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Abstract

Estimating the spread of SARS-CoV-2 infection in communities is critical. We surveyed 2244
stratified random sample community members of the Gardena valley, a winter touristic area,
amidst the first expansion phase of the COVID-19 pandemic in Europe. We measured
agreement between Diasorin and Abbott serum bioassay outputs and the Abbott optimal dis-
criminant threshold of serum neutralisation titres with recursive receiver operating character-
istic curve. We analytically adjusted serum antibody tests for unbiased seroprevalence estimate
and analysed the determinants of infection with non-response weighted multiple logistic
regression. SARS-CoV-2 seroprevalence was 26.9% (95% CI 25.2–28.6) by June 2020. The
bioassays had a modest agreement with each other. At a lower threshold than the manufac-
turer’s recommended level, the Abbott assay reflected greater discrimination of serum neutral-
isation capacity. Seropositivity was associated with place and economic activity, not with
sex or age. Symptoms like fever and weakness were age-dependent. SARS-CoV-2 mitigation
strategies should account for context in high prevalence areas.

Introduction

During the initial phase of the SARS-CoV-2 pandemic, the Gardena valley, a well-known win-
ter tourism destination located in South Tyrol (Italy), became one of the European regions
most afflicted by the coronavirus disease 2019 (COVID-19). While in the middle of the
virus circulation vortex since February 2020, there were a multitude of holidaymakers and visi-
tors in the valley mainly from Northern Italy and Central Europe. Back home, tourists likely
contributed to further transmission of the virus just before containment actions were endorsed
by regions worldwide [1].

As expected in such an emergent phase of the pandemic, hospital-based case reports domi-
nated the accumulation of scientific evidence on COVID-19 [2]. Consequently, public aware-
ness, ongoing knowledge of the determinants of disease and disease severity, and current
prevention strategies have been profoundly influenced by clinical observations, while evidence
from community studies has had limited space in context [3]. Specific knowledge of the
exogenous determinants of SARS-CoV-2 infection and its related symptoms or about bio-
logical susceptibility in the general population is still incomplete, probably due to the slower
pace and relative paucity of community-based studies [4]. Geographically confined regions
with a relatively high incidence of infection may help characterise the spread of COVID-19,
providing useful indications to policy-makers for current and future preventive efforts.

At the end of May 2020, we surveyed 2244 inhabitants of the Gardena valley representative
of the local population, measured antibody test response to SARS-CoV-2 and related that
response to symptoms, prior conditions and serum neutralisation capacity. The high
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seroprevalence qualified the in-depth analysis of determinants
and COVID-19-related symptoms in a general population setting,
augmenting the general understanding of the disease dynamic.

Methods

Study design

Invited to the study were 2958 of the 9424 inhabitants of Ortisei,
Santa Cristina and Selva, the main municipalities of the Gardena
valley, following a one-stage random sampling design stratified by
municipality, sex and age group (<6, 6–17, 18–34, 35–49, 50–64,
65+ years). Sample size was defined based on an expected 3%
minimal seroprevalence with 0.25% relative standard error (S.E.)
and accounting for finite population correction. Participants
were selected with known extraction probability from the munici-
pality registries, excluding nursing homes, using the ‘surveyselect’
program in SAS v9.2.

Participants were invited via letter including the planned par-
ticipation date; a link to the online questionnaire (with telephone
support) covering demographic, clinical and socio-behavioural
aspects (Supplementary Material page 2); a personalised password
for use as pseudo-anonymisation code. Testing procedures
included a nasopharyngeal swab test and a serological antibody
test (limited to 6+ years old participants). The study took place
between 26 May and 8 June 2020. The Ethics Committee of the
Healthcare System of the Autonomous Province of Bolzano-
Bozen authorised the study. Each participant gave written
informed consent.

Biological sample collection and analysis

Swab samples were analysed at the ÖNORM-accredited (EN ISO
15189:2013) diagnostic laboratory of the Institute of Virology of
the Innsbruck Medical University (IVIMU, Austria) as described
in the Supplementary Material page 7. As no molecular test was
available at the time of primary infection and no swab sample
tested positive at enrolment to the study, this analysis was not
considered further.

Antibody response was tested using the Abbott SARS-CoV-2
IgG assay (Sligo, Ireland), designed to detect immunoglobulin
class G (IgG) antibodies to the nucleocapsid (N) protein of
SARS-CoV-2. Fresh serum samples were collected in blood tubes
with separating gel. Within 6 h from collection, assessment of IgG
antibodies to SARS-CoV-2 was performed using the Abbott
Architect i2000SR system, which implements a two-step chemilu-
minescent microparticle immunoassay, at the Laboratory of
Clinical Pathology of the Bressanone-Brixen Hospital, Italy.
Seropositivity was defined as a signal-to-calibrator (S/C) Abbott
Architect Index (AAI) value ≥1.4. At this threshold, the manufac-
turer reported 96.9% (89.5–99.5%) sensitivity at 14 days after symp-
toms onset, 100.0% (95.1–100.0%) sensitivity at 17 days and 99.9%
specificity [5]. Biological samples of study participants were stored
at the Eurac Research Biobank (ERB) at the Bolzano-Bozen
Hospital, Italy, as described in the Supplementary Material page 7.

Two hundred and ninety-nine serum samples were selected for
plaque reduction neutralisation test (PRNT) [6], ensuring the
coverage of the whole SARS-CoV-2 IgG assay AAI distribution
while maximising sample heterogeneity in terms of sex, age and
symptoms manifestation as well as previous diagnosis and hospi-
talisation (additional details in Supplementary Material page 7
and Supplementary Fig. S1A and S1B). Selected frozen serum

samples were dry ice shipped from the ERB to the IVIMU diag-
nostic laboratory. After 30 min heat inactivation at 56 °C, samples
were table top centrifuged for 5 min at 8000 rpm. They were
fourfold serially diluted in complete medium containing 2% foetal
calf serum (FCS) starting with a 1:4 dilution in duplicate samples.
Serum dilutions were mixed with an equal volume of a
replication-competent SARS-CoV-2 resulting in ∼300 infected
cells in non-neutralised wells. Serum-virus mixes were incubated
for 1 h at 37 °C and subsequently transferred to 96-wells contain-
ing 90% confluent Vero cells expressing TMPRSS2 seeded one
day before. Cells were infected with the virus for 1 h at 37 °C
and subsequently washed once with complete medium with 2%
FCS. After adding fresh complete medium containing 2% FCS,
cells were further cultured for 13 h. Cells were fixed for 5 min with
96% ethanol and subsequently stained using the serum from a
SARS-CoV-2 recovered patient and a horseradish peroxidase-
conjugated anti-human secondary antibody (Dianova). Plates were
developed using 3-amino-9-ethylcarbazole substrate. Infected cells
were counted via microscope and 50% neutralisation titres were cal-
culated as the highest dilution where the mean infection of duplicate
sampleswas reducedby>50%of themeanof controlwells lacking the
virus.

The presence of spike (S) protein antibodies in the 299 samples
was assessed with the Diasorin LIAISON® SARS-CoV-2 S1/S2 IgG
chemiluminescent assay (Saluggia, Italy), designed to detect the
number of arbitrary units (AUs) of specific IgG class antibodies
directed against the S1 and S2 viral proteins, at the
Microbiology and Virology Laboratory of the Healthcare System
of the Autonomous Province of Bolzano-Bozen (Bolzano-Bozen,
Italy). Results were classified as negative (values <12 AU/ml),
inconclusive (values ≥12 and <15 AU/ml) or positive (values
≥15 AU/ml) according to the manufacturer’s recommendations.
This assay had declared 97.4% sensitivity >15 days after symp-
toms onset, and 98.9% specificity [7].

Statistical analyses

We assessed pairwise agreement between quantitative variables
with the Lin’s concordance correlation coefficient (CCC) [8]
and Bland–Altman plot [9], and agreement between categorical
variables using the Cohen’s κ statistic [10], using the ‘epiR’
v1.0-15, ‘BlandAltmanLeh’ v0.3.1 and ‘psych’ v1.9.11 packages
in the R software v3.3.6.

To investigate the discrimination accuracy of the 1.4 AAI
threshold on thawed serum against a PRNT value ≥4, which
was considered as a gold-standard for prior exposure to
SARS-CoV-2, we conducted receiver operating characteristic
(ROC) curve analysis identifying the optimal cut-off as the
Youden’s index (J ) [11]. Overfitting was prevented by performing
both 10-fold cross-validation and repeated random sub-sampling
validation. In the latter approach, we randomly split the sample
set into 80% and 20% training and test sets, respectively, corre-
sponding to 239 and 60 observations, repeatedly 5000 times.
The two validation procedures resulted in sets of 10 and 5000
optimal cut-offs, respectively. We reported the median optimal
cut-off of each respective validation procedure.

Descriptive tables and multiple logistic regression models dis-
play observed counts for each relevant category, while accounting
for the study design: stratification by sex, municipality and age
group, post-stratification (citizenship by municipality) and finite
population correction, for efficient proportion estimations. To
correct for possible selection biases, we also adjusted the sampling
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weights based on proportional allocation within strata by non-
response (balanced to the population strata distribution), which
were then calibrated dynamically by post-stratification in each
analysis. The prevalence of serum antibodies to SARS-CoV-2
(seroprevalence) in the overall sample was also estimated using
the Rogan and Gladen’s formula to account for the serological
test inaccuracy [12]. Statistical analyses were run with the ‘svyset’
suite of commands in Stata software v16.1 (StataCorp LLC) and
were restricted to 6+ years old individuals and non-pregnant
women using the ‘subpop’ option.

Results

Of 2958 invited individuals, 2244 (75.9%) joined the study.
Among these, swab and serum antibody test results were available
for 2083 (82.8%) and 2129 (94.9%) participants, respectively.
Excluding pregnant women and <6-year-old children left 2106
(93.9%) participants for seroprevalence analysis, of whom 1813
(80.8%) filled in the questionnaire-based interview. Participants
were balanced across sexes and age groups (Table 1). In terms
of sex, age and municipality distribution, the sample was repre-
sentative of the reference population. Of the 2106 participants
undergoing the serum antibody test, 551 tested positive, corre-
sponding to a corrected seroprevalence of 26.9% (95% confidence
interval (95% CI) 25.2–28.6%), with no evidence of different sero-
prevalence between questionnaire completers and non-completers
(Supplementary Table S1).

Comparison of testing methods and plaque reduction
neutralisation test

The 299 participants’ samples chosen for PRNT analysis had
similar characteristics to the whole sample (Supplementary
Table S2). Their S/C (AAI) values were uniformly distributed
across the whole range observed (Supplementary Fig. S1C), result-
ing in 194 seropositive samples. To exclude sample logistic, hand-
ling and thawing procedure effects, we first compared Abbott
antibody test results in fresh against post-conservation thawed
serum, observing almost perfect agreement (CCC = 0.9982; 95%
CI 0.9978–0.9986; Supplementary Fig. S2A) despite minimal dis-
cordance attributable to storage time (Supplementary Fig. S2B)
and plate (Supplementary Fig. S2C) effects. Post-thawing sample
levels were on average −0.08 (95% CI −0.09 to −0.06) AAI units
lower than those observed in fresh blood (Supplementary Fig. S2B),
with two positive samples reclassified as negative (κ = 0.99; 95% CI
0.97–1.00). We observed 192 (64.2%) positive samples by the
Abbott assay at the 1.4 canonical threshold, and 190 (63.5%) and
197 (65.9%) positive samples by the Diasorin test at the 15 and
12 thresholds, respectively (Supplementary Table S2, Fig. S1A). In
either case, the concordance between Abbott and Diasorin assays
was limited (Fig. 1a and 1b).

Of the 299 samples, 228 (76.3%) showed 50% neutralisation
capacity. This was in limited agreement with both Abbott (κ =
0.69; 95% CI 0.60–0.77) and Diasorin assay when evaluated at
the canonical threshold (κ = 0.69; 95% CI 0.60–0.77; Fig. 1a).
Higher agreement was observed between PRNT and Diasorin
test when the latter was evaluated at a threshold of 12 (κ = 0.74;
95% CI 0.65–0.82). In any case, of the 83 samples testing negative
with both Abbott (<1.4) and Diasorin (<12) assays, 15 (18.1%)
showed neutralisation capacity. In contrast, neutralisation cap-
acity was always confirmed when both the Abbott and Diasorin

tests were positive, and almost always when at least one of them
was positive (Fig. 1b).

The optimal Abbott antibody test threshold identified in the
ROC curve analysis was 1.16 (Fig. 1c), consistently in both the
10-fold cross-validation and 5000 repeated random sub-sampling
validation, both returning 1.16 median AAI. At this threshold, the
classifier performed with 89.0% sensitivity and 97.2% specificity.
At the recommended 1.4 threshold, sensitivity was lower (83.3%)

Table 1. Socio-demographic characteristics of the 2106 participants with
available antibody test results who were considered for the seroprevalence
analysis (age 6+; non-pregnant women)

Characteristic Category/statistics N
% or mean (95%

CI)

Sex Male 1027 48.9 (48.6–49.2)

Female 1079 51.1 (50.8–51.4)

Municipality Ortisei 1074 51.2 (51.1–51.3)

Santa Cristina 455 21.3 (21.2–21.4)

Selva 577 27.5 (27.5–27.6)

Citizenship Italian 2004 92.7 (92.6–92.7)

Other 102 7.3 (7.3–7.4)

Education Primary school or
no title

242 13.2 (12.0–14.5)

Lower secondary
school

397 21.4 (19.9–23.1)

Vocational school 516 28.3 (26.5–30.1)

Upper secondary
school

463 25.8 (24.1–27.5)

Higher degree 195 11.3 (10.0–12.6)

Language German 312 17.6 (16.1–19.3)

Italian 161 9.2 (8.0–10.5)

Ladin 1274 67.5 (65.7–69.2)

Other 66 5.7 (4.9–6.7)

Economic
activitya

Accommodation
and catering

399 22.8 (21.2–24.5)

Healthcare and
social services

59 3.3 (2.6–4.0)

Other activity 586 32.4 (30.7–34.1)

Student or not
active

769 41.6 (40.0–43.1)

Age-class 06–17 284 13.1 (12.9–13.3)

18–34 440 21.9 (21.6–22.1)

35–49 403 20.9 (20.5–21.2)

50–64 519 23.0 (22.9–23.2)

65–99 460 21.2 (21.0–21.4)

Age Mean 2106 45.1 (44.9–45.4)

BMIa Mean 1797 23.2 (23.0–23.3)

Serological
test

Negative 1555 73.7 (72.0–75.4)

Positive 551 26.3 (24.6–28.0)

Figures are corrected for the survey design settings (see Methods).
aFrequency distribution of economic activity and mean of body mass index (BMI) obtained
on 1813 and 1797 participants, respectively, who also filled in the questionnaire.
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but specificity was the same. Sex and age stratification improved
the assay performance with relatively lower thresholds but at
the cost of reliability (Supplementary Fig. S3, Table S3).

Identification of determinants and predictors of seropositivity

Among all socio-demographic and lifestyle characteristics consid-
ered (Table 1), being a current smoker (OR 0.35; 95% CI 0.25–
0.49), working in the accommodation and catering services (OR
1.37; 95% CI 1.05–1.77), living in Selva (OR 1.37; 95% CI 1.10–
1.70) or Santa Cristina (OR 1.31; 95% CI 1.03–1.68) and having
higher BMI (OR 1.14; 95% CI 1.02–1.28; for every standard devi-
ation increase) were each individually and independently asso-
ciated with positivity to the Abbott antibody test (Table 2).
Females did appear at lower risk than males; however, evidence
was weak in the mutually adjusted analysis.

Focusing on symptoms as possible seroprevalence predictors,
we found strong evidence for any single symptom to predict anti-
body positivity, both in unadjusted and mutually adjusted ana-
lyses, which considered each symptom at one time (Table 3).
Seropositivity was 38.8% (95% CI 36.2–41.5) in those reporting
any number of symptoms, 45.6% (95% CI 42.3–48.9) in those
reporting multiple symptoms, 10.0% (95% CI 8.3–12.0) in those
reporting no symptoms (P < 0.001, Table 3) and 14.2% (95% CI
12.4–16.1) in those with at most one symptom, respectively
(Table 3, Table 4).

The most predictive symptoms were the loss of taste or smell
(OR 15.05; 95% CI 11.18–20.26), fever (OR 5.52; 95% CI 4.26–
7.15), difficulty in breathing (OR 5.47; 95% CI 3.68–8.13), pain
in the limbs (OR 5.45; 95% CI 4.35–6.82) and weakness (OR
4.66; 95% CI 3.66–5.94). Symptom occurrences were visually dif-
ferent across age groups (Fig. 2a–2c). In multiple logistic regres-
sion, we fitted interaction terms of fever and weakness with age
(Table 5). The probability of seropositivity was higher in older
participants who also reported either fever or weakness

(Fig. 2d). However, age was a mild predictor of infection in the
absence of fever and weakness and independent of any other
symptoms (OR 0.96; 95% CI 0.93–1.00, P = 0.046; Table 5).

Among participants with any number of symptoms (n = 1002),
seroprevalence peaked in thosewith symptoms onset in the first half
ofMarch and returned the second highest figure for onset in the fol-
lowing fortnight (Table 4, all P < 0.001). Seroprevalence was higher
also among those reporting symptoms in the second half of
February, compared to other periods (P < 0.001). This curvilinear
trend was even more apparent when restricting the analyses to par-
ticipants reporting 2+ symptoms (n = 680), whereas seroprevalence
peaked at 63.2% (95% CI 58.1–68.0) among multi-symptomatic
participants with reported onset in the first half of March
(Table 4, Fig. 3).

Of those participants reporting multiple symptoms (2+),
34.6% (95% CI 31.6–37.8) also reported having sought medical
assistance (mostly by contacting the general practitioner) while
65.4% (95% CI 62.2–68.4) had not. Participants with any number
of symptoms were more frequently testing positive (51.4%) if they
had contacted the healthcare service for their symptoms than if
they did not (33.9%, P < 0.001), despite the minority (286 vs.
716) had sought contact.

We further investigated associations with reported pre-existent
chronic conditions (Supplementary Table S4). We observed mild
evidence of association with metabolic diseases (OR 0.46; 95% CI
0.22–0.98; P = 0.043) and liver disease (OR 2.83; 95% CI 1.00–
7.94; P = 0.049) in opposite directions. As for regular therapies,
directions of association were fairly consistent with those of
chronic conditions (Supplementary Table S5). There was mild
to weak evidence of negative associations of seropositivity with
diabetes therapies (OR 0.38; 95% CI 0.13–0.92; P = 0.032) and
use of sedatives, antidepressants or antipsychotics (OR 0.57,
95% CI 0.32–1.03; P = 0.064). Having had any prior health
event was not associated with seropositivity (Supplementary
Table S6). However, some reported events such as organ

Fig. 1. Antibody test performance evaluations. (a) Pairwise comparisons and κ statistics with their 95% CIs across all antibody assays and PRNT at 50%. (b)
Scatterplot of the Abbott assay results (x-axis) vs. the Diasorin assay results ( y-axis, in logarithmic scale), in the context of PRNT results (yellow dots: negative;
brown dots: positive). Dashed lines indicate the clinically relevant thresholds for positivity. (c) ROC curve used to define the optimal cut-off for S/C (AAI) values
as a classifier. Plotted here is the true-positive rate (sensitivity) vs. the false-positive rate (1 – specificity) for increasing values of AAI for all 299 individuals subject to
PRNT. The diagonal corresponds to the ROC curve of a random classifier. Discriminative classifiers produce curves drawn towards the upper left corner, where
sensitivity = specificity = 1. A perfectly discriminating classifier generates a ROC curve that starts at the lower left corner and advances as a vertical line to the
upper left corner and from there horizontally to the upper right corner. The cross corresponds to the classifier performance using AAI = 1.4. In the sample
under investigation, optimal classifier performance is achieved for AAI = 1.16 (circle).
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transplantation, chemo/radiotherapy and disautonomy were rela-
tively infrequent to allow drawing definitive conclusions regarding
these entities. Among incident health-related issues, or pre-existing
issues worsening their clinical course after March 2020, musculo-
skeletal disorders (OR 2.00; 95% CI 1.38–2.92), respiratory or pul-
monary diseases (OR 2.44; 95% CI 1.42–4.20) and sleep disorders
(OR 1.81; 95% CI 1.21–2.70) were more frequent in seropositive
than seronegative participants (Supplementary Table S6).

Discussion

Thepresent study shows that nearly 30%of theGardenavalley general
population was infected by SARS-CoV-2 during the first pandemic
wave.Neutralisingantibody capacitywasmeasurablyhigher than esti-
mated seropositivity. Our in-depth analysis of SARS-CoV-2 determi-
nants of infection as well as COVID-19-related symptoms identified
specific seroprevalence risk factors and extensively characterised the
post-infection symptoms.

Table 2. Prevalence of serum antibodies to SARS-CoV-2 and participants’ socio-demographic characteristics (N = 1813)

Characteristic Category/statistics N
Seroprevalence %

(95% CI) P-valuea
adjusted
P-valueb OR (95% CI)c

OR adjusted
P-valuec

Sex Male 884 28.3 (25.8–31.0) 0.013 0.070 Ref.

Female 929 23.8 (21.5–26.3) 0.83 (0.68–1.02) 0.070

Smoking
habit

Non-smoker 1278 27.6 (25.5–29.8) <0.001 <0.001 Ref.

Past smoker 273 31.2 (26.6–36.3) 1.07 (0.82–1.39) 0.609

Current smoker 262 13.1 (9.8–17.1) 0.35 (0.25–0.49) <0.001

Main activity Accomodation and
catering

399 31.6 (27.7–35.8) 0.002 <0.001 1.37 (1.05–1.77) 0.019

Healthcare and social
services

59 26.5 (17.9–37.4) 1.26 (0.72–2.20) 0.425

Other activity 586 26.5 (23.5–29.8) Ref.

Student or not active 769 22.5 (20.0–25.2) 0.82 (0.65–1.03) 0.089

Municipality Ortisei 908 22.6 (20.3–25.1) <0.001 0.010 Ref.

Santa Cristina 389 28.3 (24.5–32.5) 1.31 (1.03–1.68) 0.031

Selva 516 30.2 (26.9–33.9) 1.37 (1.10–1.70) 0.006

Nationality Italian 1744 26.1 (24.3–27.9) 0.829 0.692 Ref.

Other 69 25.1 (17.1–35.3) 0.90 (0.53–1.53) 0.692

Education Primary school or no
title

242 23.9 (19.5–28.9) 0.889 0.529 Ref.

Lower secondary
school

397 27.0 (23.4–31.1) 1.19 (0.84–1.68) 0.320

Vocational school 516 26.6 (23.3–30.1) 1.02 (0.72–1.44) 0.932

Upper secondary
school

463 25.7 (22.4–29.4) 0.97 (0.68–1.39) 0.877

Higher degree 195 25.7 (20.6–31.6) 0.89 (0.57–1.37) 0.590

Language German 312 23.6 (19.7–28.1) 0.379 0.454 Ref.

Italian 161 24.7 (19.3–31.2) 0.88 (0.59–1.32) 0.544

Ladin 1274 27.1 (25.0–29.3) 1.09 (0.83–1.42) 0.550

Other 66 21.7 (14.1–31.9) 0.78 (0.44–1.39) 0.403

Age Median 1813 26.1 (24.2–27.9) 0.168 0.827 Ref.

Median + 5 years 1813 26.3 (24.5–28.2) 1.00 (0.98–1.03) 0.827

BMId Mean 1797 25.7 (23.9–27.5) <0.001 0.023 Ref.

Mean + 1 S.D. 1797 28.9 (26.3–31.5) 1.14 (1.02–1.28) 0.023

Seroprevalence figures at specific values of age and BMI were obtained by predictive margins with linearised standard errors from a logistic model. BMI, body mass index; S.D., standard
deviation.
aSurvey design adjusted F statistics. For continuous variables (age, BMI), the P-value was obtained by the adjusted Wald test with linearised standard errors.
bSurvey design adjusted F statistics, multiply adjusted for sex, age, BMI, smoking habit, main activity and municipality. For continuous variables (age, BMI), the P-value was obtained by the
adjusted Wald test with linearised standard errors.
cOdd ratios (ORs), 95% confidence intervals (95% CIs) and related adjusted P-values were obtained by linearised standard errors and logit transformation.
dThere were 16 missing values.
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The main strength of the study is its representativeness that
guarantees generalisability of the findings to the whole population
of the valley. The study was concluded in a short time span of 2
weeks of a nearly 3-month-long strict national lockdown. The
whole framework of recruitment, sample-handling and storage
procedures allowed the remarkable participation response, while
preventing the possible influence of additional external factors
through the period.

The present study also comes with several limitations. First,
antibody testing methods have imperfect accuracy. We corrected
seroprevalence analyses for the test sensitivity and specificity to
overcome this limitation. Second, certain social groups such
as, for instance, non-Italian residents might have been underre-
presented. While we corrected all analyses for differential

participation in known groups, we could not prevent participation
bias of unknown sources such as, for example, COVID-19-related
mortality and possible self-selection of severely ill individuals. A
third limitation is the questionnaire self-administration: while
this was the only way to collect essential information, response
bias might affect some analyses. For instance, symptom onset esti-
mationmight not be totally accurate as the questionwas not specific
to each possible symptom. Similarly, we cannot exclude that symp-
toms were due to competitive seasonal diseases such as flu or aller-
gies. Another potential limitation of our assessment is that the
serum antibody assays evaluated against the neutralisation titres
could be sensitive to the ratio of asymptomatic-to-symptomatic
participants. However, our selection of 299 samples was independ-
ent of the symptomatic status. We also performed two resampling

Table 3. Prevalence of serum antibodies to SARS-CoV-2 by participants’ reported symptoms (N = 1813)

Symptom Category N
Seroprevalence %

(95% CI) P-valuea
Adjusted
P-valueb OR (95% CI)c

OR adjusted
P-valuec

Fever>37.5 °C No 1581 21.2 (19.5–23.1) <0.001 <0.001 Ref.

Yes 232 58.4 (52.7–63.8) 5.52 (4.26–7.15) <0.001

Cough No 1426 22.0 (20.2–24.0) <0.001 <0.001 Ref.

Yes 387 40.5 (36.3–44.9) 2.32 (1.87–2.87) <0.001

Sorethroat or cold
symptoms

No 1398 23.4 (21.5–25.5) <0.001 <0.001 Ref.

Yes 415 34.4 (30.5–38.6) 1.71 (1.37–2.12) <0.001

Headache No 1406 21.9 (20.0–23.8) <0.001 <0.001 Ref.

Yes 407 40.1 (35.9–44.3) 2.37 (1.91–2.95) <0.001

Pain in the limbs No 1452 18.8 (17.1–20.7) <0.001 <0.001 Ref.

Yes 361 55.1 (50.5–59.6) 5.45 (4.35–6.82) <0.001

Loss of taste/smell No 1588 18.6 (17.0–20.4) <0.001 <0.001 Ref.

Yes 225 77.3 (72.1–81.7) 15.05 (11.18–20.26) <0.001

Difficulty in breathing No 1731 24.2 (22.4–26.0) <0.001 <0.001 Ref.

Yes 82 64.0 (54.4–72.6) 5.47 (3.68–8.13) <0.001

Chest pain No 1697 24.6 (22.8–26.4) <0.001 <0.001 Ref.

Yes 116 46.5 (38.6–54.5) 2.41 (1.71–3.40) <0.001

Increased pulse rate No 1779 25.5 (23.8–27.3) <0.001 <0.001 Ref.

Yes 34 51.5 (36.9–65.8) 2.92 (1.63–5.21) <0.001

Gastrointestinal
problems

No 1597 23.6 (21.8–25.4) <0.001 <0.001 Ref.

Yes 216 43.9 (38.2–49.8) 2.73 (2.09–3.56) <0.001

Conjunctivities No 1724 25.2 (23.4–27.0) <0.001 <0.001 Ref.

Yes 89 42.2 (33.4–51.5) 2.12 (1.44–3.13) <0.001

Weakness No 1539 20.9 (19.1–22.7) <0.001 <0.001 Ref.

Yes 274 54.7 (49.5–59.8) 4.66 (3.66–5.94) <0.001

Any symptoms No 811 10.0 (8.3–12.0) <0.001 <0.001 Ref.

Yes 1002 38.8 (36.2–41.5) 5.88 (4.61–7.50) <0.001

Symptom count None 811 10.0 (8.3–12.0) <0.001 <0.001 Ref.

Any 322 24.6 (20.6–29.0) 2.95 (2.15–4.04) <0.001

Multiple (2+) 680 45.6 (42.3–48.9) 7.87 (6.10–10.16) <0.001

aSurvey design adjusted F statistics.
bSurvey design adjusted F statistics, multiply adjusted for sex, age, BMI, smoking habit, main activity and municipality.
cOdd ratios (ORs), 95% confidence intervals (95% CIs) and related adjusted P-values are obtained by linearised standard errors and logit transformation.
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Fig. 2. Association between reported symptoms and seroprevalence. (a) to (c) Symptoms frequency distribution in seronegative and seropositive participants, by
age group; (a) <18 years old; (b) 18–64 years old; (c) 65+ years old. (d) Marginal predicted probabilities of anti-SARS-CoV-2 IgG antibodies by linear effect of age as
moderated by specific symptoms. Linear predictions and 95% confidence bands are displayed on the graph for participants with fever (plain line and dark grey
bands), with no fever (dash line and mild grey bands), with weakness (long-dash dot line and plain grey bands) and with no weakness (long-dash line and light grey
bands). For example, a participant of median age would have roughly the same marginal probability of infection of either older or younger participants, if they had
no symptoms of fever and weakness, integrating across all possible predictors (e.g. Pr = 0.24 if no fever present and median age, 95% CI 0.22–0.26). However, the
estimated marginal probability of infection was 0.33 (95% CI 0.26–0.40) for participants 20 years younger than the median age and 0.54 (95% CI 0.42–0.65) for
participants 20 years older than the median age if they had fever. Corresponding probabilities for participants with weakness were 0.24 (95% CI 0.17–0.31)
and 0.44 (95% CI 0.36–0.52), for participants 20 years younger and 20 years older than the median age, respectively.

Table 4. Prevalence of serum antibodies to SARS-CoV-2 by participants’ reported period of symptoms (N = 1813)

N Seroprevalence % (95% CI) P-valuea Adjusted P-valueb OR (95% CI)c OR adjusted P-valuec

Period of 1+ symptoms onset

No symptoms 811 10.0 (8.3–12.0) <0.001 <0.001 Ref.

Feb: 1st 150 14.2 (10.0–19.7) 1.58 (0.99–2.51) 0.055

Feb: 2nd 197 30.5 (25.1–36.6) 4.01 (2.83–5.68) <0.001

March: 1st 380 56.7 (52.3–61.0) 12.18 (9.18–16.14) <0.001

March: 2nd 198 44.2 (38.2–50.3) 7.03 (5.10–9.69) <0.001

April onwards 77 7.6 (3.8–14.5) 0.77 (0.36–1.64) 0.496

Period of 2+ symptoms onset

At most 1 symptom 1133 14.2 (12.4–16.1) <0.001 <0.001 Ref.

Feb: 1st 103 14.5 (9.6–21.2) 1.10 (0.66–1.83) 0.711

Feb: 2nd 129 35.8 (28.9–43.5) 3.55 (2.46–5.11) <0.001

March: 1st 278 63.2 (58.1–68.0) 10.81 (8.23–14.20) <0.001

March: 2nd 137 50.3 (42.9–57.6) 5.93 (4.29–8.20) <0.001

April onwards 33 14.9 (7.1–28.7) 1.02 (0.44–2.40) 0.955

aSurvey design adjusted F statistics.
bSurvey design adjusted F statistics, multiply adjusted for sex, age, BMI, smoking habit, main activity and municipality.
cOdd ratios (ORs), 95% confidence intervals (95% CIs) and related adjusted P-values are obtained by linearised standard errors and logit transformation.
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strategies, implicitly varying the relative proportion of IgG-positive
and IgG-negative among the 299 serum samples for selection,
which gave similar sensitivity and specificity results. Lastly, in
exploratory analyses comparing IgG ratios across symptomatic
groups by serum positivity, there was no evidence that immuno-
assay test accuracy would differ across different symptomatic
groups, as previously reported [13].

A nearly 30% seroprevalence is a large figure compared to other
studies [4]. This estimate aligns with those of nearby Italian regions
[14, 15]. Reports of SARS-CoV-2 infections in Manaus (Brazil)
showed that antibodies detection may underestimate previous infec-
tion mainly because of waning [16]. This and other reasons suggest
that the true seroprevalence in the current study is also underesti-
mated. First, the survey had missed people who already died. In
2020, the raw excess all-cause mortality rate over the previous 5
years was between+32.8% and +72.4% in the three municipalities
[17]. Second, antibodies can persist until 5 months or more, but we
cannot exclude that IgG levels had already waned for individuals

with earlier or less severe infection or less efficient immune response
[18, 19]. Importantly, even in the absence of detectable IgG levels,
COVID-19 patients may develop robust T-cell-mediated immune
response, with SARS-CoV-2-specific T cells showing a stem-like
memory profile over the full disease severity spectrum [20–22].
SARS-CoV-2-specific T cells are missed by the current investigation,
contributing to prevalence underestimation. Third, it is debated
whether previous exposure to other coronaviruses causing the com-
mon cold could generate long-lasting SARS-CoV-2-targeting anti-
bodies. Cross-reactive antibodies were recently identified in few
adults and more frequently in children and adolescents supporting
pre-existing immunity [23]. Additionally, multiple studies reported
cross-reactive T-cell memory in 28–50% people [24], increasing
the possibility that some pre-existing immunity is already present.
Fourth, adding to the extant evidence, our comparison of the
Abbott SARS-CoV-2 assay against the Diasorin assay and the
PRNT reflects that a relatively higher proportion of individuals
may have been in contact with the SARS-CoV-2.

Table 5. Results of the logistic regression model for the association between the prevalence of serum antibodies to SARS-CoV-2 and symptoms while accounting for
individual-level relevant characteristics (n = 1804)

Predictor Category/units OR 95% CI P-value

Sex Male Ref.

Sex Female 0.90 (0.70–1.15) 0.398

BMI kg/m2 1.04 (1.01–1.07) 0.021

Age 5-yrs units 0.96 (0.93–1.00) 0.046

Symptom No symptoms Ref.

Fever 3.22 (2.20–4.71) <0.001

Fever × age 1.17 (1.07–1.28) 0.001

Weakness 1.78 (1.23–2.58) 0.002

Weakness × age 1.19 (1.09–1.29) <0.001

Pain in the limbs 2.76 (2.04–3.74) <0.001

Loss of taste or smell 10.47 (7.30–15.01) <0.001

Difficulty in breathing 1.94 (1.07–3.55) 0.030

Chest pain 0.53 (0.31–0.90) 0.018

Smoking habit Never smoker Ref.

Past smoker 0.96 (0.68–1.36) 0.826

Current smoker 0.28 (0.18–0.44) <0.001

Main activity Other activity Ref.

Accommodation and catering 1.40 (1.02–1.94) 0.041

Healthcare and social services 1.01 (0.55–1.84) 0.987

Student or not active 1.04 (0.78–1.37) 0.812

Municipality Ortisei Ref.

Santa Cristina 1.34 (0.99–1.81) 0.061

Selva 1.38 (1.05–1.82) 0.020

Dietary supplements No Ref.

Yes 0.51 (0.34–0.75) 0.001

Any drug regularly No Ref.

Yes 0.64 (0.46–0.89) 0.008

Survey design adjusted odds ratios (ORs) (see Methods). 95% confidence intervals (95% CIs) and related adjusted P-values were obtained by linearised standard errors and logit
transformation. BMI, body mass index.
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The imperfect agreement between the Abbott and Diasorin
tests can be explained by the two assays being directed against dif-
ferent viral antigens with different kinetics: the anti-nucleocapsid
protein IgG for Abbott and the anti-S1/S2 portions of spike pro-
tein IgG for Diasorin [19]. Furthermore, the comparison against a
neutralisation test identified several samples with neutralisation
capacity that had negative antibody test results. Part of their mis-
classification against the neutralisation test was due to the initial
definition of precautionary thresholds set by companies, where
unclassifiable/dubious indices were set to negative. The recent
revision of diagnostic antibody test thresholds will limit this mis-
classification [25]. The neutralisation assay was used as a refer-
ence to assess previous exposure to SARS-CoV-2. There is also
a possibility that antibodies to the nucleocapsid antigen protein
develop in the absence of neutralising antibodies. However, only
three out of 299 samples with immunoassay-positive result by
either test returned no neutralisation titres in our assessment,
potentially due to contamination.

According to the reported symptoms, cases of infection have
seemingly peaked during the first half of March 2020, as in neigh-
bouring regions [3, 14, 15]. Spoken language, nationality and edu-
cational level were not associated with SARS-CoV-2 seropositivity,
supporting the absence of social stratification in the exposure to the
virus. Sex was not a major determinant of infections even though
females had ∼20% lower risk than males, in line with a population
study conducted in the nearby province of Trento [15]. This might
reflect a higher prevention-prone behaviour of females or a higher
rate of neutralising autoantibodies against type I interferon in
COVID-19 severely affected males [26]. In contrast to similar stud-
ies [14, 15], while seropositivity had no general evidence of positive
association with age, it was inversely associated with age in the
absence of fever and weakness in the present study. This is perhaps
due to a socially diverse population of positive individuals, which

were younger and arguably linked to winter-sporting activities in
this study. Moreover, the association of seroprevalence with muni-
cipality and the accommodation and catering services suggests that
infections might have been mainly driven by unavoidable occupa-
tional circumstances.

Only a minority of symptomatic individuals sought medical
advice. While the experience of non-life-threatening symptoms
was plausible, we cannot exclude neglect or reluctance to endure
quarantine by some citizens if found positive. This poses the ques-
tion to the transparency and effectiveness of public authorities’
communication efforts as well as to individual behaviours.

The apparent protective effect of current smoking on
SARS-CoV-2 seroprevalence is not novel [27, 28]. A collider bias
effect may supersede sample representativeness [29]. COVID-19
increases mortality risk just as smoking does. Current smoking is
causally related to more severe COVID-19 disease [30]. With
COVID-19 and smoking intertwined to affect mortality and par-
ticipation, it is likely that the apparent protective effect of smoking
on seropositivity is explained by harvesting effects on mortality, or
impairment to participation by health conditions or health-prone
behaviours [31].

In conclusion, we confirm that the Gardena valley had one of
the highest prevalence of SARS-CoV-2 infection in Europe.
Comparisons between distinct antibody detection assays and
between serum assays and serum antibodies neutralising capacity,
yet suggest an underestimation of actual seroprevalence in this
report. While age and sex appear consistently related to infection
in other contexts, in settings of high incidence rates possibly
linked to the ongoing touristic season in the present case, these
demographic factors may exert less prominence than the social
context. In contrast, all investigated flu-like symptoms were pre-
dictive of a positive antibody test result, with the highest and
cumulative evidence for the loss of taste or smell, fever, difficulty

Fig. 3. Reported symptoms by time of symptom onset in seronegative and seropositive participants. Rectangle sizes are proportional to the frequency of symptoms
across periods, within groups. The symptoms most predictive of seropositivity (loss of taste or smell; weakness; pain in the limbs; fever; and breathlessness) were
apparently more prevalent among seropositive than seronegative participants at the time of peak incidence of the epidemic first wave in the valley, between late
February, throughout March and part of April.
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in breathing, pain in the limbs and weakness. However, some
symptoms were associated with the seroprevalence in an age-
dependent mode.

Overall, findings highlight that the determinants of
SARS-CoV-2 infection and outcomes are context-dependent, as
they relate to the pattern of infection, the local population com-
position and the economic dynamics. Thus prevention strategies
may be tailored to the social context.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0950268821001886.
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