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Functional brain connectivity
prior to the COVID-19 outbreak
predicts mental health
trajectories during two years
of pandemic

doi:10.1111/pen. 13654

While acknowledging the hardships caused by COVID-19, the pandemic
also provided a unique opportunity to study mental well-being and indi-
vidual vulnerability or resilience.'* Sociodemographic, psychological fac-
tors, and lifestyles, have been identified as predictors of mental health
during COVID-19.% Our previous study demonstrated the relevance of the
interplay between psychological measures and brain networks’ functional con-
nectivity (FC).* However, important questions remain to be addressed. For
example, can FC—alone or in combination with other measures — predict
longer-term mental health? Additionally, most studies focus on emotional
aspects (psychological distress), although mental health (MH) comprises emo-
tional, psychological (personal growth, [PG]), and social (loneliness) well-
being components, which were differently impacted during the pandemic.’
This study aims to investigate if there exists specificity between FC measures
and long-term changes across MH components, knowing the links between
brain networks and ‘resilience processes’.>

We studied 702 healthy, middle-aged individuals (350 women, age:
50.66 * 6.98 years) who met the criteria in a 2023 study by Bayes-Marin
and colleagues.® All participants gave written informed consent according
to the Declaration of Helsinki. The study protocol was approved by the
Comité Etic d’Investigacié de la Fundacié Unié Catalana d’Hospitals
(CEIC-17/06). Resting-state functional magnetic resonance imaging
images acquired before the COVID-19 outbreak were preprocessed, and
system segregation (SyS; integration-segregation balance) was calculated
for seven resting state networks (RSN) [see*] and Data S$1). Multinomial
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logistic regressions were fitted to predict trajectory membership for
the three MH components (Resilient or Chronic trajectories, for psy-
chological distress and loneliness, and Resilient, Progressively
Ascending, or Worsening for PG, as captured by growth mixture
models contrasting pre- versus during-pandemic observations within
two-year follow-up (see 3, Data S1 and Fig. 1a). RSN models included
FC for seven RSNs. Full models combined significant RSN measures
and significant predictors found in our previous study (age, sex,
monthly income, stress coping, personality, general health, and life-
style habits) (see’). Non-RSN models were as full models but without
RSN data, and through likelihood ratio tests (non-RSN vs full models)
we assessed whether the goodness of fit improved by adding FC mea-
sures to sociodemographic, psychological, and lifestyle measures. In
total, we fitted three models (RSN, non-RSN, and full) for each of the
three MH components.

The emotional trajectory membership (Fig. la) was significantly
predicted by the Salience Network (SN) FC (Fig. 1b), revealing that a
more functionally integrated SN (i.e., lower SyS) was more representative
of Resilient trajectories in comparison to Chronic and marginally to
Moderate-Resilient ones. In the full model, the significance of SN-FC as
a predictor was reduced, and the comparison of full versus non-RSN
models was non-significant (Fig. 1c).

(a) Latent trajectories of different
components of mental health

Psychological distress
_ Chronic
S (8.819°%)

Moderate-
resilient
(8.819 %)

) Resilient (45.377 %)

Personal growth

High (37.127 %)

30

o]

. Worsen
. (52.347 %)

25

Low (52.347 %)

Baseline
Period 1
Period 2
Period 3
Period 4
Period 5
Period 6

(b) RSNs showing associations between SyS
and latent trajectories

Salience Fro_mo-
Network parietal
Network

e

The psychological trajectory membership (Fig. 1a) was significantly
predicted by the Dorsal Attention Network (DAN), and marginally by
Limbic Network (LN) and Fronto-Parietal Network (FPN). However, in
the full model, only FPN-FC remained strictly significant, with a higher
probability of belonging to the resilient trajectory with a greater integrated
FPN. Notably, the full model was significantly better than the non-RSN
model (Fig. lc).

Finally, social trajectory membership was not significantly predicted
by any of the RSN-SyS values (R*> = 0.008).

Our findings indicate that measures of FC reflecting the integration-
segregation of principal RSNs offer distinct predictions for long-term MH
outcomes across the COVID-19 pandemic. This study suggests that pan-
demic anxious-depressive trends were affected by SN-SyS. However,
emotional trajectories were predicted by a simpler and equally informative
model that did not include RSN information, suggesting that lifestyles
and psychological factors are enough to describe them. Nevertheless,
when studying PG, baseline FPN-SyS was shown to add meaningful
information to the model derived from aggregated sociodemographic,
psychological factors, and lifestyles. Individual differences in PG mainte-
nance likely reflect the capacity to thrive through reappraising and
attaching value to stressful situations.” As such, the associations found
between PG and FPN connectivity, commonly linked to cognitive

(C) Associations between SyS and
latent trajectories

Moderate-

resilient Resilient Chronic
54 B
RSN B=0.747, SE=0.348,
B=0.368, SE=0.201, ~ B=0.747, SE=0.348,
model OR=144, P=0.067 OR=2.11, P=0.032
R2=0.465
Full B=-0129, SE=0.071, B=-0.063, SE=0.179,
model OR=0.879, P=0.070 OR=0.939, P=0.726
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. Dorsgl . Limbic
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model | e
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Full OR=1564, P=0.072 OR=1.859, P=0.091
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B=-0.708, SE=0.357, B=—0.241, SE=0.230,
OR=0.493, P=0.047 OR=0.786, P=0.295

Full model vs. non-RSN model "2=0-2%".

¥?=-9.181, P=0.002

Fig. 1 Associations between RSNs SyS and latent trajectories of different components of mental health. Panel (a) depicts the latent trajectories elucidated by Bayes-Marin
et al.® subset to the sample of this study. Note that despite three components of mental health being analyzed (i.e., psychological distress, personal growth, and loneliness), only
those significant regarding the RSN analyses are displayed. Panel (b) shows a three-dimensional representation of the brain regions comprising the four particular RSN networks
identified in the results section of this study (i.e., Salience, Fronto-Parietal, Dorsal Attention, and Limbic). Panel (c) describes the associations between SyS values from the net-
works in B, and the outcomes in A, as estimated by multinomial logistic regressions. Colored triangles indicate the direction of the association between the outcome and RSN
SyS values with the same color in B. As Resilient groups were fixated as references in the logistic models, then triangles indicate whether there is a higher or lower probability to
belonging to the reference group when SyS increases. Fully colored triangles indicate high significance (i.e., P < 0.05), those with thick borders but less opacity indicate marginal
effects (i.e., P < 0.1), and empty triangles denote effects that were significant in the RSN model that were lost in the full model. Finally, results from the comparison between Full
models and non-RSN models are included. This comparison is performed by likelihood ratio tests, with negative y? values denoting that the full model is significantly better than
the non-RSN model. OR, odds ratio; PG, personal growth; RSN, resting state network; SE, standard error; SyS, system segregation.
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flexibility and control processes,® may reveal the importance of cognition
within psychological aspects. Finally, not finding any RSN-SyS associated
with social well-being may be due to measuring the individual’s subjective
perception but not the direct engagement in social contacts, and/or the
previously reported paradoxical effects of the outbreak on loneliness dur-
ing the outbreak.” Altogether, the present findings contribute to our previ-
ous observations,” revealing the impact of the DMN- and FPN-SyS on
emotional trajectories through stress-perception. This supports the triple-
network perspective.”®!°

Overall, our findings suggest that assessing brain network integration
versus segregation aids in predicting individual resilience and vulnerabil-
ity across MH dimensions, allowing for early identification of at-risk indi-
viduals, and the design and evaluation of personalized preventive
strategies.
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mailto:John Wiley 2024 Japanese Society of Psychiatry and Neurology783March 202410.1111/pcn.13654Research LettersResearch Letters 2024 The Authors. Psychiatry and Clinical Neurosciences published by John Wiley �6.98years) who met the criteria in a 2023 study by Bayes-Marin and colleagues.3 All participants gave written informed consent according to the Declaration of Helsinki. The study protocol was approved by the Comit� �tic d'Investigaci� de la Fundaci� Uni� Catalana d'Hospitals (CEIC-17/06). Resting-state functional magnetic resonance imaging images acquired before the COVID-19 outbreak were preprocessed, and system segregation (SyS; integration-segregation balance) was calculated for seven resting state networks (RSN) [see4] and DataS1). Multinomial logistic regressions were fitted to predict trajectory membership for the three MH components (Resilient or Chronic trajectories, for psychological distress and loneliness, and Resilient, Progressively Ascending, or Worsening for PG, as captured by growth mixture models contrasting pre- versus during-pandemic observations within two-year follow-up (see 3, DataS1 and Fig.1a). RSN models included FC for seven RSNs. Full models combined significant RSN measures and significant predictors found in our previous study (age, sex, monthly income, stress coping, personality, general health, and lifestyle habits) (see3). Non-RSN models were as full models but without RSN data, and through likelihood ratio tests (non-RSN vs full models) we assessed whether the goodness of fit improved by adding FC measures to sociodemographic, psychological, and lifestyle measures. In total, we fitted three models (RSN, non-RSN, and full) for each of the three MH components.The emotional trajectory membership (Fig.1a) was significantly predicted by the Salience Network (SN) FC (Fig.1b), revealing that a more functionally integrated SN (i.e., lower SyS) was more representative of Resilient trajectories in comparison to Chronic and marginally to Moderate-Resilient ones. In the full model, the significance of SN-FC as a predictor was reduced, and the comparison of full versus non-RSN models was non-significant (Fig.1c).The psychological trajectory membership (Fig.1a) was significantly predicted by the Dorsal Attention Network (DAN), and marginally by Limbic Network (LN) and Fronto-Parietal Network (FPN). However, in the full model, only FPN-FC remained strictly significant, with a higher probability of belonging to the resilient trajectory with a greater integrated FPN. Notably, the full model was significantly better than the non-RSN model (Fig.1c).Finally, social trajectory membership was not significantly predicted by any of the RSN-SyS values (R2=0.008).Our findings indicate that measures of FC reflecting the integration-segregation of principal RSNs offer distinct predictions for long-term MH outcomes across the COVID-19 pandemic. This study suggests that pandemic anxious-depressive trends were affected by SN-SyS. However, emotional trajectories were predicted by a simpler and equally informative model that did not include RSN information, suggesting that lifestyles and psychological factors are enough to describe them. Nevertheless, when studying PG, baseline FPN-SyS was shown to add meaningful information to the model derived from aggregated sociodemographic, psychological factors, and lifestyles. Individual differences in PG maintenance likely reflect the capacity to thrive through reappraising and attaching value to stressful situations.7 As such, the associations found between PG and FPN connectivity, commonly linked to cognitive flexibility and control processes,8 may reveal the importance of cognition within psychological aspects. Finally, not finding any RSN-SyS associated with social well-being may be due to measuring the individual's subjective perception but not the direct engagement in social contacts, and/or the previously reported paradoxical effects of the outbreak on loneliness during the outbreak.9 Altogether, the present findings contribute to our previous observations,4 revealing the impact of the DMN- and FPN-SyS on emotional trajectories through stress-perception. This supports the triple-network perspective.5,6,10Overall, our findings suggest that assessing brain network integration versus segregation aids in predicting individual resilience and vulnerability across MH dimensions, allowing for early identification of at-risk individuals, and the design and evaluation of personalized preventive strategies.AcknowledgmentsWe would like to express our sincere gratitude to the funding organizations that have supported this research. The research was made possible through the generous support of the `la Caixa� Foundation under grant number LCF/PR/PR16/11110004. Additionally, we acknowledge the financial assistance received from the Generalitat de Catalunya, Ag�ncia de Gesti� d'Ajuts Universitaris i de Recerca, under grant number 2020PANDE00043. The contributions of Fundaci� la Marat� de TV3, grant number 202129-31, have played a vital role in advancing our investigations. We also extend our appreciation to the Instituci� Catalana de Recerca i Estudis Avan�ats for their support under grant ICREA 2019. Finally, we express our gratitude to the Ministerio de Ciencia e Innovaci�n for their funding support under grant number RTI2018-095181-B-C21. These funding sources have been instrumental in facilitating our research endeavors and have significantly contributed to the success of this project.Disclosure statementAuthor APL discloses consulting fees received from Neuroelectrics, TetraNeuron, Medrhythms, and Magstim, where he serves as a paid member of the scientific and medical advisory committees. APL is also listed as an inventor on several issued and pending patents related to the real-time integration of transcranial magnetic stimulation with electroencephalography and magnetic resonance imaging. These patents encompass applications of noninvasive brain stimulation in various neurological disorders, as well as digital biomarkers of cognition and digital assessments for the early diagnosis of dementia. Additionally, APL acknowledges participation on a Data Safety Monitoring Board or Advisory Board for Linus Health and discloses being a co-founder with ownership of stock in both Linus Health and TI solutions. Authors GC and JSS disclose being granted or contracted by Fundaci� la Marat� de TV3, Alzheimer Drug Discovery Foundation and Spanish ministry of science and innovation.ReferencesPascual-Leone A, Bartres-Faz D. Human brain resilience: A call to action. Ann. Neurol. 2021; 90: 336-349.Chen S, Bonanno GA. Psychological adjustment during the global outbreak of COVID-19: A resilience perspective. Psychol. Trauma 2020; 12: S51-S54.Bayes-Marin I, Cabello-Toscano M, Cattaneo G et al. COVID-19 after two years: Trajectories of different components of mental health in the Spanish population. Epidemiol. Psychiatr. Sci. 2023; 32: e19.Cabello-Toscano M, L�dia V-A, Cattaneo G et al. Functional brain connectivity prior to the COVID-19 outbreak moderates the effects of coping and perceived stress on mental health changes: A first year of COVID-19 pandemic follow-up study. Biol Psychiatry Cogn Neurosci Neuroimaging. 2022; 8: 200-209.Bolsinger J, Seifritz E, Kleim B, Manoliu A. Neuroimaging correlates of resilience to traumatic events-A comprehensive review. Front. Psychiatry 2018; 9: 1-15.van Oort J, Tendolkar I, Hermans EJ et al. How the brain connects in response to acute stress: A review at the human brain systems level. Neurosci Biobehav Rev [Internet]. 2017; 83: 281-297.Bartr�s-Faz D, Cattaneo G, Solana J, Tormos JM, Pascual-Leone A. Meaning in life: Resilience beyond reserve. Alzheimers Res Ther. 2018; 10: 1-10.Cole MW, Reynolds JR, Power JD, Repovs G, Anticevic A, Braver TS. Multi-task connectivity reveals flexible hubs for adaptive task control. Nat. Neurosci. 2013; 16: 1348-1355.Bartr�s-Faz D, Maci� D, Cattaneo G et al. The paradoxical effect of COVID-19 outbreak on loneliness. BJPsych Open. 2021; 7: 1-4.Feder A, Fred-Torres S, Southwick SM, Charney DS. The biology of human resilience: Opportunities for enhancing resilience across the life span. Biol Psychiatry 2019; 86: 443-453.

