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Abstract: Infecting approximately one-third of the world’s population, the neurotropic protozoan
Toxoplasma gondii has been associated with cognition and several neuropsychiatric diseases including
schizophrenia and bipolar disorder. Findings have been mixed, however, about the relationship
between Toxoplasma gondii and depression, with some studies reporting positive associations and
others finding no associations. To further investigate the association between Toxoplasma gondii and
depression, we used data from the UK Biobank and the National Health and Examination Survey
(NHANES). Results from adjusted multiple-regression modeling showed no significant associations
between Toxoplasma gondii and depression in either the UK Biobank or NHANES datasets. Further,
we found no significant interactions between Toxoplasma gondii and age, sex, educational attainment,
and income in either dataset that affected the association between Toxoplasma gondii and depression.
These results from two community-based datasets suggest that in these samples, Toxoplasma gondii
is not associated with depression. Differences between our findings and other findings showing
an association between Toxoplasma gondii and depression could be due to several factors including
differences in socioeconomic variables, differences in Toxoplasma gondii strain, and use of different
covariates in statistical modeling.

Keywords: Toxoplasma gondii; depression; affective disorders; UK Biobank

1. Introduction

Toxoplasma gondii is an intracellular apicomplexan protozoon that infects an estimated
one-third of the world’s population [1]. While members of the cat family are the definitive
host of Toxoplasma gondii, humans can become infected from ingesting Toxoplasma gondii
oocysts in infected undercooked meat, from exposure to cat feces, or from transmission
during pregnancy [2]. Because Toxoplasma gondii is neurotropic with lifelong persistence
in the brain of the host [3], it is possible that it affects brain function, and, indeed, many
studies have reported associations between acute and latent infection with Toxoplasma
gondii and behavior [4] and cognitive function in humans [5]. In addition, infection with
Toxoplasma gondii might be associated with abnormalities in brain structure [6], and the
intraneuronal cysts that Toxoplasma gondii forms might affect brain dopamine, glutamate,
serotonin, and gamma aminobutyric acid [7], as well as alter gene expression [8].

Toxoplasma gondii has been associated with deficits in cognitive function in humans
in many [9–13] but not all [14–16] studies, with dementia [17,18], and with epilepsy [19].
Although not all findings have been consistent [20], Toxoplasma gondii has been associated
with several neuropsychiatric disorders including schizophrenia [21], obsessive-compulsive
disorder [4], bipolar disorder, and substance abuse [22]. However, the results of studies
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investigating associations between Toxoplasma gondii and depressive disorders have been
mixed. Some studies have found associations between Toxoplasma gondii and depressive
disorders [23–28], whereas others have not [29–33].

Differences between the findings of previous studies investigating the association
between Toxoplasma gondii and depression could be due to a variety of factors, including
differences in sample size and inclusion of different covariates and different numbers and
types of covariates in the statistical models used in these studies, resulting in differing
amounts of control over possible confounding. In addition, systematic differences in
exposure to stress, adversity, socioeconomic status, and infection in early life between
samples could affect response to infection later in life [34], thus potentially altering associa-
tions between Toxoplasma gondii and depression depending on characteristics of individual
study samples.

These inconsistent findings in studies investigating the association between Toxo-
plasma gondii and depressive disorders and a lack of consensus regarding causes of the
inconsistencies create a need for further exploration of this relationship. Therefore, we
replicate previous studies of the relationship between Toxoplasma gondii and depression
and further characterize the relationship using two large community samples, one from the
United Kingdom and another from the United States. Additionally, we adjust the estimated
relationship for several potentially confounding biological, medical, and socioeconomic
variables to obtain more accurate estimates of the relationship between Toxoplasma gondii
and depressive disorders. Moreover, each of the two samples we used assessed depression
using different methods, providing a broad assessment of depression.

2. Results

Table 1 shows the demographics and other characteristics of both the UK Biobank
and the NHANES. With the temporal referent in the UK Biobank sample being lifetime
experience, 27 percent experienced depression, while only six percent of the NHANES
sample had depression with its temporal referent being the previous two weeks. The
seroprevalence of Toxoplasma gondii in the UK Biobank sample was 29 percent; in the
NHANES, the seroprevalence was 17 percent. The average age in the UK Biobank sample
was 57.06 years, and it was 54.49 years in the NHANES sample. Fifty-five percent of the
UK Biobank sample were women, and 53 percent of the NHANES sample were women.

Table 1. Means (proportions), Standard Deviations, Minima, and Maxima of Study Variables.

UK Biobank NHANES

Mean SD Mean SD Min Max

Depression 0.27 0.06 0 1.00
T. gondii

Seropositive 0.29 0.17 0 1.00
ln(p22) 3.42 1.37 0 8.67
ln(sag1) 4.46 0.99 0 7.41

Mean of ln(p22) and ln(sag1) 0 0.85 −0.50 2.04
IgG 0.86 1.71 0 5.32

Age (in years) 57.06 8.10 54.49 8.86 40.00 70.00
Female 0.55 0.53 0 1.00

Race-ethnicity
Non-Hispanic white 0.93 0.42 0 1.00
Non-Hispanic black 0.19 0 1.00
Mexican American 0.15 0 1.00

Other 0.24 0 1.00
College graduate 0.39 0.55 0 1.00

Income (in 10,000 £) 4.12 3.08 0.90 12.50
Income (in $10,000) 5.85 4.11 0.25 12.50

Self-rated health 2.88 0.73 1.00 4.00
Self-rated health 3.07 0.98 1.00 5.00
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Table 1. Cont

UK Biobank NHANES

Mean SD Mean SD Min Max

Body-mass index 27.19 4.68 29.05 6.52 0 1.00
Smoking status

Never 0.55 0 1.00
Previous 0.35 0 1.00
Current 0.10 0 1.00

Smoking frequency
Non-smoker 0.78 0 1.00

Smokes some days 0.03 0 1.00
Smokes every day 0.18 0 1.00
Alcohol frequency

Never 0.08 0 1.00
Daily or almost daily 0.20 0 1.00

3 or 4 times/week 0.23 0 1.00
Once or twice a week 0.26 0 1.00
1 to 3 times/month 0.11 0 1.00
Special occasions 0.12 0 1.00

Alcoholic drinks/week 2.98 7.69 0 112.00
Note: N UK Biobank = 2271. N NHANES = 2484. Results based on 30 imputed datasets. Abbreviations:
NHANES = National Health and Nutrition Examination Study, SD = Standard deviation, Min = Minimum,
Max = Maximum, and ln = natural log.

Based on the results of adjusted multivariable regression modeling, there were no
significant associations between Toxoplasma gondii seropositivity and depression in either
the UK Biobank or NHANES datasets (Table 2) (Figure S1). Further, there were no sig-
nificant interactions in adjusted models between Toxoplasma gondii seropositivity and age
(Figure S2a), sex (Figure S2b), educational attainment (Figure S2c), and income (Figure S2d)
in predicting depression (Table 3). In supplemental analyses, we estimated the NHANES
models from Tables 2 and 3 using the full NHANES sample, including in these analyses
all participants from ages 18 to 80 years who had data for Toxoplasma gondii, depression,
and the relevant covariates (N = 5028). In these analyses, there also were no significant
associations between Toxoplasma gondii seropositivity and depression (Table S1), nor were
there any significant interactions of Toxoplasma gondii with age, sex, educational attainment
or income in the full NHANES (Table S2).

Table 2. Relationship between Toxoplasma gondii and Depression: Odds Ratios from Logistic Regression.

UK Biobank NHANES

Seropositive ln(p22) ln(sag1)
Mean of
ln(p22) &
ln(sag1)

Seropositive ln(IgG)

T. gondii
Seropositive 1.10 0.73

ln(p22) 1.01
ln(sag1) 1.04

Mean of ln(p22) &
ln(sag1) 1.05

ln(IgG) 0.93
Age (in years) 0.96 *** 0.96 *** 0.96 *** 0.96 *** 1.01 1.01

Female 1.85 *** 1.85 *** 1.85 *** 1.85 *** 1.85 ** 1.85 **
Race-ethnicity

Non-Hispanic white 2.23 *** 2.22 *** 2.25 *** 2.24 *** 1.00 1.00
Non-Hispanic black 0.44 ** 0.43 **
Mexican American 0.61 0.60

Other 0.76 0.76
College graduate 1.00 1.00 1.00 1.00 1.19 1.18

Income a 0.93 *** 0.93 *** 0.93 *** 0.93 *** 0.88 *** 0.88 ***
Self-rated health 0.72 *** 0.72 *** 0.72 *** 0.72 *** 0.38 *** 0.38 ***
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Table 2. Cont

UK Biobank NHANES

Seropositive ln(p22) ln(sag1)
Mean of
ln(p22) &
ln(sag1)

Seropositive ln(IgG)

Body-mass index 1.02 1.02 1.02 1.02 1.01 1.01
Smoking status

Never 1.00 1.00 1.00 1.00
Previous 1.45 *** 1.45 *** 1.45 *** 1.45 ***
Current 1.68 ** 1.69 ** 1.68 ** 1.68 **

Smoking frequency
Non-smoker 1.00 1.00

Smokes some days 1.38 1.38
Smokes every day 1.36 1.36
Alcohol frequency

Never 1.00 1.00 1.00 1.00
Daily or almost daily 1.14 1.13 1.13 1.14

3 or 4 times/week 0.88 0.87 0.87 0.88
Once or twice a week 0.98 0.98 0.98 0.98
1 to 3 times/month 1.24 1.24 1.24 1.25
Special occasions 0.95 0.95 0.95 0.95

Alcoholic drinks/week 1.01 1.01
Note: a UK income in 10,000 £; US income in $10,000. UK Biobank N = 2271. NHANES N = 2484. Results based
on 30 imputed datasets. ** p < 0.01, *** p <0.001. Abbreviations: NHANES = National Health and Nutrition
Examination Study, ln = natural log.

Table 3. Adjusted models of depression on the interaction of T. gondii with age, sex, education, and
income: Odds ratios from regression.

UK Biobank NHANES

Seropositive ln(p22) ln(sag1)
Mean of
ln(p22) &
ln(sag1)

Seropositive ln(IgG)

Age interaction
T. gondii 0.54 1.19 1.06 0.83 5.53 1.31

Age (in years) 0.96 *** 0.97 0.96 0.96 *** 1.01 1.01
T. gondii x Age 1.01 1.00 1.00 1.00 0.96 0.99
Sex interaction

T. gondii 1.03 0.96 0.98 1.03 0.72 0.94
Female 1.80 *** 1.42 1.24 1.85 *** 1.84 ** 1.89 **

T. gondii x Female 1.10 1.08 1.09 1.03 1.03 0.98
Education interaction

T. gondii 1.21 1.03 1.08 1.14 0.54 0.88
College degree 1.08 1.27 1.68 1.00 1.07 1.07

T. gondii x College degree 0.77 0.93 0.89 0.82 2.17 1.15
Income interaction

T. gondii 1.07 1.01 1.07 1.02 0.96 0.99
Income a 0.93 *** 0.93 0.96 0.93 *** 0.89 *** 0.89**

T. gondii x Income 1.01 1.00 0.99 1.01 0.92 0.98

Note: All models adjust for age, sex, race, education, income, self-rated health, body-mass index, smoking, and
alcohol consumption. a UK income in 10,000 £, US income in $10,000. UK Biobank N = 2271. NHANES N = 2484.
Results based on 30 imputed datasets. ** p < 0.01, *** p < 0.001. Abbreviations: NHANES = National Health and
Nutrition Examination Study, ln = natural log.

3. Discussion

The main findings from this study are that there were no associations between Toxo-
plasma gondii and depression in either the community-based sample from the UK or in the
community-based sample from the US. Even in the expanded NHANES sample of 5028
that included participants ranging in age from 18 to 80 years, there were no significant
associations between Toxoplasma gondii seropositivity and depression. Similarly, there
were no significant interactions predicting depression between Toxoplasma gondii and age,
sex, educational attainment, and income in either dataset, suggesting that none of these
variables is related to vulnerability for depression in people seropositive for Toxoplasma
gondii in the UK Biobank and NHANES samples. Much of the difference in depression
prevalence between the two datasets is most likely due to how depression was assessed
in the datasets, with the UK Biobank assessing lifetime prevalence of depression and the
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NHANES assessing point prevalence of depression. Overall, these findings from two large
datasets from high-income nations do not show significant associations between Toxoplasma
gondii and depression.

The lack of an association that we found is consistent with several previous studies
that also found no associations between Toxoplasma gondii and depressive disorders [29–33].
Both Pearce et al. [33] and Gale et al. [32] used earlier data cycles from the NHANES.
Although Pearce et al. [33] found an association between bipolar disorder and Toxoplasma
gondii, neither Pearce et al. [33] nor Gale et al. [32] found associations between Toxoplasma
gondii and depression. In contrast, our results differ from other studies that did find
associations between Toxoplasma gondii and depression [24–26,28].

The differences in results of the studies that have investigated associations between
Toxoplasma gondii and depression could be due to several factors, which could help iden-
tify reasons about how Toxoplasma gondii might be associated with depression in some
samples but not in others. In particular, there seem to be geographic patterns among
samples that identify a relationship between Toxoplasma gondii and those that do not. A
possible general trend suggests that studies from lower-income countries [25,26,35] report
associations between Toxoplasma gondii and depression. In contrast, studies from higher
income nations [32,33] do not find associations between Toxoplasma gondii and depression.
However, there are exceptions [23] to this overall pattern.

The geographic differences in findings could be caused by differences in nutrition,
early-life history, or socioeconomic factors that are systematically different in these locales.
In this regard, Nasirpour et al. [26] report an important finding showing that factors such
as nutritional status might affect the association between Toxoplasma gondii and depressive
disorder. Likewise, in their meta-analysis, Sutterland et al. [22] report that associations
between Toxoplasma gondii and schizophrenia might be stronger in Africa, Asia, the Middle
East, and South America than in Europe and North America. Differences in early-life
history and socioeconomic factors, as well as in strain of Toxoplasma gondii, therefore, could
account for some of the differences between their findings and ours. In this regard, it
is possible that early-life adversity and socioeconomic factors might be associated with
proinflammatory states in adulthood and altering of the immune response to the effects
of infectious diseases later in life [34], which could affect associations between Toxoplasma
gondii and depression depending upon geographical regions.

Considering the possible geographic patterns in findings and the variation in the
distribution of strains of Toxoplasma gondii across the world [36], it could be that the
different strains of Toxoplasma gondii could affect associations between Toxoplasma gondii
and depressive disorders differently. In this regard, Xiao et al. [37] found that the type
I strain was associated with psychosis and affective psychosis in offspring of mothers
seropositive for Toxoplasma gondii, whereas types II and III were not. While we did not
have data about the particular Toxoplasma gondii strains in the UK Biobank and in the
NHANES data, we agree with previous studies evaluating associations between Toxoplasma
gondii and depression that additional research considering individual strains of Toxoplasma
gondii is needed to determine whether some strains might be associated with enhanced
vulnerability to depression. However, the findings of no associations between Toxoplasma
gondii and depression in the samples we used from the UK and the US suggest that the
predominant strains in those regions are not associated with depression.

Host genetic factors also might be involved in determining whether Toxoplasma gondii
is associated with depression. In a male-rat model, for example, infection with Toxoplasma
gondii increased anxiety-like behavior but only increased depressive-like behavior in the rat
strain already at risk for depressive-like behavior, even though infection with Toxoplasma
gondii increased cytokine expression in all rats [38]. These findings indicate that better
identification of host genetic risk factors for depression might further clarify the association
between Toxoplasma gondii and depression.

In addition to factors such as differences in strain, socioeconomic variables, and
exposure to early-life adversity, inclusion of different covariates in the statistical modeling
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across studies could also affect associations between Toxoplasma gondii and depressive
disorders, necessitating further research investigating environmental including early-life
exposure influences on depression.

While our study has several strengths including two different datasets from two
nations, large sample sizes, inclusion of covariates that could possibly confound the
association between Toxoplasma gondii and depression, and inclusion of interaction terms
in the statistical modeling, several factors and limitations require consideration when
interpreting its findings. The study design is cross-sectional and not longitudinal. As such,
we do not have information about when the initial exposure to Toxoplasma gondii occurred.
It is possible that exposure at different developmental periods could have different effects.
In addition, we do not know which Toxoplasma gondii strain infected the participants
in the study, which limits comparison with findings from other geographical regions.
Although we attempted to control for possible confounding variables by including several
covariates into our models that could potentially affect associations between Toxoplasma
gondii and depression, there is still the possibility of residual confounding. Because of the
characteristics of the particular datasets we used for our study, the generalizability of these
findings to other regions of the world is limited.

In conclusion, using two large, well-defined, community-based datasets from the UK
and from the US, we found no associations between Toxoplasma gondii seropositivity and
serointensity and depression in models adjusted for several possibly confounding variables.
In addition, there were no significant interactions between Toxoplasma gondii and age, sex,
educational attainment, and income in predicting depression. However, considerable
research remains to be done in identifying factors that could account for the differences
in the results of our study and similar studies finding no associations between Toxoplasma
gondii and depression and the results of other studies that have found such associations.

4. Materials and Methods
4.1. Study Samples

The data we used for this study come from the UK Biobank and from the National
Health and Nutrition Survey (NHANES) of the United States’ Centers for Disease Control
and Prevention.

4.1.1. UK Biobank

The UK Biobank contains demographic and medical data from approximately 500,000
community-dwelling adults collected at 22 centers in the United Kingdom. Participants
in the UK Biobank were enrolled between ages 40 and 70 years between 2006 and 2010,
and all provided informed consent (http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=200
(accessed on 7 February 2021)). The UK Biobank received regulatory approval (reference
11/NW/0382) to collect a broad range of demographic and medical data via question-
naires, nurse interviews, and laboratory studies (http://www.ukbiobank.ac.uk (accessed
on 7 February 2021)) [39]. Although the UK Biobank is not designed to be representative
of the UK population, it can be used to investigate associations between exposures and
outcomes (http://www.ukbiobank.ac.uk/wp-content/uploads/2017/03/access-matters-
representativeness-1.pdf (accessed on 7 February 2021)). In our study, we included all par-
ticipants who had serological data for exposure to Toxoplasma gondii and data for depressive
disorders (N = 2271). We obtained approval from the UK Biobank to conduct this research
(http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=200 (accessed on 7 February 2021)).

4.1.2. NHANES

The NHANES is a publicly available dataset accessible without application. We used
the anonymized data from the 2013–2014 cycle, which was the most recent NHANES
cycle that contained the variables needed to evaluate the association between Toxoplasma
gondii and depression. We included participants who had data for Toxoplasma gondii and
depression who were between the ages of 40 and 70 years so that the age distribution of

http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=200
http://www.ukbiobank.ac.uk
http://www.ukbiobank.ac.uk/wp-content/uploads/2017/03/access-matters-representativeness-1.pdf
http://www.ukbiobank.ac.uk/wp-content/uploads/2017/03/access-matters-representativeness-1.pdf
http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=200
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the NHANES data (N = 2484) would match the UK Biobank data. Although the NHANES
uses a complex sampling design and requires statistical weighting to render the results of
statistical analyses representative of the US population, the assays for Toxoplasma gondii
were done on leftover serum samples rendering statistical weighting unnecessary. Because
we did not use statistical weighting, however, our results are not representative of the
US population.

4.2. Assessment of Depression

For the UK Biobank data, we utilized the methods employed by Smith et al. [40],
which were developed to determine whether a given participant had a lifetime his-
tory of major depression. The questions used to identify major depression included
items from the Patient Health Questionnaire [41], questions related to seeking treat-
ment for mood-related symptoms, and items from a screening measure given to po-
tential UK Biobank participants at baseline (https://biobank.ctsu.ox.ac.uk/showcase/
showcase/docs/TouchscreenQuestionsMainFinal.pdf (accessed on 7 February 2021)). Thus,
Smith et al. [40] developed criteria to identify probable recurrent major depression, mod-
erate, a single episode of major depression, and no major depression. To match the data
available in NHANES (see below), we recoded a single episode of major depression, prob-
able recurrent major depression (moderate), and probable recurrent major depression
(severe) as depression. Indicators of probable bipolar disorder were also available, but we
excluded those cases from the analytic sample because there were not enough positive
cases who were also tested for Toxoplasma gondii to carry out an analysis.

The NHANES used the Patient Health Questionnaire-9 (PHQ-9) to evaluate de-
pressive symptoms [42,43] during a computer-assisted interview. Details of how this
measure was coded and a list of the specific questions on this measure can be found at
(https://wwwn.cdc.gov/Nchs/Nhanes/2013-2014/DPQ_H.htm-Component_Description
(accessed on 7 February 2021)). The PHQ-9 is a self-report measure that asks about the
frequency of depressive symptoms during the previous two weeks. Each question is rated
from 0 to 3 with 0 being “not at all” and 3 representing “nearly every day” for a possible
range on this measure between 0 and 27. In addition to the nine assessment questions,
participants were also asked to rate “How difficult have these problems made it for you
to do your work, take care of things at home, or get along with people.” Thus, this last
question provided information regarding level of functional impairment associated with
the depressive symptoms. This last, non-scored question, ranged from 0, “not at all dif-
ficult,” to 3, “extremely difficult.” To be coded as depressed, participants had to meet all
PHQ-9 criteria. Namely, they had to report 2 or 3 for at least one of the questions about
whether they felt little interest in doing things or that asked if they felt down, depressed,
or hopeless; they also had to indicate a 2 or 3 for five of the nine total symptom questions
and had to indicate that the depressive symptoms made activities of daily life at least
somewhat difficult.

4.3. Toxoplasma gondii

To determine exposure to Toxoplasma gondii, the UK Biobank measured IgG antibody
concentrations against sag1 and p22 antigens [44]. Detailed methodology regarding the
use of median fluorescence intensities in the validation of multiplex serology techniques
carried out on the sera are available in the UK Biobank; determination of cut-offs, sensi-
tivity and specificity, and other information regarding determination of Toxoplasma gondii
seropositivity can be found elsewhere [44]. If respondents’ antigens were greater than 100
for p22 or greater than 160 for sag1, they were considered Toxoplasma gondii seropositive
(https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=23062 (accessed on 7 February 2021),
see also https://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/infdisease.pdf (accessed on
7 February 2021)). In addition to seropositivity, we also evaluated serointensity, or concen-
tration of the antibodies. We included the natural log of p22 and sag1values as continuous
serointensity measures in separate analyses and included the mean of the standardized

https://biobank.ctsu.ox.ac.uk/showcase/showcase/docs/TouchscreenQuestionsMainFinal.pdf
https://biobank.ctsu.ox.ac.uk/showcase/showcase/docs/TouchscreenQuestionsMainFinal.pdf
https://wwwn.cdc.gov/Nchs/Nhanes/2013-2014/DPQ_H.htm-Component_Description
https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=23062
https://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/infdisease.pdf


Pathogens 2021, 10, 1101 8 of 11

natural log of p22 and sag1 values as a final continuous measure of Toxoplasma gondii
serointensity in the UK Biobank data.

In the NHANES dataset, respondents were considered seropositive if anti-Toxoplasma
gondii IgG antibodies from the enzyme immunoassay were greater than or equal to
33 IU/mL. According to the NHANES documentation (https://wwwn.cdc.gov/Nchs/
Nhanes/2013-2014/SSTOXO_H.htm (accessed on 7 February 2021)) anti-Toxoplasma gondii
concentrations were considered seronegative when less than 27 IU/mL. According to the
guidelines, those values in the equivocal range defined as greater than or equal to 27 IU/mL
and less than 33 IU/mL were coded as negative. In addition to the dichotomous coding
of Toxoplasma gondii seropositivity, we also included the natural log of the IgG antibody
value as a continuous measure of Toxoplasma gondii serointensity for analyses using the
NHANES data. Before taking the natural log, we added 1 to the antibody values because
the minimum value of its distribution was 0, which has an undefined natural log. The
minimum antibody value of p22 and sag1 in the UK Biobank data was 1 and did not require
this adjustment.

4.4. Covariates

We preselected covariates to include in the statistical models to adjust for possible con-
founding. For example, prior studies have shown associations between sociodemographic
variables including age, sex, education, and income with depression [45]. Furthermore,
previous studies evaluating infectious disease and depression as well as other studies in
healthy adults have utilized similar covariates and have included additional variables
such as smoking status, alcohol use, ethnicity, and health [33,40,46]. As such, we included
covariates that possibly could affect the association between Toxoplasma gondii and de-
pression. The included covariates from both the UK Biobank and NHANES are age, sex,
race/ethnicity, educational attainment, income, self-rated health, body-mass index (weight
in kilograms/height in meters2), smoking, and alcohol use. Some of the ways of assessing
and recording the covariates differed between the UK Biobank and the NHANES: income
was in pounds in the UK Biobank and in US dollars in the NHANES, the two datasets
used different inventories for self-rated health, the UK Biobank used smoking status as
opposed to the use of smoking frequency in the NHANES, and the UK Biobank used
alcohol frequency whereas the NHANES used the number of alcoholic drinks per week.

4.5. Statistical Analysis

Prior to performing the analyses, we treated missing data on the covariates using
multiple imputation with chained equations. Multiple imputation uses regression-based
procedures to generate multiple copies of the data with different plausible values of the
missing data. The chained-equations approach allows for flexibility in modeling the
distribution of the variable with missing data. In particular, nominal variables, like race-
ethnicity in the NHANES dataset, can be modeled with multinomial logistic regression,
while the white versus non-white variable in the UK Biobank can be modeled using
logistic regression, and continuous variables like income can be modeled using linear
regression. We used Stata’s mi impute command to generate 30 imputed datasets each for
the UK Biobank and NHANES. Imputed datasets were separated by 200 iterations because
graphical diagnostics indicated that the imputation model had converged by then [47]. All
variables included in the analytic models were used in the imputation model. After the
imputation process, analyses were completed using Stata’s mi estimate command, which
estimates the analytic model on each of the imputed datasets separately, and then combines
them into a single set of results using Rubin’s rules.

We did parallel statistical analyses in both the UK Biobank and NHANES datasets.
Because depression, the outcome variable, was binary, we used logistic regression to model
the associations between Toxoplasma gondii seropositivity and serointensity while adjusting
for the preidentified covariates. We estimated separate models for seropositivity and each
measure of serointensity. We also modeled whether different levels of age, sex, educational

https://wwwn.cdc.gov/Nchs/Nhanes/2013-2014/SSTOXO_H.htm
https://wwwn.cdc.gov/Nchs/Nhanes/2013-2014/SSTOXO_H.htm
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attainment, and income affected vulnerability to depression from Toxoplasma gondii by
interacting Toxoplasma gondii seropositivity and serointensity with age, sex, educational
attainment, and income while adjusting for the preselected covariates. For all statistical
calculations, we used Stata 17.0 (StataCorp, Stata Statistical Software, Release 17, College
Station, TX, USA).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pathogens10091101/s1, Table S1: NHANES full-sample relationship between T. gondii and
Depression: Odds Ratios from Logistic Regression, Table S2: NHANES full-sample adjusted models
of depression on the interaction of T. gondii with age, sex, education, and income: Odds ratios from
logistic regression. Figure S1: Relationship between T. Gondii and Depression: Predicted Probabilities
from Logistic Regression with 95% Confidence Intervals.
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