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    Abstract
Objective Poor metabolic health and unhealthy lifestyle factors have been associated with risk and severity of COVID-19, but data for diet are lacking. We aimed to investigate the association of diet quality with risk and severity of COVID-19 and its interaction with socioeconomic deprivation.

Design We used data from 592 571 participants of the smartphone-based COVID-19 Symptom Study. Diet information was collected for the prepandemic period using a short food frequency questionnaire, and diet quality was assessed using a healthful Plant-Based Diet Score, which emphasises healthy plant foods such as fruits or vegetables. Multivariable Cox models were fitted to calculate HRs and 95% CIs for COVID-19 risk and severity defined using a validated symptom-based algorithm or hospitalisation with oxygen support, respectively.

Results Over 3 886 274 person-months of follow-up, 31 815 COVID-19 cases were documented. Compared with individuals in the lowest quartile of the diet score, high diet quality was associated with lower risk of COVID-19 (HR 0.91; 95% CI 0.88 to 0.94) and severe COVID-19 (HR 0.59; 95% CI 0.47 to 0.74). The joint association of low diet quality and increased deprivation on COVID-19 risk was higher than the sum of the risk associated with each factor alone (Pinteraction=0.005). The corresponding absolute excess rate per 10 000 person/months for lowest vs highest quartile of diet score was 22.5 (95% CI 18.8 to 26.3) among persons living in areas with low deprivation and 40.8 (95% CI 31.7 to 49.8) among persons living in areas with high deprivation.

Conclusions A diet characterised by healthy plant-based foods was associated with lower risk and severity of COVID-19. This association may be particularly evident among individuals living in areas with higher socioeconomic deprivation.
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Data availability statement
The diet quality data used for this study are held by the department of Twin Research at Kings’ College London. The data can be released to bona fide researchers using our normal procedures overseen by the Wellcome Trust and its guidelines as part of our core funding (https://web.www.healthdatagateway.org/dataset/fddcb382-3051-4394-8436-b92295f14259). Zoe Platform data used in this study is available to researchers through UK Health Data Research using the following link:https://web.www.healthdatagateway.org/dataset/fddcb382-3051-4394-8436-b92295f14259. The diet quality data used for this study are held by the department of Twin Research at Kings’ College London. The data can be released to bona fide researchers using our normal procedures overseen by the Wellcome Trust and its guidelines as part of our core funding. We receive around 100 requests per year for our datasets and have a meeting three times a month with independent members to assess proposals. Application is via https://twinsuk.ac.uk/resources-for-researchers/access-our-data/. This means that the data needs to be anonymized and conform to GDPR standards.
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Significance of this study
What is already known on this subject?
	Poor metabolic health and unhealthy lifestyle behaviours have been associated with higher risk and severity of COVID-19.

	Improved nutrition, especially in the context of socioeconomic deprivation, has been shown to reduce the burden of certain infectious diseases in the past. Evidence on the association of diet quality with susceptibility and progression of COVID-19 is lacking.



What are the new findings?
	A dietary pattern characterised by healthy plant-based foods was associated with lower risk and severity of COVID-19.

	We found evidence of a synergistic association of poor diet and increased socioeconomic deprivation with COVID-19 risk that was higher than the sum of the risk associated with each factor alone.

	The beneficial association of diet with COVID-19 risk seems particularly relevant among individuals living in areas of higher socioeconomic deprivation.



How might it impact on clinical practice in the foreseeable future?
	Our study suggests that efforts to address disparities in COVID-19 risk and severity should consider specific attention to improve nutrition as a social determinants of health.




Introduction
Poor metabolic health linked to conditions such as obesity, type 2 diabetes or hypertension1 2 has been associated with increased risk and severity of COVID-19, and excess adiposity or preexisting liver disease might be causally associated with increased risk of death from COVID-19.3 4 Underlying these conditions is the contribution of a diet, which may be independently associated with COVID-19 risk and severity.
On the basis of prior scientific evidence, Diet Quality Scores (DQSs) have been developed to evaluate the healthfulness of dietary patterns.5–7 Dietary patterns capture the complexity of food intakes better than any one individual food item and offer the advantage of describing usual consumption of foods in typical diets.8 One such diet score is the healthful Plant-Based Diet Index (hPDI), which emphasises intake of healthy plant foods, such as fruits, vegetables and whole grains, and has been associated with lower risk of fatty liver, type 2 diabetes, and coronary artery disease.5 9 10
Adherence to healthful dietary patterns may also be a proximal manifestation of distal social determinants of health.11–13 Addressing adverse social determinants of health, such as poor nutrition, has been shown to reduce the burden of certain infectious diseases in the past,14 supporting calls for prioritising social determinants of health in the public health response to COVID-19. A previous study including ~3000 healthcare workers from 6 countries showed that plant-based or pescatarian diets were associated with lower odds of moderate-to-severe COVID-19.15 However, evidence on the association between diet quality and the risk and severity of COVID-19 in a general population is lacking, especially in the context of upstream social determinants of health. To address this evidence gap, we analysed data for 592 571 UK and USA participants from the smartphone-based COVID-19 Symptom Study,16 to prospectively investigate the association of diet quality with risk and severity of COVID-19 and its intersection with socioeconomic deprivation.

Materials and methods
Study design and participants
The COVID-19 Symptom Study is a smartphone-based study conducted in the UK and USA. Study design and sampling procedures have been published elsewhere.16 In brief, members of the general public were recruited through general media, social media outreach and direct invitations from investigators from the COronavirus Pandemic Epidemiology Consortium,16 a multinational collaboration including several large clinical and epidemiological cohort studies. This analysis included participants recruited from 24 March 2020 and followed until 2 December 2020. Participants who reported any symptoms related to COVID-19 prior to start of follow-up, or reported symptoms that classified them as having predicted COVID-19 within 24 hours of first entry, or who tested positive for COVID-19 at any time prior to start of follow-up or 24 hours after first entry were excluded. We also excluded participants younger than 18 years old, pregnant, and participants who logged only one daily assessment during follow-up. At enrolment, we obtained informed consent to the use of volunteered information for research purposes and shared relevant privacy policies and terms of use agreements.

Data collection procedures
Information on demographic factors was collected through standardised questionnaires at baseline,16 including age, sex, race, zip code or postcode, healthcare worker status, personal medical history including lung disease, diabetes, cardiovascular disease, cancer, kidney disease, and use of medications, and self-reported of a COVID-19 positive test or any COVID-19-related symptoms. During a follow-up, daily prompts queried for updates on interim symptoms, healthcare visits and COVID-19 testing results. Through software updates, a survey to examine usual diet and lifestyle habits during a prepandemic time frame (reference time February 2020) and during the pandemic (reference time July/August 2020) was launched between August and September 2020. Details about the diet and lifestyle survey are available in online supplemental file and published elsewhere.17 For this study, we used participant’s recall of their diet during February 2020, reflecting the period before the pandemic. A graph illustrating how and when diet and symptoms information was collected is provided in online supplemental figure 1.
Supplemental material
[gutjnl-2021-325353supp001.pdf]


Assessment of diet quality
Diet quality was assessed using information obtained from an amended version of the Leeds Short Form Food Frequency Questionnaire18 that included 27 food items (online supplemental methods). The rationale to use this short-form food frequency questionnaire and not a full food frequency questionnaire was to limit participant burden by reducing time for completion. The accuracy and reliability of the short food frequency questionnaire has been assessed against a 217-item food frequency questionnaire and suggest that the short-form food frequency questionnaire is a reliable method of assessing diet quality.18
Participants were asked how often on average they had consumed one portion of each item in a typical week. The responses had eight frequency categories ranging from ‘rarely or never’ to ‘five or more times per day’. Diet quality was quantified using the validated hPDI score.5 To compute the hPDI, the 27 food items were combined into 14 food groups (online supplemental table 1). The original hPDI score included 18 food groups but nuts, vegetable oils, tea or coffee and animal fat were not specifically queried. Food groups were ranked into quintiles and given positive (healthy plant food groups) or reverse scores (less healthy plant and animal food groups). With positive scores, participants within the highest quintile of a food group received a score of 5, following on through to participants within the lowest quintile who received a score of 1. With reverse scores, this pattern of scoring was inverted. All component scores were summed to obtain a total score ranging from 14 (lowest diet quality) to 70 (highest) points. Criteria for generation of the hPDI are provided in online supplemental table 2.
As an additional method to quantify diet quality based on available diet information, we used the DQS.18 The DQS is a score for adherence to UK dietary guidelines and was computed from five broad categories including fruits, vegetables, total fat, oily fish and non-milk extrinsic sugars. Each component was scored from 1 (unhealthiest) to 3 (healthiest) points, with intermediate values scored proportionally (online supplemental table 3). All component scores were summed to obtain a total score ranging from 5 (lowest diet quality) to 15 (highest) points (online supplemental table 4).

Assessment of COVID-19 risk and severity
The primary outcome of this analysis was COVID-19 risk defined using a validated symptom-based algorithm,19 which provides similar estimates of COVID-19 prevalence and incidence as those reported from the Office for National Statistics Community Infection Survey.20 Details on the symptoms included in the predictive algorithm and corresponding weights are provided in online supplemental methods. In brief, the symptom-based approach uses an algorithm to predict whether a participant has been infected with SARS-CoV-2 on the basis of their reported symptoms, age and sex. To validate our case ascertainment, a subset of individuals who had reported symptoms in the COVID-19 Symptom Study application were invited to provide a copy of the test results. Among 235 participants, we found that self-reported COVID-19 testing yielded a positive predictive value of 88% and a negative predictive value of 94% for confirmed medical record results. The rationale for symptom-based classifier as a primary outcome was due to widespread difficulties obtaining testing during the early stages of the pandemic.21 Secondary outcomes were confirmed COVID-19 based on a self-report of a reverse transcription PCR positive test and COVID-19 severity. COVID-19 severity was ascertained based on a report of the need for a hospital visit which required (1) non-invasive breathing support, (2) invasive breathing support and (3) administration of antibiotics combined with oxygen support (online supplemental methods).

Statistical analysis
We elaborated a prespecified protocol including quality control procedures, definitions of exposures, outcomes and covariates, and statistical analysis plan prior to data analysis (online supplemental file). We summarised continuous measurements by using medians and percentiles 25th and 75th, and present categorical observations as frequency and percentages. The methods for classifying a priori selected covariates are provided in online supplemental file. Based on zip code (USA) or post code (UK) of residence, participants were assigned to country-specific community-level socioeconomic measures including socioeconomic deprivation and population density. For UK participants, we retrieved the education and income measures for the indices of multiple deprivation calculated by the Office of National Statistics from 2019 data aggregated to the 2011 Lower Super Output Areas.22 For participants in the USA, socioeconomic measures were generated using aggregated census data for up to 25 characteristics that have been used consistently to approximate neighborhood-level environments.23 Principal component analysis was used for census data reduction and seven variables were retained for the generation of the index. Loadings were obtained from the principal component analysis. The deprivation index was then standardised to have a mean of 0 and an SD of 1. Multiple imputations by chained equations with five imputations were used to impute missing values. Details about missingness prior to imputation are provided in online supplemental figure 2. All covariates in the primary analysis were included in the multiple imputation procedure, and estimates generated from each imputed dataset were combined using Rubin’s rules.24
Because diet information was collected for the prepandemic period, we conducted prospective analyses using Cox regression, in which follow-up time for each participant started 24 hours after first log-in to the time of predicted COVID-19 (or to time of secondary outcomes) or date of last entry prior to 2 December 2020, whichever occurred first. We modelled the DQS as a continuous variable and generated categories of the score based on quartiles of the distribution (quartile 1, low diet quality; quartiles 2–3, intermediate diet quality; quartile 4, high diet quality). Cox regression models stratified by calendar date at study entry, country of origin and 10-year age group were used to calculate HR and 95% CI for COVID-19 risk and severity (age-adjusted model 1). Model 2 was further adjusted for sex, race/ethnicity, index of multiple deprivation, population density and healthcare worker status. Model 3 was further adjusted for presence of comorbidities (diabetes, cardiovascular disease, lung disease, cancer, kidney disease), body mass index (BMI), smoking status and physical activity. A directed acyclic graph depicting a possible scenario that could explain the association between diet quality and COVID-19 risk and severity is provided in online supplemental figure 3. We verified the proportional hazards assumption of the Cox model by using the Schoenfeld residuals technique.25 Absolute risk was calculated as the percentage of COVID-19 cases occurring per 10 000 person-months in a given group. We used restricted cubic splines with four knots (at the 2.5th, 25th, 75th and 97.5th percentiles) to assess for non-linear associations between diet quality and COVID-19 risk.
In secondary analyses, we used a self-report of a positive test to define COVID-19 risk. For these analyses, we used inverse probability-weighted Cox models to account for predictors of obtaining country-specific testing. Inverse probability-weighted analyses included presence of COVID-19-related symptoms, interaction with a person with COVID-19, occupation as a healthcare worker, age group and race. Inverse probability-weighted Cox models were stratified by 10-year age group and date with additional adjustment for the covariates used in previous models. For severe COVID-19 analyses, we adjusted for the same covariates used in previous models. As an additional method to quantify diet quality we used the DQS and tested for associations between diet quality and COVID-19 risk and severity. In addition, we censored our analyses to cases that occurred after completing the diet survey to investigate potential bias due to time-varying confounding.
In subgroup analyses, we assessed the association between diet quality and COVID-19 risk according to comorbidities, demographic and lifestyle characteristics. We also classified participants according to categories of the DQS and socioeconomic deprivation (nine categories based on thirds of DQS and deprivation index) and conducted joint analyses for COVID-19 risk. The joint analysis was conducted to quantitatively estimate the combined association of diet and deprivation simultaneously with risk of COVID-19. We tested for additive interactions by assessing the relative excess risk due to interaction (RERI), and further examined the COVID-19 risk proportions attributable to diet, deprivation and to their interaction (online supplemental methods).26
We conducted sensitivity analyses to account for regional differences in the effective reproductive number (Rt) or other risk mitigating behaviours such as mask wearing. The Rt parameter denotes the number of additional persons infected, on average, by a single case and has been used as a measure of how quickly the virus is spreading and serves as a virulence proxy. For Rt analyses, we extracted US state-level information on Rt from the COVID-19 Tracking Project (https://covidtracking.com), for the period between March 2020 and January 2021. For the UK, we calculated Rt time-series for Scotland, Wales, and each of the National Health Service (NHS) regions in England, using a previously published methodology from our group.20 For these analyses, we defined community peak and nadir Rt time-windows as the period between 1 week before and 2 weeks after Rt was all-time high or low. Using censored time-windows, we tested the association between diet quality and COVID-19 risk after adjusting for the same confounders as included in model 3. For mask wearing analyses, we used survey data launched between June 2020 and until September 2020 on whether participants had worn a face mask when outside the house in the last week. Responses were categorised into two categories: participants who wore masks ‘none of the time or sometimes’, and those who reported wearing masks ‘most of time/always’ at least once. For mask wearing analyses, we included the same covariates as included in model 3.
Further, structural equation models were implemented to conduct a mediation analysis of BMI. For this analysis, diet quality and BMI were used as continuous variables. We estimated the relative contribution of BMI to the association between diet quality and COVID-19 risk and computed the proportion of total effect that was explained by indirect effects of BMI. Indirect effects were estimated by taking the product of the effect of the exposure on the mediator and the effect of the mediator on the outcome. To calculate the proportion of the mediated effect, we divided the indirect effect by the total effect. The direct effect, which is defined as the association of diet quality on COVID-19 risk through mechanisms independent of mediation, was estimated from regressing COVID-19 on diet quality.
Two-sided values of p<0.05 were considered statistically significant for main analyses. All statistical analyses were performed using R software, V.4.0.3 (R Foundation).

Patient and public involvement
No patients were directly involved in designing the research question or in conducting the research. No patients were asked for advice on interpretation or writing up the results. Results of the study will be shared with the public and patients directly via the ZOE symptom app, blog posts hosted on the https://covid.joinzoe.com/ website and webinars.


Results
Self-reported diet quality was evaluated in 647 137 survey responders, of which 54 566 were excluded due to prevalent COVID-19 (n=1555), presence of any symptoms at baseline (n=47 594), logged only once (n=1201), pregnancy (n=1129) or age under 18 years (n=3087; online supplemental figure 4). Baseline characteristics of the 592 571 participants included in this study according to categories of the hPDI score are shown in table 1. Participants in the highest quartile of the diet score (reflecting a healthier diet) were more likely than participants in the lowest quartile to be older, female, healthcare workers, of lower BMI, engage in physical activities ≥5 days/week and less likely to reside in areas with higher socioeconomic deprivation. Characteristics of participants from the COVID-19 Symptom Study according to diet survey participation are presented in online supplemental table 5. The hPDI score was normally distributed (online supplemental figure 5).
View this table:	View inline
	View popup



Table 1 Baseline characteristics of study participants according to categories of the diet quality score



Over 3 886 274 person-months of follow-up, 31 815 COVID-19 cases were documented. Crude COVID-19 rates per 10 000 person-months were 72.0 (95% CI 70.4 to 73.7) for participants in the highest quartile of the diet score and 104.1 (95% CI 101.9 to 106.2) for those in the lowest quartile. The corresponding age-adjusted HR for COVID-19 risk was 0.80 (95% CI 0.78 to 0.83, table 2). Differences in the risk of COVID-19 persisted after adjustment for potential confounders. In fully adjusted models, the multivariable-adjusted HR for COVID-19 risk was 0.91 (95% CI 0.88 to 0.94) when we compared participants with high diet quality to those with low diet quality. We observed non-linear decreasing trends in the risk of COVID-19 with higher diet quality (p<0.001 for non-linearity), in which COVID-19 risk plateau among individuals with a DQS >50 (online supplemental figure 6). The association between diet quality and COVID-19 risk was consistent but attenuated in secondary analyses using the DQS score (HR 0.92; 95% CI 0.89 to 0.95; online supplemental table 6), and became non-significant in fully adjusted models (HR 1.00; 95% CI 0.97 to 1.03). We also investigated whether our primary findings were consistent in an analysis censored to cases that occurred after the completion of the diet survey. These analyses showed that high diet quality, compared with low diet quality, was associated with lower COVID-19 risk (multivariable-adjusted HR 0.88; 95% CI 0.83 to 0.93; online supplemental table 7).
View this table:	View inline
	View popup



Table 2 Adjusted HRs of COVID-19 risk and severity according to hPDI scores



In secondary analyses for COVID-19 risk based on a positive test, we showed that crude COVID-19 incidence rates per 10 000 person-months were 12.9 (95% CI 12.2 to 13.6) for individuals with high diet quality and 16.4 (95% CI 15.5 to 17.2) for individuals with low diet quality. The corresponding multivariable-adjusted HR for risk of COVID-19 was 0.82 (95% CI 0.78 to 0.86; table 2). For risk of severe COVID-19, crude incidence rates were lower for individuals reporting high diet quality compared with those with low diet quality (1.6 (95% CI 1.3 to 1.8) vs 2.1 (95% CI 1.9 to 2.5; per 10 000 person-months) table 2). In the fully adjusted model, high diet quality, as compared with low diet quality, was associated lower risk of severe COVID-19 with an an HR of 0.59 (95% CI 0.47 to 0.74; table 2).
In stratified analyses, the inverse association between diet quality and COVID-19 risk was more evident in participants living in areas of high socioeconomic deprivation and those reporting low physical activity levels (p<0.05; table 3). We found no significant effect modification for other characteristics such age, BMI, race/ethnicity or population density. When diet quality and socioeconomic deprivation were combined, there was a risk gradient with low diet quality and high socioeconomic deprivation. Compared with individuals living in areas with low socioeconomic deprivation and high diet quality, the multivariable-adjusted HR for risk of COVID-19 for low diet quality was 1.08 (95% CI 1.03 to 1.14) among those living in areas with low socioeconomic deprivation, 1.23 (95% CI 1.17 to 1.29) for those living in areas with intermediate socioeconomic deprivation, and 1.47 (95% CI 1.38 to 1.52) for those living in areas with high socioeconomic deprivation (figure 1). The joint association of diet quality and socioeconomic deprivation was higher than the sum of the risk associated with each factor alone (RERI=0.05 (95% CI 0.02 to 0.08); Pinteraction=0.005; online supplemental table 8). The proportion of contribution to excess COVID-19 risk was estimated to be 31.9% (95% CI 18.2% to 45.6%) to diet quality, 38.4% (95% CI 26.5% to 50.3%) to socioeconomic deprivation, and 29.7% (95% CI 2.1% to 57.3%) to their interaction. The absolute excess rate of COVID-19 per 10 000 person-months for lowest versus highest quartile of the diet score was 22.5 (95% CI 18.8 to 26.3) among persons living in areas with low socioeconomic deprivation and 40.8 (95% CI 31.7 to 49.8) among individuals living in areas with high deprivation (online supplemental figure 7).
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Figure 1 Risk of COVID-19 according to diet quality and socioeconomic deprivation. Shown are adjusted HRs and 95% CI of the estimate for predicted COVID-19 according to categories of diet quality and socioeconomic deprivation. Cox model stratified by calendar date at study entry, country of origin and 10-year age group, and adjusted for sex, race/ethnicity, index of multiple deprivation, population density, presence of diabetes, cardiovascular disease, lung disease, cancer, kidney disease, healthcare worker status, body mass index, smoking status and physical activity. In these comparisons, participants with high-quality diet and low socioeconomic deprivation served as the reference group. hPDI, healthful Plant-Based Diet Index.
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Table 3 Adjusted HRs of COVID-19 risk according to healthful Plant-Based Dietary Index scores stratified by sociodemographic and clinical characteristics



We conducted a series of sensitivity analyses to further account for variation in Rt, mask wearing. For peak Rt censored analyses, crude COVID-19 rates per 10 000 person-months were 148.1 (95% CI 139.9 to 156.8) among participants with low diet quality and 92.9 (95% CI 86.6 to 99.5) for participants with high diet quality. The corresponding multivariable-adjusted HR was 0.84 (95% CI 0.76 to 0.92, figure 2). The same trend was observed for nadir Rt censored analyses, in which crude COVID-19 rates per 10 000 person-months were 67.1 (95% CI 61.7 to 73.0) among participants with low diet quality and 45.8 (95% CI 41.3 to 50.5) for participants with high diet quality (multivariable-adjusted HR 0.89; 95% CI 0.80 to 1.00, figure 2). We further adjusted our models for mask wearing. This analysis showed that high diet quality, as compared with low diet quality, was associated with lower risk of COVID-19 with an adjusted HR of 0.88 (95% CI 0.83 to 0.94; online supplemental table 9).
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Figure 2 Risk of COVID-19 according to community transmission rate and diet quality. COVID-19 incidence rate per 10 000 person-month and 95% CI of the estimate based on different community transmission rate and diet quality categories. Peak Rt and nadir Rt were defined using (methods). Adjusted HRs and 95% CI of the estimate for risk of COVID-19 were obtained from fully adjusted Cox models.



In a mediation analysis of BMI, we observed that BMI mediated 37% (95% CI 30% to 44%; p<0.001) of the effect of diet quality on COVID-19 risk, and that there was also evidence of a direct effect of diet and COVID-19 risk (HR 0.98: 95% CI 0.97 to 0.98; per 1 SD increase in hPDI; online supplemental table 10).

Discussion
In this large survey among UK and US participants prospectively assessing risk and severity of COVID-19 infection, we found that a dietary patterns characterised by healthy plant foods was associated with lower risk and severity of COVID-19. We observed a risk gradient of poor diet quality and increased socioeconomic deprivation that departed from the additivity of the risks attributable to each factor separately, suggesting that the beneficial association of diet with COVID-19 may be particularly evident among individuals with higher socioeconomic deprivation.
Our findings are aligned with preliminary evidence showing that improving nutrition could help reduce the burden of infectious diseases.12 14 27 Previous studies have shown that the administration of arachidonic or linoleic acid partially suppresses SARS-CoV-1 and coronavirus 229E viral replication,28 and that specific nutrients or dietary supplements associate with modest reductions in COVID-19 risk.29 Trace elements, vitamins (A, B6, B12, C, D, and E, and folate), amino acids, long-chain omega-3 fatty acids (docosahexaenoic and eicosapentaenoic) and non-nutrient-bioactive such as polyphenols have key roles in immune system function and cytokine release,30 and might partially explain some of the observed associations. Results from this observational study could expand previous single nutrient observations and highlight the beneficial association of healthy dietary patterns, which was most pronounced for risk of severe COVID-19. Our findings also concur with a comparative risk assessment study suggesting that a 10% reduction in the prevalence of diet-related conditions such as obesity and type 2 diabetes would have prevented ~11% of the COVID-19 hospitalisations that have occurred among US adults since November 2020.31
The association of healthy diet with lower COVID-19 risk appears particularly evident among individuals living in areas of higher socioeconomic deprivation. Our models estimate that nearly a third of COVID-19 cases would have been prevented if one of two exposures (diet and deprivation) were not present. While the population attributable risk is a population-specific calculation that is dependent on the prevalence of the exposure and its association with disease risk with an assumed causal effect, we acknowledge that our estimation of population attributable risk has several limitations. First, as with all the observational research, our estimates did not necessarily indicate causal effects. Second, estimated attributable risks are likely to change over time with the prevailing SARS-CoV-2 infection rate. However, our observations are consistent with data from ecological studies showing that people living in regions with greater social inequalities are likely to have higher rates of COVID-19 incidence and deaths.32 By generating a granular deprivation index based on zip code information our study adds to previous country-level ecological studies. In addition, recent studies on the impact of socioeconomic status on COVID-19 have shown that community-level deprivation indices are strongly associated with COVID-19 risk and mortality.33 34 However, it is still possible that differences in deprivation exists within communities. Further studies including information about household characteristics, built environment, or access to healthy foods are needed to expand these initial associations.
Our study adds to knowledge by investigating the association between diet quality and risk and severity of COVID-19 in a general population and in the context of social determinants of health. While our study supports the beneficial association of diet quality with COVID-19 risk and severity, particularly among individuals with higher deprivation, we cannot completely rule out the potential for residual confounding. Individuals who eat healthier diets are likely to share other features that might be associated with lower risk of infection such as the adoption of other risk mitigation behaviours, better household conditions and hygiene, or access to care. However, it is reassuring that our findings were consistent despite controlling for additional surrogate markers of SARS-CoV-2 infection such as mask wearing or community transmission rate, two of the most relevant factors associated with virus transmission and COVID-19 risk.35 These findings suggest that efforts to address disparities in COVID-19 risk and severity should consider specific attention to access to healthy foods as a social determinants of health.
We acknowledge several limitations. First, as an observational study, we are unable to confirm a direct causal association between diet and COVID-risk or infer specific mechanisms. Second, our study population was not a random sampling of the population. Although we tried to minimise potential selection bias, we recognise our participants are mainly white and less likely to live in deprived areas than the general population. Thus, the generalisability of our findings need to be confirmed in additional studies. Third, our results could be biased due to the time lapse between the dietary recalls, administered a few months after the relevant period of exposure (prepandemic). However, our sensitivity analyses in which we censored cases that had occurred before the administration of the diet survey showed consistent results. Fourth, the self-reported nature of the diet questionnaire is prone to measurement error and bias, and the use of a short food frequency survey could have further reduced the resolution of dietary data collected. More accurate dietary intake assessment methods such as the use of dietary intake biomarkers would be valuable in future studies,36 but also difficult to implement in large-scale and time-sensitive investigations. Fifth, outcomes rely on self-reported data. While it is possible that misclassification exists, there is an excellent agreement between self-report and test reports with 88% sensitivity and 94% specificity. In addition, the symptom-based algorithm provides similar estimates of COVID-19 prevalence and incidence as those reported from the Office for National Statistics Community Infection Survey. Sixth, we defined risk of severe COVID-19 according to reports of hospitalisation with oxygen support, which may not have captured more severe or fatal cases. We acknowledge that we were unable to include participants who may have died of COVID-19 before the administration of the diet questionnaire.

Conclusions
In conclusion, our data provide evidence that a healthy diet was associated with lower risk of COVID-19 and severe COVID-19 even after accounting for other healthy behaviours, social determinants of health and virus transmission measures. The joint association of diet quality with socioeconomic deprivation was greater than the addition of the risks associated with each individual factor, suggesting that diet quality may play a direct influence in COVID-19 susceptibility and progression. Our findings suggest that public health interventions to improve nutrition and poor metabolic health and address social determinants of health may be important for reducing the burden of the pandemic.
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