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ABSTRACT 

Mental health responses to the COVID-19 pandemic have been widely studied, but less is 

known about the potentially protective role of physical activity (PA) and the impact of low-grade 

inflammation. Using a sample of older adults from England, this study tested (1) if pre-pandemic 

PA and its changes during the pandemic were associated with mental health responses; (2) if 

older adults with low-grade inflammation experienced greater increases in depression and 

anxiety, compared to pre-pandemic levels; (3) if PA attenuated the association between 

inflammation and depression/anxiety. The study used data from the English Longitudinal Study 

of Ageing, a cohort study following a national sample aged 50+. Information on mental health 

and PA were collected before the pandemic (2016/17 and 2018/19) and during November and 

December 2020. Inflammation was ascertained using pre-pandemic C-reactive protein (CRP). 

Analyses were adjusted for sociodemographic and health-related factors and pre-pandemic 

mental health. Increasing PA from before to during the pandemic was linked to reduced odds of 

depression (OR = 0.955, 95%CI [0.937, 0.974]) and anxiety (OR = 0.954, 95%CI [0.927; 

0.982]). Higher pre-pandemic PA was associated with reduced odds of depression (OR = 0.964, 

95%CI [0.948, 0.981]) and anxiety (OR = 0.976, 95%CI [0.953, 1.000]), whereas elevated CRP 

was associated with 1.343 times higher odds of depression (95%CI [1.100, 1.641]). PA did not 

attenuate the inflammation-depression association. The findings suggest that PA may contribute 

to psychological resilience among older adults, independently of inflammation. Further research 

is needed to explore the psychobiological pathways underlying this protective mechanism.  
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INTRODUCTION 

In 2019, depressive and anxiety disorders ranked among the top 25 leading causes of global 

and UK disease burden [1, 2]. The COVID-19 pandemic has further aggravated the situation, 

resulting in a global increase in the prevalence of depressive and anxiety disorders by 27.6% 

and 25.6% in 2020, respectively [3]. In the UK, longitudinal surveys showed a similar pattern, 

with psychological distress being highest during the initial stages of the pandemic and changing 

in relation to social policy, confidence in healthcare services, COVID-19 related stress, and 

perceived social support or loneliness [4, 5].  

Older adults are vulnerable to experiencing negative impacts of public health crises such as the 

COVID-19 pandemic in multiple domains, including higher risk of mortality, reduced access to 

healthcare, social isolation, and financial struggles [6]. A previous analysis of the English 

Longitudinal Study of Ageing used data collected by both telephone interviews and online 

surveys and found a substantial increase in the prevalence of depressive and anxiety disorders 

in March-May 2020 compared to pre-pandemic levels, worsening further at time of the second 

national lockdown in November-December 2020 [7]. Considering the disproportionate impacts 

of the COVID-19 pandemic on older adults, it is a research priority to identify risk and protective 

factors to their mental health [8]. 

Physical activity (PA), defined as “any bodily movement produced by skeletal muscles that 

results in energy expenditure” [9], has been a recognised protective factor against depressive 

[10] and anxiety [11] disorders. Pandemic-related restrictions have been linked to decreases in 

PA and increases in sedentary behaviours in the general as well as older population [12, 13]. An 

analysis of the UK PROTECT cohort found that older adults who reported reductions in their PA 

compared to pre-pandemic levels were at an increased risk of depression and anxiety [14]. 

However, similarly to internet surveys on mental health, these studies collected online data and 
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lacked pre-pandemic measures of PA. Therefore, it remains unclear whether PA may promote 

resilience to mental health issues among older adults in response to the COVID-19 pandemic.  

Older age and PA might be linked to mental health through inflammatory pathways. The 

process of ageing is accompanied by chronic subclinical increases in inflammatory biomarkers 

(low-grade inflammation, LGI), which may in turn contribute to various physical as well as 

mental health issues [15]. Conversely, aerobic exercise interventions can reduce inflammatory 

biomarkers, including C-reactive protein (CRP), tumour necrosis factor alpha (TNF-a), and 

interleukin-6 (IL-6) [16]. The role of inflammation in mental health has been corroborated by 

both animal and human studies, with growing evidence that inflammation may be involved in the 

pathogenesis of depression [17]. Although inflammation has been proposed to play a role in 

anxiety as well [18, 19], the evidence is more limited [20–26]. 

Unlike experimentally triggered acute inflammation, LGI can be less intense and prolonged. 

Chronically elevated inflammatory biomarkers might increase the susceptibility to mental health 

disorders by inducing structural and functional changes in affective brain circuits [27]. LGI could 

prime individuals to various mental health responses, which would manifest under challenging 

or stressful circumstances. In that case, LGI would be an especially relevant risk factor when 

encountering novel and unpredictable stressors, including those that have emerged during the 

COVID-19 pandemic. A previous study has found support for this mechanism, showing that 

older adults with elevated inflammation before the pandemic were more likely to develop 

depression [28]. Under these circumstances, the inflammation-anxiety link might also become 

more apparent, although this relationship remains to be tested. 

Although the beneficial effects of PA on mental health could be partially explained by the 

reduction in inflammatory biomarkers, direct evidence is missing. In a longitudinal study of older 

adults, inflammation accounted for only a small portion of the PA effects on depressive 
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symptoms [29]. A randomised-controlled trial of patients with major depressive disorder found 

greater improvements in depression symptoms following exercise intervention in those with 

higher IL-6 at baseline, whilst no changes were found in the inflammatory biomarkers before 

and after the intervention [30]. Notably, as PA operates through multiple pathways, the anti-

inflammatory mechanisms might only be relevant to mental health if inflammation is present in 

the first place. Additionally, other mechanisms of PA might compensate for the negative effects 

of inflammation on the brain, such as the upregulation and altered signalling of the brain-derived 

neurotrophic factor, a protein involved in neurogenesis and synaptic stability [31, 32]. Therefore, 

PA could act as an effect modifier, buffering the association between LGI and mental health. 

However, studies directly testing the modifying role of PA are missing.  

To address these evidence gaps, we aimed to test three main hypotheses using observational 

data from a sample of older adults living in England. Firstly, we postulated that higher pre-

pandemic PA and increases in PA from before to during the pandemic would be associated with 

reduced mental health responses to the pandemic (depression and anxiety). Second, we 

hypothesized that higher pre-pandemic LGI would be associated with an increased risk of 

depression and anxiety during the pandemic. Third, we expected that higher levels of pre-

pandemic PA and increases in PA from before to during the pandemic would attenuate the 

association between LGI and depression/anxiety.   

 . CC-BY 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted April 15, 2024. ; https://doi.org/10.1101/2024.04.14.24305797doi: medRxiv preprint 

https://doi.org/10.1101/2024.04.14.24305797
http://creativecommons.org/licenses/by/4.0/


 6/30 
 

MATERIAL AND METHODS 

Design 

This study used data from the English Longitudinal Study of Ageing (ELSA), a prospective 

multidisciplinary cohort study following a nationally representative sample of adults aged 50 

years and above living in England. Data on socioeconomic and health variables are obtained 

biennially via computer-assisted face-to-face interviews and self-completion questionnaires. 

Every four years, biomedical data are collected during nurse visits.  In 2020, the COVID-19 sub-

study was launched to monitor the impacts of the COVID-19 pandemic on older population of 

England, collecting data by telephone or online self-completion interviews. Details on sampling 

and recruitment for all ELSA waves can be found on the ELSA website (https://www.elsa-

project.ac.uk/). All participants provided informed consent. The data from ELSA waves can be 

accessed through the UK Data Service. Ethical approval was obtained from the National 

Research Ethics Service for the main ELSA waves and the University College London Research 

Ethics Committee for the COVID-19 sub-study. 

In the current study, we derived a dataset comprising participants who completed their final 

nurse visit prior to the pandemic. This encompassed either Wave 8 (May 2016 – June 2017) or 

Wave 9 (June 2018 – July 2019), as data collection was divided between these two waves due 

to financial constraints. Participants were excluded if they had blood clotting disorders or history 

of fits or convulsions, as they were ineligible to provide a blood sample (532 participants). We 

also excluded individuals with inflammatory biomarker levels indicating an acute infection or 

pathology (CRP ³10 mg/L, 234 participants). The final analytical sample consisted of 

5 829 individuals (Supplementary Fig. 1). Pandemic mental health outcomes and PA variables 

were extracted from Wave 2 of the COVID-19 sub-study (November-December 2020), as the 

same PA measures were also collected at Wave 8 and Wave 9, allowing to compare PA 

changes from before to during the pandemic. Some confounders were sourced from the last 
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wave before the exposure, either Wave 7 or Wave 8, to avoid overadjustment bias [33] The 

timing of all variables is shown in Supplementary Figure 2. The study protocol was pre-

registered prior to analysing the data with the Open Science Framework registry [34]. 

Modifications to the analyses are detailed in Supplementary Table 1. We followed the STROBE 

guidelines to enhance the reporting of our study [35].  

Measures 

Pandemic mental health (outcome) 

Depression was measured using the 8-item version of the Center for Epidemiologic Studies-

Depression scale (CES-D 8). This scale collects information on eight symptoms of depression 

(e.g., feeling lonely, feeling depressed, experiencing restless sleep) and their frequency in the 

past week. The full 20-item version of CES-D is a well-established tool for screening depression 

in the general population [36]. The 8-item version has been validated in populations of older 

adults [37, 38]. To assess clinically significant depressive symptoms indicating the presence of 

depressive disorders, we used a cut-off score of four or more symptoms that is equivalent to the 

clinical cut-off score of 16 on the 20-item scale [39].  

Anxiety was ascertained using the 7-item Generalized Anxiety Disorder (GAD-7) scale. The 

GAD-7 collects information on anxiety symptoms in the past two weeks and their frequency 

(such as feeling nervous, anxious, or on edge, not being able to stop worrying). The scale is a 

gold standard for screening anxiety disorders in adult populations, with a cut-off score of 10 or 

more for identifying clinically significant symptoms of anxiety [40]. This cut-off score was used to 

re-code GAD-7 scores into a binary variable.  

Physical activity (exposure) 

Participants were asked how often they engaged in mildly energetic, moderately energetic, and 

vigorous PA. Prompt cards were used to illustrate examples of each PA category (e.g., laundry 
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for mild, gardening for moderate, and swimming for vigorous PA). The response options 

included hardly ever, or never (0), one to three times a month (1), once a week (2), more than 

once a week (3). To capture the overall PA engagement of a person, we computed a continuous 

PA index as the sum of the responses, adding higher weights to more intense PA engagement 

(PAindex = PAmild + 2 ´ PAmoderate + 3 ´ PAvigorous). The effects of PA changes were derived 

statistically, using adjustment for past exposure levels (PAindex at W2 of the COVID-19 sub-study 

adjusted for PAindex at baseline). This approach, comparable to using change scores adjusted for 

baseline values, yields interpretable effects of change-in-exposure as recently defined within the 

potential outcomes framework [41]. 

Low-grade inflammation (exposure) 

High-sensitivity plasma CRP was used as a biomarker of inflammation. During the nurse visit, at 

least three small-sized tubes (2-6 mL each) of blood were obtained from each participant. The 

samples were stored and analysed at the Royal Victoria Infirmary laboratory using N Latex CRP 

highly sensitive mono immunoassay (Behring Nephelometer II Analyser). We used the cut-off 

score of CRP ³3 mg/L to indicate clinically significant subclinical systemic inflammation (referred 

to as LGI in this paper). We used this threshold because higher CRP concentrations are 

associated with adverse health outcomes, such as cardiovascular disease. In contrast, values 

below this threshold might not be consistently linked to clinical outcomes, as they could 

represent physiological variations within the normal range [42]. 

Confounders  

The analyses were adjusted for pre-pandemic mental health to isolate the mental health 

responses to the pandemic. The same measure (CES-D 8) was used for pre-pandemic 

depression. GAD-7 was only added in the COVID-19 sub-study. Therefore, to account for pre-

pandemic differences in anxiety, we used the 11-point (0-10) anxiety item of the Office for 

National Statistics well-being measure (ONS-4), which evaluates how anxious participants felt 
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the previous day on a scale from 0 (“not at all”) to 10 (“completely”). As this scale does not have 

a comparable cut-off score to the GAD-7, we used the ONS anxiety tool as a continuous 

variable.  Details on the ONS-4 measure can be found on the Government Statistical Service 

website: https://gss.civilservice.gov.uk/policy-store/personal-well-being/#dissemination-output- 

As confounders, we included sociodemographic variables (age, sex, ethnicity, education, 

partnership status, household wealth) and health-related factors (having reported 

a longstanding illness that limits daily activities, smoking status, alcohol consumption). Self-

rated weight at baseline was used as a confounder in a sensitivity analysis. Because baseline 

PA and LGI occurred before the pandemic, no events or conditions arising during the pandemic, 

including SARS-CoV-2 infection, could act as confounders in their relationship with mental 

health. Therefore, pandemic influences were not included as covariates to avoid overadjustment 

and collider bias [43]. A more detailed overview of all confounders is provided in Supplementary 

Table 2.  

Analyses  

Main analyses 

A series of logistic regression models were used to test the research hypotheses. Separate 

models were tested for clinically significant depressive and anxiety symptoms measured during 

the pandemic as the outcome variables. The models accounted for pre-pandemic depression or 

anxiety and the outlined confounders. Five models were fitted to each outcome variable, 

incorporating different exposure and/or effect modifier variables: LGI (Model 1), pre-pandemic 

PA score (Model 2), LGI, pre-pandemic PA score, and their product term (Model 3), PA changes 

(isolated as pandemic PA adjusted for pre-pandemic PA as a covariate, Model 4), and PA 

changes, LGI, and a product term between pandemic PA and LGI (Model 5). A wave indicator 

was added to account for different exposure and confounder timing among the participants. 
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Assumptions were checked with diagnostic plots of scaled residuals using the DHARMa 

package v0.4.5 in R [44].  

Each model provided odds ratios (ORs), their 95% confidence intervals, and p-values using 

Wald test. To visualise the results and supplement the interpretation of interactions, we plotted 

the average marginal effects at counterfactual exposure values (predicted probabilities 

marginalised over the distribution of confounders) together with their 95% confidence intervals 

using the avg_predictions command from the marginaleffects package v0.18.0 [45, 46]. As the 

outcomes had a high prevalence (>10%), we also assessed if ORs yielded similar results to risk 

ratios (RRs). RRs were approximated using modified Poisson regression with sandwich 

estimator for variance [47].      

Missing data 

Missing data on the exposures, covariates, and outcomes, including missingness in the 

outcome due to attrition, were handled using multivariate imputation by chained equations 

(MICE) with the mice package v3.16.0 [48]. We used 30 imputation datasets and 30 iterations. 

The estimates were pooled according to Rubin’s rules [49]. Details can be found in Supplement 

1 and the pre-registration protocol [34]. 

Inference criteria 

We followed guidelines aiming to improve statistical inference [50, 51]. P-values were reported 

as continuous quantities. Whilst we did consider the conventional alpha level of .05, we 

deliberately avoided the term ‘statistically significant’ and used additional metrics to supplement 

the interpretation of our findings, namely s-values, ORs and their 95% confidence intervals, and 

minimum detectable effects (MDEs) from sensitivity power analyses. The s-value is a re-

expression of the p-value as the equivalent number of heads in a fair coin toss, recommended 

for providing a more intuitive scaling [52]. MDE represents the smallest effect (in this case, 
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ORMDE) that could be detected with given power and sample size [53]. Confidence intervals 

were interpreted as compatibility intervals, meaning all the included effects were seen as highly 

compatible with the data [54].  For further details on these metrics, see Supplement 1.  

Sensitivity analyses   

We conducted six sensitivity analyses to check the robustness of our findings. Firstly, we re-ran 

the main models for complete cases to assess if the results are consistent with those of imputed 

datasets. Secondly, we re-ran the models with PA re-coded into a binary variable indicating if a 

participant engaged in moderate or vigorous PA at least once a week (high/low PA). To assess 

PA changes, we combined the two binary variables (before and during the pandemic), resulting 

in four binary variables (low-low, low-high, high-low, high-high). These variables were used by 

Hamer et al. [55] who found that high PA and changes in PA from low to high over a four-year 

period were associated with indicators of healthy ageing independently of sociodemographic 

and lifestyle factors. Thirdly, we repeated the main analyses using linear regression with a 

sandwich variance estimator using the CES-D 8 and GAD-7 scores as continuous outcomes. 

Fourth, we adjusted the main models for self-reported weight at baseline. We did not include 

this confounder in the main analyses, as we suspected it may lie on the causal pathway 

between inflammation or PA and mental health, and therefore could introduce overadjustment 

bias [56]. Fifth, to assess the effects of PA immediately before the pandemic, we re-ran the 

analyses for the main effects of PA using Wave 9 measures from everyone who attended 

COVID-19 Wave 2 of ELSA, with no other exclusions applied. This allowed us to use existing 

longitudinal survey weights to generalise the findings to the population of interest and address 

attrition, limiting imputations to item-missing data only. Lastly, we conducted the main analysis 

in full adherence to the pre-registration protocol to maintain transparency. 
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RESULTS 

Descriptive statistics 

Descriptive statistics are reported in Table 1. Most participants were white, partnered, and 

educated at a secondary level. Average age was 67.9 years (SD = 9.9) and 57.0% of the 

participants were female. 30.2% of the participants had at least one health condition limiting 

their daily activities. LGI was common, with approximately 22.5% participants showing CRP 

levels elevated above the cut-off score. At the time of pre-pandemic assessment, most 

participants frequently engaged in mild and moderate PA, with 81.7% and 65.6% reporting to 

have engaged ‘more than once a week’, respectively. By November-December 2020, PA levels 

had decreased, with changes being most apparent in mild-intensity PA engagement 

(Supplementary Figure 3). When using the derived PA index score, PA levels decreased, on 

average, by 0.8 points, but the changes varied considerably across participants (SD = 5.2). 

The proportion of participants with clinically significant depressive symptoms increased from 

before to during the pandemic by 12.5%. We could not assess changes in proportions of 

participants with clinically significant anxiety symptoms, as ONS-4 and GAD-7 may not offer 

comparable cut-offs. During the pandemic, a larger proportion of participants experienced 

clinically significant depressive symptoms (23.9%) compared to anxiety symptoms (8.8%). 

Descriptive statistics computed across the imputed datasets were comparable to those obtained 

from the complete-case data (Supplementary Table 3). Descriptive statistics for the full Wave 8 

and Wave 9 samples were also similar to those obtained from the analytical sample, although 

their prevalence of clinically significant depressive symptoms at baseline was higher 

(Supplementary Table 4). 
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PA, LGI, and depressive symptoms 

The full models for depression are reported in Table 2 and plotted in Fig. 1. Unadjusted 

associations are provided in the supplements (Supplementary Table 5). Participants with LGI 

before the pandemic had 1.34 times increased odds of developing depressive disorders during 

the pandemic independently of pre-pandemic depression and confounders (95% CI [1.100; 

1.641], p = 0.004, s = 7.92). The adjusted odds of developing depression decreased with higher 

pre-pandemic PA engagement (OR = 0.964, 95% CI [0.948; 0.981], p = <0.001, s = 14.98); a 6-

point increase in the PA index (equivalent to engaging more than once a week in moderately 

energetic or at least once a week in vigorous PA) corresponded to a 20% reduction in the 

adjusted odds of developing depression. Similarly, increasing PA levels from before to during 

the pandemic by 6 points corresponded to a 24% decrease in the adjusted odds of having 

clinically significant depressive symptoms during the pandemic, although the evidence was 

weaker (OR = 0.955, 95% CI [0.937, 0.974], p <0.001, s = 17.50). The models found little 

support for pre-pandemic PA modifying the association between inflammation and depression 

(ORPA * LGI = 0.993, 95% CI [0.959; 1.029], p = 0.710, s = 0.49). Similarly, the point estimate and 

confidence interval suggested no effect modification by PA changes (ORPAchange * LGI = 0.992, 

95% CI [0.959; 1.025], p = 0.619, s = 0.693).   

PA, LGI, and anxiety symptoms 

Anxiety models are reported in Table 2 and plotted in Fig. 2. In contrast with depression, we did 

not find evidence of the association between LGI and clinically elevated anxiety symptoms (OR 

= 0.904, 95% CI [0.669; 1.222], p = 0.508, s = 0.98). Considering the ORMDE = 1.270 (also 

ORMDE = 0.765 if the association was negative), the analysis may have been underpowered to 

detect substantially smaller, yet meaningful associations of LGI with anxiety. The association 

strength between pre-pandemic PA levels and clinically significant anxiety symptoms was 

weaker and less precise compared to that with depression, with a 6-point increase in pre-
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pandemic PA levels corresponding to a 14% decrease in the adjusted odds of developing 

clinically significant anxiety symptoms (OR = 0.976, 95% CI [0.953, 1.000], p = 0.049, s = 4.35). 

Increasing PA levels by 6 points was associated with a 25% decrease in the adjusted odds of 

anxiety (OR = 0.954, 95% CI [0.927, 0.982], p = 0.002, s = 9.30). As for depression, the product 

term coefficients including pre-pandemic PA or PA changes were almost null and imprecise. 

Sensitivity analyses 

Across all models, the approximated RRs were comparable (although slightly smaller) to ORs. 

The sensitivity analyses yielded results consistent with the main findings (Supplement 2).    
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DISCUSSION 

Summary of findings 

We found that higher pre-pandemic PA engagement was associated with reduced odds of 

developing clinically significant depressive and anxiety symptoms in response to the pandemic, 

irrespective of sociodemographic and health-related factors. Engagement in moderate-intensity 

PA more than once a week corresponded to an estimated 20% decrease in the adjusted risk of 

depression. A similar but less precise association was found for anxiety (14% decrease in the 

adjusted odds). Increases in PA were associated with reduction in the adjusted risk of 

depression and anxiety (24% and 25% decrease per moderate weekly PA engagement 

equivalent, respectively).  

Older adults with elevated levels of CRP (LGI) before the pandemic had 1.34 times higher 

adjusted risk of developing clinically significant symptoms of depression and anxiety. The 

relationship between LGI and anxiety was smaller and imprecise. Higher pre-pandemic PA and 

increases in PA did not modify the LGI-depression/anxiety relationship, with estimated effects 

close to zero.  

Interpretation of the findings 

Our findings align with evidence supporting the long-term protective role of PA on mental health. 

Although studies have established that decreases in PA during lockdowns are related to 

worsening of mental health [57], the overall impact of the COVID-19 pandemic becomes 

inevitably lost when no pre-pandemic measures are available. Our study addressed this gap, 

suggesting that PA may contribute to longer-term psychological resilience of older adults that 

persists in times of public health crises. We also found reductions in the risk of depressive and 

anxiety disorders for even small increases in PA. In our sensitivity analyses, we found similar 

associations when re-defining PA as a binary variable expressing moderate-to-vigorous PA 
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engagement. This is in line with former research suggesting a dose-response relationship [58, 

59]. However, a meta-analysis of eight randomised-controlled trials identified a non-linear 

association in studies focusing on adults aged 60+, suggesting no reduction in depressive 

symptoms with vigorous activity [60]. Whilst our diagnostic plots did not indicate a non-linear 

relationship, our sample included younger participants (50+) and we did not separately test the 

effects of vigorous PA.  

In line with evidence for the role of inflammation in the pathogenesis of depression [17], our 

analysis revealed that pre-pandemic inflammation was associated with an increased risk of 

developing depressive symptoms during the pandemic, as evidenced by data from the second 

wave of the ELSA COVID-19 sub-study. Our findings align with those of Hamilton et al. [28], 

who identified a similar association using first-wave data from the ELSA COVID-19 sub-study, 

despite methodological differences between our studies. This consistency underscores the 

robustness of the link between inflammation and depression, but also demonstrates its 

persistence through the pandemic, making inflammation an important biological pathway 

connecting the process of ageing with vulnerability to depressive disorders in times of mandated 

social restrictions.  

The relationship between inflammation and anxiety was weak and imprecise, so no robust 

conclusions can be drawn. The compatible effects were generally smaller than those found in 

depression, which aligns with previous studies. In an analysis of UK Biobank data, the 

association for the inflammation-anxiety relationship was weaker compared to that between 

inflammation and depression, and it was entirely attenuated following adjustment for 

depression. Conversely, the association between CRP and depression persisted even after the 

adjustment for anxiety, suggesting disorder specificity [26]. Considering that anxiety and 

depression disorders are highly comorbid [61, 62], inflammation could act through depression 

on anxiety.  
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To the best of our knowledge, this is the first study to have longitudinally tested the modifying 

role of PA on the association between LGI and mental health. This mechanism has previously 

been proposed due to interactions between physiological systems involved in exercise, 

inflammation, and depression, although its empirical support was limited [63]. PA has been 

implicated in increasing the expression of BDNF [31, 32], promoting the release of 

catecholamines [64], and modulating HPA axis hyperreactivity [65]. Conversely, inflammatory 

biomarkers can dysregulate these systems [66]. Contrary to this hypothesis, our findings do not 

support the notion of PA mitigating the LGI-depression link, suggesting PA and LGI might act 

independently of each other. In a former study, reduced inflammation explained only a small 

portion of the PA-mental health association [29]. An explanation could be that PA might reduce 

inflammation through mechanisms that simultaneously improve mental health outcomes. To 

illustrate, BDNF could exert both a neurotrophic as well as pro/anti-inflammatory activity [67]. 

Animal studies suggest that β-hydroxybutyrate, a ketone released during exercise, may also 

exert a simultaneous anti-inflammatory and anti-depressant activity [68–70]. 

Our findings could also reflect that plasma CRP levels may not directly mediate the 

neurobehavioral effects of systemic inflammation. Whilst plasma biomarkers of systemic 

inflammation are commonly used to examine associations between inflammation and mental 

health, their transport into the brain is limited by the blood-brain barrier (BBB), a semipermeable 

border lining the blood vessels of the brain that regulates the exchange of cells and molecules. 

Neuroinflammation can be promoted through several pathways, including the disruption of BBB, 

upregulation of cytokine transport across BBB, and signal transduction by barrier cells [71]. The 

interactions of CRP with BBB are not fully understood. Some evidence suggests that the 

association between CRP and depression could be confounded by other cytokines, such as IL-

6. In the systemic inflammatory response, IL-6 plasma levels increase prior to CRP. IL-6 then 

promotes CRP secretion into blood by the liver [72]. Unlike CRP, IL-6 has been documented to 
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traverse BBB when elevated [73, 74]. In a Mendelian randomisation study, genetically predicted 

higher levels of IL-6 were related to increased depressive symptoms, whereas genetic 

instruments for elevated CRP showed protective effects in depression. This suggests that CRP 

may not directly increase the risk of depression. Instead, the associations found in observational 

studies could be explained by IL-6 and other cytokines acting on both CRP and depression [26].  

Strengths and limitations 

Our study has several strengths. In our analysis, we used data from a nationally representative 

sample of adults aged 50 and above. Data collection was not limited to online interviews, so our 

sample did not exclude often-unrepresented older adults who do not use the internet [75]. 

Another strength is the use of validated scales to assess depressive and anxiety symptoms. 

Additionally, pre-pandemic data collection allowed us to estimate the overall increases in 

depressive and anxiety disorders in response to the pandemic and assess their longer-term 

associations with LGI and PA. We included a varied set of confounders and avoided 

overadjustment by extracting several variables from waves preceding the exposure. We also 

assessed the impacts of different modelling choices, demonstrating the robustness of most 

results. 

Our findings should be interpreted in light of their limitations. First, PA and mental health 

variables were self-reported. Individuals often overestimate their PA levels [76], potentially 

leading to an underestimation of their association with mental health. While depression and 

anxiety were not verified through psychiatric interviews, we employed validated screening tools 

with established clinical cut-off scores. Second, the continuous PA index was derived using 

arbitrary weights because the PA measures in ELSA have not been validated or systematically 

combined. Nonetheless, employing a more conservative binary coding of PA levels produced 

similar results. Third, in our analysis of the GAD-7 outcome, we adjusted for pre-pandemic 

anxiety using a different measure, which may have led to reduced confounding control. Fourth, 
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our study only used CRP as a biomarker of inflammation. As previously discussed, CRP may 

not fully capture the impact of systemic inflammation on the brain. Thus, the modifying role of 

PA on the inflammation-depression relationship might become more apparent when assessing 

other cytokines. Fifth, the measurement of pre-pandemic exposures varied, being taken at two 

distinct timepoints depending on the participant. Finally, selection bias could affect the study 

results because the participants who attended the nurse visit might not fully represent the target 

population, as suggested by higher baseline depression rates. To address these last two 

limitations in relation to PA and mental health associations, we conducted a sensitivity analysis 

using longitudinal survey weights with W9 data for PA. This analysis confirmed that the 

influence of pre-pandemic PA on mental health was robust to this form of selection bias.  

Suggestions for further research 

Due to low precision of our estimates and inconsistent literature findings, future studies should 

re-examine the prospective associations between LGI and anxiety. Furthermore, to better 

understand the longer-term associations between PA and mental health among older adults, 

accelerometery or other objective PA measures would allow researchers to determine the 

recommended amount. As few studies tested the moderating role of PA on the relationship 

between LGI and mental health, replications are needed across populations and study designs. 

Future studies should implement other biomarkers of inflammation, such as IL-6 and TNF-a. 

Moreover, PA and inflammation interact through complex physiological pathways, rendering 

inferences from population-level data challenging. Researchers may wish to explore these 

relationships in greater depth, which may require novel approaches. To illustrate, new methods 

have been developed to integrate mediation and interaction [77].  
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Conclusions 

PA may contribute to psychological resilience of older adults in times of mandated social 

restrictions, making PA interventions a promising scalable approach to reducing the depression 

and anxiety burden associated with the COVID-19 pandemic. Intervention programmes aimed 

at improving the mental health of older populations may wish to promote different types of 

physical activities, such as walking, cycling, and hiking. During lockdowns, efforts should be 

made to maintain opportunities for PA engagement. Furthermore, inflammation is an age-

related psychobiological mechanism underpinning vulnerability to depression in response to 

new environmental stressors, such as the COVID-19 pandemic. Whilst inflammation and PA 

may operate through shared physiological pathways on mental health, so far, studies have 

found no consistent pattern of interaction at population level. More longitudinal studies are 

needed to explore the interplay between PA, inflammation, and mental health.  
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Table 1: Descriptive statistics 

Note. Descriptive statistics computed from complete-case data. IQR = interquartile range; SD = standard deviation.   
† Listed for continuous variables with skewness or kurtosis ³1.0

Characteristic % (count) Mean (SD) Median (IQR)† Missing % 
(count) 

Wave at baseline     

Wave 8 53.1 (3 095) - - None 

Wave 9 46.9 (2 734) - - None 

Sociodemographic characteristics     
Sex: Female 57.0 (3 320) - - None 
Age (years) - 67.9 (9.9) - None 
Ethnicity: White 96.0 (1 516) - - <0.001 (2) 
Partnership: Partnered 68.0 (3 960) - - <0.001 (2) 
Education    8.8 (512) 

Less than upper secondary 22.8 (1 213) - - - 
Upper secondary and vocational training 55.0 (2 926) - - - 
Tertiary 22.2 (1 178) - - - 

Wealth tertiles  - - 6.3 (370) 
First 33.3 (1 816) - - - 
Second 34.4 (2 926) - - - 
Third 32.3 (1,178) - - - 

Health-related factors      
Limiting longstanding illness 30.2 (1 516) - - 13.8 (802) 
Smoker 9.3 (465) - - 13.8 (806) 
Alcohol consumption   - 21.2 (1 235) 

Three or more times a week 34.3 (1 576) - - - 
Once or twice a week 24.9 (1 146) - - - 
Less than once a week or not at all in a year 40.7 (1 872) - - - 

Exposures     
Low-grade inflammation (hsCRP ³3 mg/L) 22.5 (1 080) - - 17.7 (1 031) 

hsCRP (mg/L) - 2.0 (2.0) 1.2 (2.1) 17.7 (1 031) 
Physical activity (PA)     

PA index (pre-pandemic) - 10.1 (5.5) - <0.001 (1) 
PA index (pandemic) - 10.0 (5.4) - 26.2 (1 525) 
PA index difference - -0.8 (5.2) - 26.2 (1 525) 

Mental health outcomes     
Depressive symptoms (pre-pandemic)     

Elevated (CES-D 8 ³4) 11.4 (659) - - 6.6 (57) 
CES-D 8 - 1.3 (1.8) 1.0 (2.0) 6.6 (57) 

Depressive symptoms (pandemic)     
Elevated (CES-D 8 ³4) 23.9 (1 014) - - 27.2 (1 583) 
CES-D 8 - 2.1 (2.3) 1.0 (3.0) 27.2 (1 583) 

Anxiety symptoms (pre-pandemic)     
ONS-4  - 2.5 (2.6) 2.0 (4.0) 10.3 (1 288) 

Anxiety symptoms (pandemic)     
Elevated (GAD-7 ³10) 8.8 (372) - - 27.2 (1 587) 
GAD-7 - 3.2 (4.2) 2.0 (5.0) 27.2 (1 587) 

Additional confounders     
Self-rated weight - - - 0.5 (17) 

Too light 3.2 (222) - - - 
About the right weight 44.4 (2 556) - - - 
Too heavy 52.4 (3 034) - - - 
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Table 2: Results of the main adjusted logistic regression models 

Variable OR [95% CI]   SE p s ORMDE RR [95% CI]  

Outcome: Depression        

Model 1        

LGI 1.343 [1.100; 1.641] 0.10 0.004 7.92 1.198 1.200 [1.066; 1.350]  

Model 2        

PA 0.964 [0.948; 0.981] 0.01 <0.001 14.98 0.981 0.977 [0.966; 0.988]  

Model 3        

LGI 1.367 [0.911; 2.052] 0.21 0.130 2.95 - 1.147 [0.934; 1.408]  

PA 0.969 [0.950; 0.988] 0.01 0.001 9.47 - 0.978 [0.966; 0.990]  

LGI * PA 0.993 [0.959; 1.029] 0.02 0.710 0.49 - 1.002 [0.983; 1.023]  

Model 4        

PA change 0.955 [0.937; 0.974] 0.01 <0.001 17.50 0.980 0.971 [0.959; 0.983]  

Model 5        

LGI 1.319 [0.955; 1.822] 0.16 0.093 3.43 - 1.133 [0.957; 1.341]  

PA change 0.959 [0.938; 0.980] 0.01 <0.001 11.88 - 0.972 [0.958; 0.986]  

LGI * PA change 0.992 [0.959; 1.025] 0.02 0.619 0.693 - 1.001 [0.981; 1.021]  

        

Outcome: Anxiety        

Model 1        

LGI 0.904 [0.669; 1.222] 0.15 0.508 0.98 1.270 0.924 [0.733; 1.166]  

Model 2        

PA 0.976 [0.953; 1.000] 0.012 0.049 4.35 0.972 0.982 [0.964; 1.002]  

Model 3        

LGI 1.148 [0.660; 1.995] 0.28 0.622 0.69 - 1.096 [0.742; 1.620]  

PA 0.984 [0.958; 1.010] 0.01 0.218 2.20 - 0.988 [0.967; 1.009]  

LGI * PA 0.964 [0.911; 1.020] 0.03 0.197 2.34 - 0.973 [0.932; 1.014]  

Model 4        

PA change 0.954 [0.927; 0.982] 0.01 0.002 9.30 0.970 0.964 [0.942; 0.987]  

Model 5        

LGI 1.008 [0.606; 1.678] 0.26 0.975 0.04 - 0.986 [0.683; 1.423]  

PA change 0.959 [0.929; 0.989] 0.02 0.009 6.78 - 0.967 [0.943; 0.992]  

LGI * PA change 0.977 [0.927; 1.030] 0.03   0.390 1.36 - 0.985 [0.947; 1.024]  
Note. The models show associations between clinically significant depressive or anxiety symptoms during the pandemic 
(November-December 2020) and pre-pandemic low-grade inflammation (2016/17 or 2018/2019; Model 1), pre-pandemic 
physical activity engagement (2016/17 or 2018/2019; Model 2), changes in physical activity from before to during the 
pandemic (Model 4), and interactions between inflammation and physical activity as indicated (Model 3 and 5). The 
results were pooled from 30 imputed datasets (sample N = 5,829). Odds ratios, standard errors, and p-values were 
obtained from logistic regression models. Risk ratios were approximated using modified Poisson regression with a 
sandwich variance estimator. The models were adjusted for pre-pandemic mental health (depression or anxiety 
depending on the outcome), sex, age, ethnicity, education, partnership status, household wealth, having a limiting 
longstanding illness, smoking status, and alcohol consumption. Effects of PA changes were estimated using coefficients 
of pandemic PA adjusted for pre-pandemic PA and the outlined confounders. CI = confidence interval; LGI = low-grade 
inflammation; OR = adjusted odds ratio; ORMDE = minimum detectable odds ratio; PA = physical activity; RR = risk ratio, 
s = Shannon information value (surprisal value); SE = standard error.  
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Fig. 1: Plots of average marginal probabilities of depression from adjusted logistic regression models. 

 

 

Note. The plots show average marginal probabilities at counterfactual values (predicted probabilities marginalised 
over the distribution of confounders) and their 95% confidence intervals of experiencing clinically significant 
depressive symptoms during the pandemic (November-December 2020) depending on pre-pandemic low-grade 
inflammation (2016/17 or 2018/19), physical activity engagement (2016/17 or 2018/19), physical activity changes 
from before to during the pandemic, and interactions between physical activity and low-grade inflammation. The 
predictions were pooled from logistic regression models fitted to 30 imputed datasets (sample N = 5,829) and 
adjusted for pre-pandemic depressive symptoms, sex, age, ethnicity, education, partnership status, household 
wealth, having a limiting longstanding illness, smoking status, and alcohol consumption. 
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Fig. 2: Plots of average marginal probabilities of anxiety from adjusted logistic regression models. 

 
Note. The plots show average marginal predicted probabilities at counterfactual values (predicted probabilities 
marginalised over the distribution of confounders) and their 95% confidence intervals of experiencing clinically 
significant anxiety symptoms during the pandemic (June to July 2020) depending on pre-pandemic low-grade 
inflammation (2016/17 or 2018/19), physical activity engagement (2016/17 or 2018/19), physical activity changes 
from before to during the pandemic, and interactions between physical activity and low-grade inflammation. The 
predictions were pooled from logistic regression models fitted to 30 imputed datasets (sample N = 5,829) and 
adjusted for pre-pandemic depressive symptoms, sex, age, ethnicity, education, partnership status, household 
wealth, having a limiting longstanding illness, smoking status, and alcohol consumption.  
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