant mediating role in explaining
the effect of childhood trauma on depressive symptoms in later life.
Last but not least, we hypothesized that alterations in leukocyte
distribution as reflected by NLR and grey matter (GM) volume in the
DMN measured by Magnetic Resonance Imaging (MRI) modulate the
association between loneliness and depressive symptoms.

METHODS

Participants

The current study is a secondary analysis under the project — “Integrating
Systematic Data of Geriatric Medicine to Explore the Solution for Health
Aging”, which has been registered on clinicaltrials.gov (ID: NCT04207502)
[46]. The study has been approved by the Ethics Committee of the
institutional review board of Chang Gung Medical Foundation of Taiwan
(approval number 201900702A3). The target enrolment sample size was
set at 100 participants, based on empirical and feasibility considerations.
No formal statistical estimation was performed to determine the sample
size. Finally, 112 healthy adult participants were recruited, including 49
men aged 60 to 92 years old. Participants who had (1) clinical evidence of
major organ system abnormalities, (2) a history of severe autoimmune
disorders, (3) cancer treatment at recruitment, (4) antibiotic treatment
within one month of recruitment, (5) psychotropic medication use at
recruitment, (6) gained a score of 2 or above in Ascertain Dementia 8, a
score of 26 or less in Mini-Mental State Examination (MMSE) [47], a score of
5 or above in Geriatric Depression Scale, (7) outpatient follow-up for
cognitive problems, (8) physician-diagnosed dementia or major depressive
disorder, (9) significant hearing, visual, or cognitive impairments, or
inability to participate in interviews in a meaningful manner were excluded
from the current study. The inclusion and exclusion criteria were pre-
established 48, with the addition of criteria (4) and (5) in the current study
due to our primary focus. To ensure statistical validity and exclude
participants with pathological conditions, we identified and excluded one
participant whose Hamilton Rating Scale for Anxiety scores were over 25,
which was considered a severe level of anxiety [48]. A final sample of 92
participants was included in the formal analyses. The experimental
procedure adhered to the principles outlined in the Declaration of
Helsinki. All participants gave their informed consent to participate in
the study.

Assays and materials

Measurements of hematological markers. Blood samples were obtained
from participants who had fasted for at least 8 h before the study. These
samples were collected in EDTA tubes for further measurement of
haematological indices with the Sysmex XE-5000 haematology analyser
(Sysmex; Kobe, Japan) [49]. A complete blood count test and leukocyte
distribution, including segmented neutrophils, lymphocytes, monocytes,
eosinophils, and basophils, were measured in all subjects. The neutrophil-
to-lymphocyte ratio was calculated by dividing the level of neutrophils by
the level of lymphocytes.

Childhood Trauma Questionnaire (CTQ) - short form. The childhood

trauma questionnaire is a 28-item retrospective, self-reported inventory
assessing child abuse and neglect [50]. It has five clinical scales, each
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consisting of 5 items: physical abuse, sexual abuse, emotional abuse,
physical neglect and emotional neglect. The answer was rated on a 5-point
Likert-type scale based on the frequency of the experiences, with 1
indicating “never true” and 5 indicating “very often true.” A higher score
indicates more frequent childhood maltreatment experiences. The 3-item
Minimization/Denial scale was designed to detect the bias of minimizing
and underreporting childhood maltreatment experiences [51]. Overall, this
questionnaire demonstrated good reliability and validity [50].

UCLA Loneliness Scale (UCLA-LS). Perceived loneliness was measured by
the Chinese version of the UCLA-Loneliness Scale [52, 53]. It consists of 20
items on a 4-point Likert scale ranging from 1 = never to 4 = always. This
scale is a sensitive measure of subjective loneliness and feelings of social
isolation with high internal consistency (coefficient alpha ranging from
0.89 to 0.94) test-retest reliability (r = 0.73) [54, 55]. The Chinese version of
the UCLA-LS has good internal consistency with an alpha coefficient of
0.88 [56] and test-retest reliability (r=0.85) [57]. Higher scores indicate
higher levels of perceived loneliness.

The Hamilton Rating Scale for Depression (HAM-D). The severity of
depression was measured by HAM-D [58] administered by a trained
research assistant. It contains 17 items rated on a 3- or 5-point scale, with
the sum of all items comprising the total score. Research showed that the
cutoff scores maximizing sensitivity and specificity for mild, moderate and
severe depression are 8, 17, and 24, respectively. It showed adequate
reliability and validity [59]. The Chinese version of the HAM-D has been
validated by Zheng et al. [60].

MRI processing

Image acquisition and pre-processing. MRI data were acquired using
8-channel head coils on 3 T MRI scanners (Discovery MR750w and Discovery
MR750; GE Healthcare, Milwaukee, WI). We performed a 3D T1-weighted
anatomical scan using an inversion-recovery fast spoiled gradient- echo
sequence (axial 3D BRAVO [Brain Volume Imaging]; GE Healthcare) with the
following parameters: repetition time (TR)=8.58ms, echo time
(TE)=3.23 ms, inversion time = 450ms, flip angle = 12° field-of-view
(FOV) = 256 x 256 mm?, voxel size = 1 x 1 x 1 mm?>, and number of averages
= 1, and a total of 172 slices. The pre-processing was conducted using Data
Processing & Analysis for Brain Imaging (DPABI) [61] and Statistical Parameter
Mapping 12 (SPM12) toolboxes, including brain extraction, segmentation,
normalization to Montreal Neurologic Institute (MNI) space, and smoothing
(FWHM =8mm x 8 mm X 8 mm). After pre-processing, each participant’s
grey matter volume map was extracted for subsequent analysis.

Extraction of the grey matter volume of default mode network. We
followed the delineation of the default mode network as developed by
Yeo et al. [62] to obtain the DMN mask. They employed a clustering
approach to parcellate the cerebral cortex into seven functionally
connected networks, based on data from 1000 participants. To gain a
more detailed understanding of the regions within the network that
play a more significant role, we identified 10 regions of interest (ROls)
using the Automated Anatomical Labeling (AAL) atlas [63] that are
located within the DMN (i.e., bilateral dorsolateral superior frontal gyrus,
bilateral orbital inferior frontal gyrus, etc., see Table 1 for details).
Specifically, we created the individual mask for each ROl by extracting
the overlapping area between the DMN mask defined by Yeo and
colleagues [62] and the AAL regions using DPABI (Fig. 1). Then, we
averaged the grey matter volume of all voxels within the ROl masks for
statistical analysis. As five participants did not complete the MRI
scanning, and two participants were excluded due to a history of stroke,
a sample of 85 participants was thus included in the image processing
and statistical analysis.

Data collection procedures

Upon arriving at the research centre, participants completed question-
naires that collected their demographics (e.g., age, sex, education level,
ethnicity, occupation) and medical histories (e.g., self-reported medical
conditions, long-term medication intake, family medical history). Medical
records were also retrieved and reviewed to confirm the self-reported
medical history gathered from the interviews. Participants then completed
the CTQ and UCLA-LS questionnaires following standardized instructions
to ensure consistency. The HAM-D interviews were administered by a
trained research assistant under the supervision of board-certified
psychiatrists to maintain accuracy and reliability in scoring. To further
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Table 1. Regions of interest in the automated anatomical atlas (AAL)
that are located within the default mode network (DMN).

ROI Peak MNI coordinate Anatomical region

X y z
1 -30 50 Left dorsolateral part of superior
frontal gyrus
24 50 0 Right dorsolateral part of superior
frontal gyrus
2 —18 12 —24 Left orbital part of inferior frontal
gyrus
24 12 —24 Right orbital part of inferior frontal
gyrus
3 —14 50 0 Left medial part of superior frontal
gyrus
18 44 0 Right medial part of superior
frontal gyrus
4 —6 24 -12 Left medial orbital part of superior
frontal gyrus
10 60 -16 Right medial orbital part of
superior frontal gyrus
5 —-14 54 —4 Left anterior cingulate and
paracingulate gyri
10 32 -10 Right anterior cingulate and
paracingulate gyri
6 —6 —42 Left posterior cingulate gyrus
4 —42 Right posterior cingulate gyrus
7 —56 —66 24 Left angular gyrus
40 —64 24 Right angular gyrus
8 —18 —52 2 Left precuneus
22 —42 0 Right precuneus
9 —54 2 —34 Left middle temporal gyrus
60 0 -30 Right middle temporal gyrus
10 -30 —10 —42 Left inferior temporal gyrus
45 -9 —45 Right inferior temporal gyrus

\

Fig. 1 Overlapping regions between default mode network mask
[62] and 10 identified regions of interest in the automated
anatomical atlas (AAL).

enhance the quality control process, all assessments were double-scored
to verify accuracy, and the data entry was double-checked to prevent any
errors. Finally, a registered nurse performed the whole blood drawing
(5 mL per person). All participants received the blood draw between 8:30
and 9:00 in the morning.
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Statistical analysis

Statistical analysis was conducted using the Statistical Packages for Social
Sciences (SPSS) version 23.0 [64]. We first applied a natural log
transformation to CTQ, UCLA-LS, HAM-D, and levels of neutrophil and

Table 2. Demographics, leukocyte indices, childhood trauma,
loneliness, and depressive symptoms of the participants.

N M (SD) or % Minimum Maximum

Demographics
Age 92 73.38 (7.2) 60 92
Sex

Male 41 44.6

Female 51 55.4
Leukocyte indices
Segmented 92 3.13 (1.04) 1.16 8.37
neutrophil
(1000/uL)
Lymphocyte 92 1.77 (0.57) 0.70 3.77
(1000/uL)
Neutrophil-to- 92 1.94 (0.86) 0.47 5.28
lymphocyte
ratio
Childhood trauma
Emotional 92 5.67 (1.21) 5 9
Abuse
Physical Abuse 92 6.16 (2.77) 5 25
Sexual Abuse 92 5.23 (0.64) 5 8
Emotional 92 8.59 (4.04) 5 22
Neglect
Physical 92 6.62 (2.83) 5 22
Neglect
Denial 92 12.35 (2.76) 4 15
Loneliness
UCLA 92 26.99 (7.62) 20 54
Loneliness
Scale
Depressive symptoms
HAM-D 92 2.50 (2.41) 0 10

HAM-D Hamilton Rating Scale for Depression.

lymphocyte to correct for the skewness of the distribution. Bivariate Pearson
correlation analysis (two-tailed) was used to explore the associations
between NLR, loneliness, depressive symptoms, and childhood trauma.
Multiple regression analysis (two-tailed) was applied to investigate the
relationships between different types of childhood trauma, NLR, loneliness
and depressive symptoms while controlling for age, sex, and CTQ denial. We
tested the relationships and interactions between default mode network
grey matter volume and NLR, childhood trauma, loneliness, and depressive
symptoms in the participants who performed MRI scanning (N = 85) while
controlling for age, sex, denial, and total volume. Lastly, we examined the
conditional indirect effect of childhood trauma on depressive symptoms
depending upon the interaction between DMN GM volume and NLR while
controlling for age, sex, CTQ denial, and total volume and the conditional
indirect effects driven by key ROIs within the DMN, while controlling for age,
sex, CTQ denial, global average DMN GM volume, and total volume. The
moderating effects and the conditional indirect effect of childhood trauma
on depressive symptoms were tested by the Bootstrapping technique [65]
in PROCESS macro 4.0 [66] with Model 3 and Model 18. Bootstrapping is a
suitable tool for dealing with skewed or non-normally distributed data, as it
does not rely on the assumption of normality and provides robust estimates
through resampling. The total bootstrapping time was set at 10,000 to
obtain the bias-corrected and accelerated (Bca) 95% confidence intervals
(Cl). The moderating effect was supported when the interaction term was
significant at p < 0.05 (two-tailed), and the Bca 95% Cl did not include zero.
The conditional indirect effect was supported when the Bca 95% Cl of the
index of moderated mediation did not include zero. To control for the false
discovery rate, we used the Benjamini-Hochberg procedures for multiple
testing corrections in all applicable analyses.

RESULTS

Characteristics of the participants

Ninety-two participants were included in this study. Table 2
presents the demographic information and descriptive statistics of
levels of neutrophil and lymphocyte, NLR, childhood trauma,
loneliness, and depressive symptoms in this sample.

Bivariate Pearson correlation analysis was conducted to
investigate the relationships between neutrophil-to-lymphocyte
ratio, loneliness, depressive symptoms, and childhood trauma. The
uncorrected significance levels were marked with asterisks while
the significant results after correction were bolded. Loneliness was
significantly associated with emotional neglect (r = 0.45, p < 0.001,
corrected p < 0.001), emotional abuse (r = 0.25, p = 0.02, corrected
p=0.04), and physical neglect (r=0.44, p<0.001, corrected
p<0.001). HAM-D was associated with emotional neglect
(r=0.30, p=0.004, corrected p=0.01), emotional abuse
(r=0.24, p=0.02, corrected p=0.05), and physical neglect
(r=0.33, p=0.002, corrected p=0.007). Table 3 presents the
Pearson correlation between each pair of variables.

Table 3.

2 3 4
NLR 0.078 —0.038 0.025
EN 0.490"" 0.263"
EA 0.297"
PA

SA

PN

. UCLA-LS

. HAM-D

"p <0.05 (2-tailed, uncorrected).
"p <0.01 (2-tailed, uncorrected).
"p <0.001 (2-tailed, uncorrected).

© N O UL AW =

Bivariate Pearson correlations between neutrophil-to-lymphocyte ratio, childhood trauma, loneliness, and depressive symptoms (N = 92).

5 6 7 8
—0.084 0.083 0.000 —0.049
0.337" 0.611"" 0.452™" 0.299”
0.229" 0.192 0.248" 0.235"
0.286" 0.285" 0.184 0.189
0.282" 0.115 0.129
0.436 0.325"
0.188

Bolded results remained significant after correction for multiple comparisons with Benjamini-Hochberg.
NLR Neutrophil to lymphocyte ratio, EN Emotional Neglect, EA Emotional Abuse, PA Physical Abuse, SA Sexual Abuse, PN Physical Neglect, UCLA-LS UCLA

Loneliness Scale, HAM-D Hamilton Rating Scale for Depression.
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95% CI =[0.0924, 0.4548] *

Loneliness

Three-way interaction:

RR. Jin et al.

"

Neutrophil-to-Lymphocyte

[-43.0839, -0.3947] *

Ratio

- Direct: [- 0.2377, 0.9669] -
Emotional Neglect }———+ Depressive Symptom ‘

Index of moderated moderated mediation: [-12.9811, -0.0335] *

Fig.2 The conditional indirect effect of childhood emotional neglect on the severity of depression via loneliness depends on the interaction
between default mode network grey matter volume and neutrophil-to-lymphocyte ratio (N = 85). Note. p <0.05 (2-tailed).

Relationships between different types of childhood trauma,
neutrophil-to-lymphocyte ratio, loneliness and depressive
symptoms

Multiple regression was conducted to elucidate further which
types of childhood trauma were associated with neutrophil-to-
lymphocyte ratio, loneliness and depressive symptoms in late life
(N =92). We controlled for age, sex and denial and applied 10,000
times bootstrapping.

First, none of the traumas or depressive symptoms was directly
related to the neutrophil-to-lymphocyte ratio. Next, we included
the five types of trauma as independent variables in the multiple
regression model simultaneously to examine their relationship
with loneliness. This approach allows us to test the unique
contribution of each type of trauma in predicting the level of
loneliness, while accounting for the presence and effects of other
types of trauma. Only emotional neglect was a significant
statistical predictor of loneliness, B=0.189, p = 0.065, 95% Bca
Cl = [0.003, 0.392]. Finally, we treated the five types of trauma as
independent variables simultaneously to further examine their
relationship with depressive symptoms. None of them was related
to depressive symptoms directly.

The role of default mode network grey matter volume
Following the behavioral findings, we have also investigated the
role of DMN and its relationships with childhood trauma,
neutrophil-to-lymphocyte ratio, loneliness, and depressive symp-
toms in the participants who performed MRI scanning (N = 85).

No significant relationship existed between neutrophil-to-
lymphocyte ratio and DMN GM volume. Multiple regression
analysis was conducted by simultaneously adding five types of
traumas as independent variables to predict the GM volume in the
DMN. Results revealed that none of the childhood trauma was
associated with DMN GM volume.

We then tested the interactive effects between DMN and
neutrophil-to-lymphocyte ratio on the relationship between
loneliness and the severity of depression. We found a consistent
pattern of significant three-way interactions between feelings of
loneliness, DMN GM volume and neutrophil-to-lymphocyte ratio in
relation to depressive symptoms. In specificc DMN GM volume
moderated the relationship between loneliness and the severity of
depression (R-squared change = 0.0665, p=0.02, 95% boot-
strapping Cl = [—42.4170, —3.5483]), depending on neutrophil-to-
lymphocyte ratio, while controlling for age, sex, and total volume.
Only under the high neutrophil-to-lymphocyte ratio did DMN
moderate the association between loneliness and depression
(B=—18.6294, p=0.01). No moderating effect was observed
when the neutrophil-to-lymphocyte ratio was low (B = 15.9803,
p=0.14) or at the average level (B=-1.3245 p=0.281).
Furthermore, loneliness was positively associated with the severity
of depression only when DMN GM volume was low. The
neutrophil-to-lymphocyte ratio was high (B =2.6976, 95% boot-
strapping Cl = [1.0207, 4.3746]), or when DMN GM volume was at
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the average and the neutrophil-to-lymphocyte ratio was at
average (3 =0.7187, 95% bootstrapping Cl = [0.0556, 1.0924]) or
high (B = 1.2861, 95% bootstrapping Cl = [0.2722, 2.3000]). When
GM volume within DMN was large, no such association was
observed, regardless of the neutrophil-to-lymphocyte ratio.

The moderated mediation model of the severity of depression
Based on the previous findings, we further conducted a
moderated mediation analysis to explore the effect of childhood
emotional neglect and feelings of loneliness on the severity of
depression in late life and how DMN and alterations in leukocyte
distribution might worsen the condition (N = 85). Results found
that the indirect effect of childhood emotional neglect on late-life
depressive symptoms was moderated by the interaction between
neutrophil-to-lymphocyte ratio and DMN GM volume (95% ClI of
the index of moderated mediation = [—12.9811, —0.0335], Fig. 2).
Specifically, loneliness positively mediated the association
between childhood emotional neglect and the severity of
depression only when DMN GM volume was low but the
neutrophil-to-lymphocyte ratio was high (B = 0.5536, bootstrap-
ping CI = [0.0559, 1.4165]). However, the indirect effect was
nonsignificant when DMN GM volume was at the average or high
level, regardless of the neutrophil-to-lymphocyte ratio, while
controlling for age, sex, CTQ denial and total volume. No
significant direct effect was detected (B = 0.3646, bootstrapping
Cl = [-0.2377, 0.9669]). In other words, childhood emotional
neglect was associated with stronger feelings of loneliness and
severe depression in late life only when the DMN GM volume was
low, especially in individuals with higher neutrophil-to-
lymphocyte ratios. However, in individuals without any changes
in leukocyte distribution, childhood emotional neglect would not
be indirectly related to the severity of depression unaffected by
DMN grey matter volume (Fig. 2).

We conducted moderated mediation analysis with the above
model to identify the key ROIs within DMN that play prominent
roles in driving this relationship. We controlled for age, sex, overall
DMN grey matter volume, and total volume. It was found that the
neutrophil-to-lymphocyte ratio moderated the interaction
between bilateral dorsolateral part of superior frontal gyrus,
bilateral orbital part of inferior frontal gyrus, bilateral anterior
cingulate and paracingulate gyri, and bilateral angular gyrus and
loneliness in relation to the severity of depression. Nonetheless,
these results did not survive the correction for multiple
comparisons (Table 4). After bootstrapping, bilateral angular gyrus
positively moderated the indirect effect of childhood emotional
neglect on the severity of depression via feelings of loneliness
when the neutrophil-to-lymphocyte ratio was low (3 =16.2794,
p=0.02) but negatively moderated this association when the
neutrophil-to-lymphocyte ratio was high (3 = —5.8790, p = 0.04).
As a result, childhood emotional neglect was negatively asso-
ciated with the severity of depression in late life when angular
gyrus GM volume and neutrophil-to-lymphocyte ratio were both
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Table 4.

Anatomical regions

Bilateral dorsolateral part of superior frontal gyrus
Bilateral orbital inferior part of frontal gyrus
Bilateral medial part of superior frontal gyrus
Bilateral medial orbital part of superior frontal gyrus
Bilateral anterior cingulate and paracingulate gyri
Bilateral posterior cingulate gyrus

Bilateral angular gyrus

Bilateral precuneus

Bilateral middle temporal gyrus

Bilateral inferior temporal gyrus

*p < 0.05 before benjamini-hochberg correction (2-tailed).
"p <0.01 before benjamini-hochberg correction (2-tailed).

low (3=-0.7212, 95% Cl = [—1.6485, —0.0088]) but positively
associated with the severity of depression in late life when angular
gyrus GM volume was high but neutrophil-to-lymphocyte ratio
was low (B =0.7989, 95% Cl = [0.0686, 1.6050]). However, this
result did not survive after correction for multiple comparisons
(Table 4).

DISCUSSION

Our findings highlight that the adverse impact of childhood
emotional neglect on the severity of late-life depression can be
explained by loneliness, particularly in individuals with lower grey
matter volume within the default mode network and higher
neutrophil-to-lymphocyte ratio. Our finding supports the Social
Signal Transduction Theory [25], which proposed that social-
environmental stress sensitizes the immune system and disturbs
neuropsychological processes, explaining the pathogenesis of
depression. Our findings provide new evidence to support this
theory, revealing that altered leukocyte distribution, as indicated
by a higher neutrophil-to-lymphocyte ratio, exacerbates the
relationship between loneliness and depression severity by
interacting with a crucial brain network - the default mode
network.

We found emotional neglect and abuse and physical neglect
were associated with loneliness and depression in bivariate
correlation after correction, and only emotional neglect remained
statistically significant in the regression model after bootstrapping.
This finding is consistent with prior meta-analysis results and
empirical findings suggesting that individuals with the experience
of childhood emotional maltreatment tend to experience higher
levels of loneliness [18, 67]. Childhood emotional neglect
interferes with neuro-affective processing and is further associated
with specific neural patterns, including reduced reward-related
ventral striatum activation [68], heightened activity in the left
amygdala and hippocampus when facing threatening stimuli [69],
and impaired emotional clarity — defined as the ability to
recognize and understand one’s emotions [70].

We did not detect any significant direct associations between
neutrophil-to-lymphocyte ratio and childhood trauma, loneliness
or depression, opposite to the previous observations on the
positive relationship between inflammation (i.e., increases in CRP
or white blood cell count), childhood maltreatment and loneliness
and depression [71-73]. A possible explanation for the nonsigni-
ficant association between immune indices and negative psycho-
logical symptoms or adverse experiences in this sample was the
‘floor effect’ due to the high overall health status of the
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Results of the three-way interactive effects of each ROI (N = 85).

Depressive Symptom

p-uncorrected p-corrected

0.05" 0.19
0.05" 0.12
0.11 0.13
0.08 0.14
0.04" 0.14
0.09 0.13
0.01™ 0.07
0.13 0.13
0.08 0.16
0.12 0.13

participants. Previous research has observed elevated inflamma-
tory markers in patients suffering from MDD compared to healthy
controls [74], as well as a significant association between CRP
levels and the severity of depression in patients with MDD [75],
but no direct association in participants showing depressive
symptoms without diagnoses [76, 77]. At the neural level, we did
not detect significant correlations between NLR and changes in
DMN GM volume. The possible explanations for the discrepancies
in results are that, compared to CRP, a widely clinically used
marker of inflammation, leukocyte distribution is affected by more
physiological factors, being more dynamic and fluctuating [78].
Moreover, the older adults in our sample are generally healthy,
which may have produced a floor effect, making it challenging to
detect the effects.

To the best of our knowledge, no other paper has explored the
complex interaction between early life stress, loneliness and
depressive symptoms from the perspective of psychoneuroimmu-
nology by integrating both neural and immunological data. Our
finding supports the a priori hypothesis that childhood emotional
neglect is indirectly positively associated with the severity of
depression, fully explained by feelings of loneliness. Remarkably,
we found that the interaction between the neutrophil-to-
lymphocyte ratio and GM volume within the DMN modulates
the association between loneliness and depressive symptoms. The
co-presence of low DMN GM volume and high neutrophil-to-
lymphocyte ratio exacerbates the effect of childhood emotional
neglect on loneliness and the severity of depression. In contrast,
when the volume of GM in the DMN is high, there is no such
relationship, even if the neutrophil-to-lymphocyte ratio is high,
suggesting that preserving a higher DMN GM volume might be a
compelling protective factor mitigating the strong association
between loneliness and affective symptoms, particularly among
healthy older adults. Studies have demonstrated that the volume
of GM is indicative of alterations in physical tissue volume at the
cellular level and is also linked to nuclear volume, the number of
local cells, and the characteristics of spatial cell clustering [79].
These indices are essential biological bases for its functional
integration. Overall, our discoveries provide a more profound
understanding of the existing knowledge that loneliness mediates
the association between childhood maltreatment and adult
depression [13, 80], highlighting that DMN structural changes
and alteration in leukocyte distribution worsen the circumstances.

In further exploration of this phenomenon, we have conducted
a detailed investigation of the key regions of the DMN. We found
that the bilateral dorsolateral part of the superior frontal gyrus, the
orbital inferior part of the frontal gyrus, the anterior cingulate and
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paracingulate gyri, and the angular gyrus were critical regions
driving the modulating effects of the DMN. Notably, abnormal
structural and functional changes in these above-mentioned
regions have been widely recognized as the underlying patho-
physiology of depression [81]. They are also reported to be
vulnerable to the effect of inflammation, exhibiting inflammation-
associated cortical thinning [82]. Therefore, the interconnection
between feelings of loneliness and depression is closely tied to
atrophy in those regions under the attack of inflammation.

This study has both theoretical and translational implications. It
supports the Social Signal Transduction Theory by showing that
early-life and interpersonal stress interact with the sensitized
immune system and neural networks to contribute to depressive
symptoms. The current findings underscore the need for tailored
psychological and medical support for at-risk older adults with a
systemic pro-inflammatory status who are particularly vulnerable
to current and past emotional stress. Furthermore, our findings
suggest that the enriched brain tissues within the DMN buffer
against the self-reinforcing loop between loneliness and depres-
sive symptoms, highlighting the necessity of protecting brain
health, especially targeting the DMN, for promoting mental well-
being in late life.

Despite the promising findings, several limitations must be
acknowledged. First, we should exercise caution when inferring
causality due to the cross-sectional nature of this study. However,
we can reasonably interpret the results by considering the
temporal order between the variables, suggesting that early-life
stress may primarily impact late-life mental wellness through
current feelings of loneliness and current inflammation status.
Meanwhile, a relatively small sample size, due to feasibility
constraints, also limits the statistical power, which can be verified
by replicating the study in larger samples. Second, it can be
challenging to assess childhood trauma history in older indivi-
duals; thus the results should be interpreted with caution. Given
the considerable time interval between the participants’ child-
hood and the time of the present study, memory decay and
retrospective bias might hinder the accurate recall of personal
experience. Meanwhile, social desirability, stigma, and cultural
differences may potentially impact the accuracy of the reports
[83]. Asian samples report lower CTQ estimates compared to the
worldwide average [84], but this might be due to a lower
willingness to self-disclose in a collectivist culture than in
individualistic cultures [85]. Nevertheless, 12 and 13% of the
participants in this sample experienced low-to-moderate levels of
childhood emotional and physical neglect, respectively, reflecting
a common feature of this sample despite the influence of the
above factors. Third, our study only measured structural changes
within the DMN, which limits our ability to generalize the
interpretations to neural functional changes. However, volumetric
characteristics are more stable in revealing the long-lasting
accumulative effect of inflammatory and immune responses on
the brain, providing additional information beyond other func-
tional connectivity approaches. Future multimodal neuroimaging
studies examining both volumetric and functional changes in
various brain networks may unravel more detailed effects of
inflammation on neuro-affective processing.

In conclusion, our research offers sophisticated insights into the
psychoneuroimmunological mechanisms entangling childhood
trauma, loneliness, and depressive symptoms in older adults.
Our findings demonstrate that loneliness mediates the association
between childhood emotional neglect and the severity of
depression modulated by default mode network grey matter
volume and the neutrophil-to-lymphocyte ratio in late life,
enriching the Social Signal Transduction Theory. These results
underscore the importance of alleviating perceived loneliness,
enhancing robust immune functioning, and maintaining brain
health to mitigate depressive symptoms in the older population,
especially among those with a history of childhood emotional
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neglect. The insights gained in this study pointed out the critical
directions for designing early prevention and timely intervention
to ameliorate depressive symptoms and promote mental wellness
in the aging population.
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