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ABSTRACT We investigate the diagnostic accuracy and predictive value of finger prick
capillary dried blood spot (DBS) samples tested by a quantitative multiplex anti-immuno-
globulin G (IgG) assay to detect severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) antibodies after infection or vaccination. This cross-sectional study involved partic-
ipants (n = 6,841) from several serological surveys conducted in nonhospitalized children
and adults throughout 2020 and 2021 in British Columbia (BC), Canada. Analysis used
paired DBS and serum samples from a subset of participants (n = 642) prior to vaccina-
tion to establish signal thresholds and calculate diagnostic accuracy by logistic regression.
Discrimination of the logistic regression model was assessed by receiver operator curve
(ROC) analysis in an n = 2,000 bootstrap of the paired sample (n = 642). The model was
cross-validated in a subset of vaccinated persons (n = 90). Unpaired DBS samples (n = 6,723)
were used to evaluate anti-IgG signal distributions. In comparison to paired serum, DBS
samples from an unvaccinated population possessed a sensitivity of 79% (95% confidence
interval [95% CI]: 58 to 91%) and specificity of 97% (95% CI: 95 to 98%). ROC analysis
found that DBS samples accurately classify SARS-CoV-2 seroconversion at an 88% percent
rate (area under the curve [AUC] = 88% [95% CI: 80 to 95%]). In coronavirus disease 2019
(COVID-19) vaccine dose one or two recipients, the sensitivity of DBS testing increased to
97% (95% CI: 83 to 99%) and 100% (95% CI: 88 to 100%). Modeling found that DBS testing
possesses a high positive predictive value (98% [95% CI: 97 to 98%]) in a population
with 75% seroprevalence. We demonstrate that DBS testing should be considered to
reliably detect SARS-CoV-2 seropositivity from natural infection or vaccination.

IMPORTANCE Dried blood spot samples have comparable diagnostic accuracy to se-
rum collected by venipuncture when tested by an electrochemiluminescent assay for
antibodies and should be considered to reliably detect seropositivity following SARS-
CoV-2 infection and/or vaccination.

KEYWORDS SARS-CoV-2, dried blood spots, seropositivity, diagnostic accuracy, vaccine
evaluation, public health, COVID-19, data analysis, epidemiology

The ongoing global vaccination campaign to immunize populations against severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, which causes co-

ronavirus disease 2019 (COVID-19), represents the largest primary prevention effort
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undertaken in public health since the Global Polio Eradication Initiative (GPEI) (1).
Lessons learned from the GPEI highlight the value of measuring population-level vaccine-
elicited immunogenicity, as the humoral response can differ between doses, age groups,
vaccine formulations, and viral strains (1). Evaluation of immunogenicity against an anti-
gen presented to the immune system from natural infection or vaccination requires sero-
logical testing from whole blood to quantify the concentration of specific antibodies (2).
Whole blood may be collected in large volumes by venipuncture or alternatively in small
volumes from capillary beds by needle prick. Colloquially referred to as “dried blood
spots” (DBS), capillary blood collection utilizes sterile filter paper to collect and store
;350 mL of dried blood in several nonoverlapping spots (3). Numerous population-level
studies have adopted DBS sampling for surveillance of chronic and acute viral infections
(e.g., hepatitis B or C) (4) due to its comparable diagnostic accuracy to samples collected
by venipuncture, minimal invasiveness (suitability for needle-hesitant persons), reduced
cost, and the ability to rapidly deploy in resource-limited settings (5).

The size and scale of the COVID-19 vaccination campaign raises logistical challenges
in measuring SARS-CoV-2 vaccine-elicited antibody response at the population level.
The requirement for high-volume serologic testing to detect vaccine-elicited immuno-
genicity represents a particular challenge, as whole-blood specimen collection by veni-
puncture does not easily scale up (3, 6). Whole blood collection in the form of serum or
plasma requires a trained phlebotomist, specific collection tubes, and cold chain logis-
tics. DBS sampling is a cost-effective and promising alternative, which can occur by
self-collection, eliminating the need for trained personnel. Collection cards are stable
at ambient temperatures for up to 2 weeks, simplifying transport, and can be stored in
large quantities using less space (7). To optimize the benefits of DBS collection, the
downstream clinical assay must have multiplex capacity across a wide dynamic range
because SARS-CoV-2 has several antigenic targets (structural proteins), and a large-fold
difference in antibody concentration occurs between naturally infected and vaccinated
persons (8, 9). The SARS-CoV-2 genome encodes four major structural proteins: the
spike (S) glycoprotein, which is responsible for cellular entry, the envelope (E) protein,
which enables cellular fusion, the membrane (M) protein, which binds the other struc-
tural proteins, and the nucleocapsid (N) protein, which has a multifunctional role in
transcription and virion assembly (10). The S and N proteins serve as the best antigenic
targets for serological testing because S binds to the host receptor angiotensin con-
verting enzyme 2 (ACE2) via the receptor-binding domain (RBD) and is the primary tar-
get of neutralizing antibodies (11, 12). The concentration of N protein exceeds that of
other viral genes during infection due to the unique coronavirus replication mecha-
nism of discontinuous negative-strand transcription (13). To understand the potential
of DBS sampling to detect SARS-CoV-2 seropositivity at the population level we i) eval-
uated the diagnostic accuracy of DBS tested by Meso Scale Discovery’s quantitative
multiplex anti-IgG electrochemiluminescence assay (DBS-MSD) compared to paired se-
rum samples in study participants prevaccination (n = 642; 28 positive and 614 nega-
tive) from BC, Canada; ii) cross-validated the diagnostic accuracy in a random sample
of participants before vaccination (n = 30) or 3 to 6 weeks after dose one (n = 30) or
two (n = 30) of receiving a COVID-19 vaccine; and iii) modeled the predictive perform-
ance of DBS-MSD testing in a theoretical population (n = 10,000) with stratified COVID-
19 seroprevalence of 15, 45, and 75%.

RESULTS
Anti-SARS-CoV-2 IgG linear range. In the tested DBS samples (n = 6,841), no drop

out was observed on the MSD assay, and all values were above the antigen-specific
lower limit of detection (anti-S = 0.049, anti-N = 0.046, anti-RBD = 0.035 AU/mL) (14).
Linear regression found a proportionate relationship between signal intensity and anti-
IgG concentration (arbitrary units [AU]/mL) across a 3- to 4-log10 range or ;3-fold
change (Fig. S1 in the supplemental material) per antigen (S: R2 = 0.99, P , 0.001; N:
R2 = 0.95, P , 0.001; RBD: R2 = 0.97, P , 0.001). Anti-RBD results were not interpreted
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for DBS samples, as they were found to be highly correlated with anti-S signals
(Pearson’s correlation, r = 95%, 95% confidence interval [95% CI] of 92 to 97%), indicat-
ing collinearity (15).

Threshold determination and diagnostic accuracy. Signal target thresholds for
DBS-MSD results were established at 75 AU/mL (95% CI: 55 to 95 AU/mL) for anti-S
(Fig. 1a) and 175 AU/mL (95% CI: 162 to 188 AU/mL) for anti-N IgG (Fig. 1b), based on
the observed signal distributions. The anti-S and anti-N thresholds were set to maxi-
mize sensitivity and specificity. The anti-S distribution showed that 77% of SARS-CoV-2
serum-positive samples from naturally infected participants have a DBS signal greater
than or equal to the threshold (one sample t test, P = 0.77, sensitivity = 77%). The anti-
N distribution estimates that 95% of anti-S-negative DBS samples have a signal less
than or equal to the threshold (one sample t test, P = 0.05, specificity = 95%). Applying
these thresholds to the same data set (n = 642), DBS-MSD achieved a sensitivity of 79%
(95% CI: 58 to 91%) and specificity of 97% (95% CI: 95 to 98%) in an unvaccinated pop-
ulation compared to the paired serum reference (Fig. 2a). A diagnostic threshold was
not assigned for anti-RBD IgG, as the signal exhibits colinearity with anti-S and, there-
fore, does not offer supplementary diagnostic information.

Discrimination. ROC analysis yielded an area under the curve of 88% (95% CI: 80 to
95%) (Fig. 2b). DBS samples resulted on MSD will accurately classify SARS-CoV-2 sero-
conversion in an unvaccinated population at an 88% percent rate.

Cross-validation. In unvaccinated participants from the PREVENT-COVID study, 3 of
30 samples were classified as false positive because their anti-S IgG concentration
exceeded the cutoff of 75 AU/mL (1.87 log10 AU/mL). Therefore, 27 of 30 samples were
classified correctly as negative for a specificity of 90% (95% CI: 73 to 98%) (Fig. 3). In
persons with one dose of a COVID-19 vaccine, 1 of 30 samples was classified as false
negative, indicating a sensitivity of 97% (95% CI: 83 to 99%) (Fig. 3). In two-dose

FIG 1 Signal distributions of SARS-CoV-2 anti-spike (S) and anti-nucleocapsid (N) IgG collected by DBS and serum and
tested with an MSD assay. (a) Participant DBS and paired serum samples (n = 642) were tested by MSD assay for anti-
S, anti-N, and anti-receptor-binding domain (RBD) IgG. DBS-MSD anti-S signals were stratified by MSD test results on
paired serum samples (white: paired serum positive; gray: paired serum negative). A sample was classified as paired
serum positive when greater than or equal to two of three target signals exceeded the manufacturer-recommended
thresholds (S = 1,960, N = 5,000, and RBD= 538). A threshold of $75 AU/mL (95% CI: 55 to 95 AU/mL) was set for
anti-S DBS samples tested on MSD, as it discriminates paired serum positives from negatives. In a random sample of
serum positives, 77% of paired DBS-MSD samples are expected to have values greater than or equal to 75 AU/mL (one
sample t test, P = 0.77, sensitivity = 77%). (b) All anti-N DBS-MSD samples tested at the British Columbia Centre for
Disease Control (BCCDC) to 21 May 2021 were restricted to those with DBS-MSD anti-S of ,75 AU/mL (n = 6,723; dark
gray). A threshold of $175 AU/mL (95% CI: 162 to 188 AU/mL) was set for anti-N DBS samples tested on MSD, as the
probability of classifying an anti-S negative DBS-MSD sample anti-N positive equals 5% (one sample t test, P = 0.05,
specificity= 95%). DBS-MSD samples were classified positive if anti-S signal was $75 AU/mL and anti-N signal
was $175 AU/mL or anti-S signal was $75 AU/mL and anti-N signal was ,175 AU/mL. Samples with anti-S
signal ,75 AU/mL and anti-N signal $175 AU/mL were classified as negative.
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recipients, no samples were classified as false negatives, for a sensitivity of 100% (95%
CI: 88 to 100%) (Fig. 3). Samples from vaccinated participants were collected 3 to 6
weeks after administration of dose one or two. A positive relationship between vacci-
nation and anti-S IgG was observed, which makes the DBS-MSD test more sensitive
than when used to test for natural infection (Fig. 3). The 95% confidence intervals for
sensitivity or specificity calculated in unvaccinated participants overlap with those of
one- or two-dose recipients, indicating no significant difference in the test’s diagnostic
accuracy (Fig. 2a and Table 1).

Prevalence and predictive value. In a theoretical population of 10,000 persons
with a seroprevalence of 75%, a positive test result predicts true seropositivity at a 98%
rate (positive predictive value [PPV] = 98%; 95% CI: 97 to 98%) (Table 1). A negative
test result predicts a seronegative response at an 80% rate (negative predictive value
[NPV] = 80%; 95% CI: 78 to 81%). At lower seroprevalences of 15 and 45%, the PPV of
DBS-MSD decreased, and the NPV increased (PPV15 = 73% [95% CI: 71 to 75%] and
NPV15 = 99% [95% CI: 99 to 100%]; PPV45 = 93% [95% CI: 92 to 93%] and NPV45 = 93%
[95% CI: 93 to 94%]) (Table 1).

DISCUSSION

The diagnostic accuracy of MSD is comparable to that of the Roche Elecsys assay
(16) and other commercial platforms (17) for surveillance of SARS-CoV-2 seroconver-
sion in DBS-collected specimens. The MSD assay has the unique benefit of testing anti-
S and anti-N IgG in a single multiplex reaction (18). Tests performed on DBS samples
characteristically exhibit high specificity and low sensitivity, attributable to low analyte
concentration, variance in sample collection practices, or time since antigen exposure
(19). We show that despite the expected disadvantage of low analyte concentration,
DBS-MSD testing possesses a strong PPV when implemented in a context with high
SARS-CoV-2 seroprevalence (e.g., in an outbreak setting or to evaluate a COVID-19 im-
munization campaign). Therefore, DBS collection and anti-IgG serology show promise
as a tool to measure SARS-CoV-2 seropositivity at the population level. The benefits
include comparable diagnostic accuracy to that of serum samples, with improved pop-
ulation reach and the potential to discriminate natural from vaccine-elicited serocon-
version by measuring anti-S and anti-N IgG reactivity in a single reaction (20). In a

FIG 2 Confusion matrix and receiver operating characteristic curve analysis of DBS-MSD test result in comparison to the
paired serum reference. (a) Frequency of DBS-MSD results are reported in comparison to the reference and used to
calculate diagnostic accuracy (sensitivity and specificity) by logistic regression. In comparison to the paired serum
reference, DBS-MSD possesses a sensitivity of 79% (95% CI: 58 to 91%) and specificity of 97% (95% CI: 95 to 98%); the
gray area shows the proportion of participants by cell, and black lines represent the 95% confidence interval. No evidence
of similarity between the marginal outcome probability was observed (McNemar test, P , 0.007). (b) Receiver operator
characteristic curve analysis in an n = 2,000 bootstrap sample was used to quantify the discrimination (predictive ability)
of a DBS-MSD test in comparison to the reference. DBS-MSD was found to accurately discriminate natural SARS-CoV-2
seroconversion at an 88% (95% CI: 80 to 95%) rate.
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theoretical population with 75% COVID-19 seroprevalence, a positive DBS-MSD result
reliably indicates seropositivity with a high PPV and does not require additional testing.
The lower NPV indicates that a negative result does not reliably predict lack of an
immune response or immunosenescence. We suggest reflex testing a negative DBS
result in a high seroprevalence setting when confirmation of an individual’s serostatus
is required (21). Reflex testing could occur using venipuncture or an additional DBS.
Applying predictive values requires Bayesian inference because seroprevalence
changes over time (22). For example, serological testing too soon or long after antigen
exposure will not accurately predict seroconversion.

An important limitation of SARS-CoV-2 seroprevalence studies in populations with
low vaccine coverage is the difference in antibody signals between individuals who
have recovered from asymptomatic and symptomatic infection (23). The distributions
of serological signals between recovered asymptomatic and negative cases are more

FIG 3 Boxplot stratified by participant COVID-19 vaccination status; n = 30 unpaired participants
were randomly sampled per strata from the PREVENT-COVID study (Table 2), and their DBS sample
was tested on the MSD assay. In the prevaccination strata, the anti-S cutoff of $75 AU/mL (1.87 log10

AU/mL) classified three participants as false positive for a specificity of 90% (95% CI: 73 to 98%). The
sensitivity of the DBS-MSD test increased in the dose-one and dose-two groups compared to the
estimate from unvaccinated (naturally infected) persons (Fig. 1). In participants with one dose of
COVID-19 vaccine, 1 of 30 samples was classified as false negative for a sensitivity of 97% (95% CI: 83
to 99%). No false negatives were detected in participants who received two doses (sensitivity of
100% [95% CI: 88 to 100%]). DBS samples were collected from dose one or dose two recipients three
to six weeks after administration of their vaccine. A two-way analysis of variance (ANOVA) found that
a positive relationship exists between vaccine dose and anti-S IgG concentration; the true difference
in mean antibody concentration does not equal zero (P , 0.001).

TABLE 1 Sensitivity and specificity estimates were averaged between unvaccinated (n = 642) and vaccinated participants (n = 90) and used to
model the predictive value of the DBS-MSD test in a theoretical population of n = 10,000 persons with stratified seroprevalence of 15, 45, or
75%

Averaged estimatea Expected seroprevalencea (%)

Sensitivity estimate (95% CI) Specificity estimate (95% CI) 15% estimate (95% CI) 45% estimate (95% CI) 75% estimate (95% CI)
92% (76–97%) 94% (84–98%) PPV: 73% (71–75%) PPV: 93% (92–93%) PPV: 98% (97–98%)

NPV: 99% (99–100%) NPV: 93% (93–94%) NPV: 80% (78–81%)
aPoint estimates and 95% CIs are reported. Individual estimates are available in Table S1 and Table S2 in the supplemental material.
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likely to overlap than when comparing negative to recovered symptomatic nucleic
acid amplification test-confirmed cases. Low serological signal should not be a limita-
tion in populations with high vaccine coverage, as SARS-CoV-2 vaccination has been
experimentally found to elicit a stronger humoral immune response than natural infec-
tion (24). Our work corroborates the positive relationship between vaccination and
anti-S IgG concentration because the sensitivity of the MSD assay increased when used
in COVID-19 vaccine dose one and two recipients (Fig. 3).

In summary, measuring SARS-CoV-2 seropositivity at the population level presents
unique challenges, which warrant investigation and consideration of alternative method-
ologies. We show robust diagnostic accuracy of DBS samples when tested for anti-SARS-
CoV-2 IgG using an MSD assay and model the predictive value of DBS-MSD testing in a
theoretical population with 15, 45, and 75% seroprevalence (e.g., COVID-19 vaccine cover-
age) (25). DBS tests have comparable sensitivity and specificity to those conducted on se-
rum, regardless of low analyte volume. The PPV of DBS-MSD testing increases in response
to high seroprevalence, making it possible to accurately identify individuals who have a
humoral immune response. The NPV decreases as the expected prevalence increases,
necessitating reflex testing for confirmation of true negatives. Seroprevalence differs over
time due to time-varying antigen exposure in the community and antibody waning (24).
As such, the predictive value of the assay is also liable to change as a function of symp-
tom onset or vaccine administration to collection time (22). We observed the sensitivity
of DBS-MSD testing to increase in an immunized population. This agrees with the finding
that vaccinated individuals who received an mRNA-1273 vaccine (SPIKEVAX) possess a
more robust humoral response than those that are naturally infected (24). The effect of
vaccination on the humoral immune response may differ by vaccine type, number of
doses, regimen, and other host factors (26).

At the population level, naturally infected and vaccinated individuals can be consid-
ered a homogenized group, where an anti-S IgG-positive signal indicates seroreactivity.
Conversely, individual diagnosis may require further interpretation where anti-S IgG-
positive persons are further stratified by their anti-N IgG results and/or clinical informa-
tion (e.g., vaccination status and prior laboratory results) to determine natural infection
from vaccine-elicited immunity (27). Detection of natural infection by serology alone
depends on study design because anti-N IgG signal wanes when the time between ex-
posure and sample collection lengthens (28, 29).

Public health practitioners should consider the utility of DBS testing by MSD to eval-
uate SARS-CoV-2 seropositivity from natural infection or COVID-19 vaccination (30).
Modeling shows that this combination possesses a strong PPV (;98%) in settings of
high seroprevalence (e.g., 75% COVID-19 vaccine coverage). Public health agencies are
challenged with simultaneously administering COVID-19 vaccines and measuring the
elicited immune response. Addressing the latter requires a reliable and accessible
method for detecting SARS-CoV-2 seropositivity (17). The logistic, economic, and dem-
onstrated diagnostic accuracy of DBS-MSD testing make it a strong candidate for pop-
ulation-level investigation of SARS-CoV-2 antibody responses, especially in longitudinal
study designs requiring repeated laboratory measures.

MATERIALS ANDMETHODS
Participant sampling. This cross-sectional study includes samples from several COVID-19 seropreva-

lence studies conducted in British Columbia during 2020 and 2021 (Table 2). Samples from across these
studies were merged into an analytic data set to conduct analysis (n = 6,841). The sample base and
exclusion criteria differ between studies, and resampling between them increases the robustness, valid-
ity, and veracity of our estimates. All the laboratory specimens (serum or DBS) were collected using a
standardized protocol and centrally tested at the British Columbia Centre for Disease Control Public
Health Laboratory. Study descriptions are available in Table 2.

The University of British Columbia Clinical Research Ethics Board provided ethical review and ap-
proval for studies from which participants were included (H20-02184, H20-02402, H20-01421, H20-
03951, and H20-01886).

Specimen preparation and storage. Serum samples (n = 642) were collected from venipuncture by
trained phlebotomists in 5-mL tubes (BD vacutainer SST tubes, 367986), centrifuged, and tested before
storage at 220°C. DBS samples (n = 6,199 unpaired and n = 642 paired with serum) were collected by
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capillary finger prick using a contact-activated lancet (BD microtainer, 366594), spotted on protein saver
cards (Whatman 903, Z761575), sealed in a gas-impermeable sachet with 1 gm of desiccant per card,
and stored at 220°C. DBS sample collection was performed by a health care worker or by self-collection.
Written instructions were provided to participants who were asked to self-collect. Four 6-mm punches
were eluted in 350 mL of dipotassium phosphate-buffered saline with 0.5% sodium azide and 1.5% bo-
vine serum albumin (wt/vol) (Ortho Clinical Diagnostics, personal communication).

Serological testing. Ten microliters of serum or DBS eluate was diluted 1:5,000 (vol/vol) or 1:500
(vol/vol) in Diluent 100 (MSD, R50AA-2) before testing (14, 31). Serological testing was performed with
the V-PLEX COVID-19 coronavirus panel 2 (IgG) (MSD, K15369U), adhering to the manufacturer’s protocol
(14). Reference positive samples were defined as paired serum samples with signals above the MSD-rec-
ommended target thresholds for anti-spike (S) and/or anti-nucleocapsid (N) and/or anti-receptor-bind-
ing domain (RBD) IgG (S = 1,960, N = 5,000, and RBD = 538) (14). Serum samples were classified as posi-
tive for SARS-CoV-2 anti-IgG when signal for two of three targets was greater than or equal to the
threshold (32). Agreement between targets has better efficiency and increased sensitivity to detect low-
level antibody responses than a single epitope (33). Thresholds were set for DBS-MSD results by plotting
distributions of anti-S and anti-N IgG signals. DBS-MSD samples were classified as positive if the anti-S
and anti-N signals or only the anti-S signal was greater than or equal to the thresholds established for
DBS samples. Nucleocapsid-only positive DBS-MSD samples were classified as negative.

Anti-SARS-CoV-2 IgG linear range. The linear range of the MSD assay for DBS samples was deter-
mined by plotting the anti-IgG target signal stratified by viral antigen (S, N, or RBD) against the antibody
concentration in arbitrary units per milliliter (AU/mL), which may be converted to international standard
units per viral antigen (18). Linearity of the assay’s performance was examined by linear regression (34).

Threshold determination and diagnostic accuracy. Signal thresholds for interpreting a DBS result
were manually determined from the anti-IgG signal distributions. These thresholds were used to calcu-
late the sensitivity and specificity of a DBS-MSD test result in comparison to the paired serum reference
(n = 642) by logistic regression (35).

Discrimination. Discrimination of the logistic regression model was assessed by an n = 2,000 boot-
strap of the paired data (n = 642) and plotted as a receiver operator characteristic curve (ROC) (36, 37).

Cross-validation. The DBS-MSD anti-S threshold was cross-validated in a sample of prevaccinated
and vaccinated participants taken from the PREVENT-COVID study (n = 90) (Table 2). This sample was
not included in the data set from which the thresholds were determined; therefore, the logistic regres-
sion model was trained in a sample of unvaccinated participants and tested in vaccinated ones (38). The
anti-N threshold was excluded from the cross-validation, as COVID-19 vaccination does not elicit anti-N
humoral immunity (27). A two-way analysis of variance (ANOVA) was used to investigate the relationship
between vaccination status and mean anti-S IgG concentration in log10 AU/mL.

Prevalence and predictive value. Sensitivity and specificity estimates from the sample of unvacci-
nated and/or naturally infected participants (n = 642) or vaccinated ones (n = 90) were used to calculate
the positive and negative predictive values (PPV and NPV, respectively) of DBS-MSD testing in a theoreti-
cal population (n = 10,000) with various seroprevalence of 15, 45, and 75% (25, 39) (Table S1 in the sup-
plemental material). Additionally, the sensitivity and specificity estimates were pooled for a robust esti-
mate of the DBS-MSD test’s predictive value (Table 1).

Data analysis. All data analysis was performed in R version 4.10 using the following packages: tidy-
verse, reshape, car, dataexplorer, pROC, publish, caret, jtools, and generalhoslem (40).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.

ACKNOWLEDGMENTS
This study was funded by the Michael Smith Foundation for Health Research (COV-

2020-1120, COV-2020-1279) and Genome British Columbia (COV-050). Additional
funding was provided by the Public Health Agency of Canada through the COVID-19
Immunity Taskforce (2021-HQ-000141), BC SUPPORT Unit (C19-PE-V4), Canadian
Institutes of Health Research (number 434951) and the University of British Columbia-
Public Scholars Initiative. M.S. is supported via salary awards from the BC Children’s
Hospital Foundation, the Canadian Child Health Clinician Scientist Program, and the
Michael Smith Foundation for Health Research.

A.M.N. contributed to attaining funding, performed serological testing, data analysis,
and wrote and edited the manuscript. B.M. assisted with sample acquisition and
planning, performed serological testing, acquired and interpreted data, and assisted in
writing and editing the manuscript. S.R.B. contributed to attaining funding, designing
the study, sample collection, and serological testing and discussed the results of the
data analysis and assisted in interpreting the results. A.C.M. assisted in planning
experiments, data analysis, and interpretation of the results. T.P. and J.K. assisted with
sample acquisition, planning and performing experiments, and acquiring data. G.S. and

SARS-CoV-2 Serological Testing from Dried Blood Spots Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.01405-21 8

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01405-21


V.B. assisted in collecting paired samples from participants at the CW campus and in
evaluation of validation data. D.M.G., G.S. and V.B. assisted with study design related to
DBS collection and testing. D.M.P., M.K., M.S., G.S.O., M.M., and I.S. contributed to the
study design, data interpretation and edited the manuscript. A.N.J. obtained grant
funding, contributed to the study design, and assisted in interpreting the results,
writing, and editing the manuscript.

S.R.B. has advised and spoken for Gilead Sciences and AbbVie (all personal payments
given as unrestricted donations to BC Centre for Disease Control Foundation for Public
Health) and has received investigator-initiated research funding from Gilead Sciences via
her institution. M.S. has been an investigator on projects funded by GlaxoSmithKline,
Merck, Pfizer, Sanofi-Pasteur, Seqirus, Symvivo, and VBI Vaccines. All funds have been paid
to his institute, and M.S. has not received any personal payments.

REFERENCES
1. Voorman A, Hoff NA, Doshi RH, Alfonso V, Mukadi P, Muyembe-Tamfum J-J,

Wemakoy EO, Bwaka A, Weldon W, Gerber S, Rimoin AW. 2017. Polio immu-
nity and the impact of mass immunization campaigns in the Democratic
Republic of the Congo. Vaccine 35:5693–5699. https://doi.org/10.1016/j
.vaccine.2017.08.063.

2. Humble RM, Merrill AE, Ford BA, Diekema DJ, Krasowski MD. 2021. Practical
considerations for implementation of SARS-CoV-2 serological testing in the
clinical laboratory: experience at an academic medical center. Acad Pathol.
https://doi.org/10.1177/23742895211002802.

3. Parker SP, Cubitt WD. 1999. The use of the dried blood spot sample in epi-
demiological studies. J Clin Pathol 52:633–639. https://doi.org/10.1136/
jcp.52.9.633.

4. Lange B, Cohn J, Roberts T, Camp J, Chauffour J, Gummadi N, Ishizaki A,
Nagarathnam A, Tuaillon E, van de Perre P, Pichler C, Easterbrook P,
Denkinger CM. 2017. Diagnostic accuracy of serological diagnosis of hep-
atitis C and B using dried blood spot samples (DBS): two systematic
reviews and meta-analyses. BMC Infect Dis 17:700. https://doi.org/10
.1186/s12879-017-2777-y.

5. McDade TW, Williams S, Snodgrass JJ. 2007. What a drop can do: dried
blood spots as a minimally invasive method for integrating biomarkers
into population-based research. Demography 44:899–925. https://doi
.org/10.1353/dem.2007.0038.

6. Lei BUW, Prow TW. 2019. A review of microsampling techniques and their
social impact. Biomed Microdevices 21:81. https://doi.org/10.1007/s10544
-019-0412-y.

7. Malsagova K, Kopylov A, Stepanov A, Butkova T, Izotov A, Kaysheva A.
2020. Dried blood spot in laboratory: directions and prospects. Diagnos-
tics 10:248. https://doi.org/10.3390/diagnostics10040248.

8. Angyal A, Longet S, Moore SC, Payne RP, Harding A, Tipton T, Rongkard P,
Ali M, Hering LM, Meardon N, Austin J, Brown R, Skelly D, Gillson N,
Dobson SL, Cross A, Sandhar G, Kilby JA, Tyerman JK, Nicols AR,
Spegarova JS, Mehta H, Hornsby H, Whitham R, Conlon CP, Jeffery K,
Goulder P, Frater J, Dold C, Pace M, Ogbe A, Brown H, Ansari MA, Adland
E, Brown A, Chand M, Shields A, Matthews PC, Hopkins S, Hall V, James W,
Rowland-Jones SL, Klenerman P, Dunachie S, Richter A, Duncan CJA,
Barnes E, Carroll M, Turtle L, de Silva TI, PITCH Consortium. 2022. T-cell
and antibody responses to first BNT162b2 vaccine dose in previously
infected and SARS-CoV-2-naive UK health-care workers: a multicentre
prospective cohort study. Lancet Microbe 3:e21–e31. https://doi.org/10
.1016/S2666-5247(21)00275-5.

9. Abu Jabal K, Ben-Amram H, Beiruti K, Batheesh Y, Sussan C, Zarka S,
Edelstein M. 2021. Impact of age, ethnicity, sex and prior infection status
on immunogenicity following a single dose of the BNT162b2 mRNA
COVID-19 vaccine: real-world evidence from healthcare workers, Israel,
December 2020 to January 2021. Eurosurveillance 26:11. https://doi.org/
10.2807/1560-7917.ES.2021.26.6.2100096.

10. Brant AC, Tian W, Majerciak V, Yang W, Zheng Z-M. 2021. SARS-CoV-2:
from its discovery to genome structure, transcription, and replication.
Cell Biosci 11:136. https://doi.org/10.1186/s13578-021-00643-z.

11. Belouzard S, Millet JK, Licitra BN, Whittaker GR. 2012. Mechanisms of coro-
navirus cell entry mediated by the viral spike protein. Viruses 4:
1011–1033. https://doi.org/10.3390/v4061011.

12. Nikiforuk AM, Kuchinski KS, Twa DDW, Lukac CD, Sbihi H, Basham CA,
Steidl C, Prystajecky NA, Jassem AN, Krajden M, Patrick DM, Sekirov I.

2021. The contrasting role of nasopharyngeal angiotensin converting
enzyme 2 (ACE2) transcription in SARS-CoV-2 infection: a cross-sectional
study of people tested for COVID-19 in British Columbia, Canada. EBioMe-
dicine 66:103316. https://doi.org/10.1016/j.ebiom.2021.103316.

13. Zúñiga S, Cruz JLG, Sola I, Mateos-Gómez P. a, Palacio L, Enjuanes L. 2010.
Coronavirus nucleocapsid protein facilitates template switching and is
required for efficient transcription. J Virol 84:2169–2175. https://doi.org/
10.1128/JVI.02011-09.

14. Meso Scale Discovery. 2021. V-PLEX COVID-19 coronavirus panel 2 (IgG)
kit. https://www.mesoscale.com/products/covid-19-coronavirus-panel-2
-igg-k15369u/. Accessed June 14, 2021.

15. García CB, García J, López Martín MM, Salmerón R. 2015. Collinearity:
revisiting the variance inflation factor in ridge regression. J Applied Statis-
tics 42:648–661. https://doi.org/10.1080/02664763.2014.980789.

16. Mulchandani R, Brown B, Brooks T, Semper A, Machin N, Linley E, Borrow
R, Wyllie D, EDSAB-HOME Study Investigators. 2021. Use of dried blood
spot samples for SARS-CoV-2 antibody detection using the Roche Elecsys
high throughput immunoassay. J Clin Virol 136:104739. https://doi.org/
10.1016/j.jcv.2021.104739.

17. Cholette F, Mesa C, Harris A, Ellis H, Cachero K, Lacap P, Galipeau Y, Langlois
M-A, Gingras A-C, Yansouni CP, Papenburg J, Cheng MP, Chakraborty P,
Stein DR, van Caeseele P, Bartlett S, Krajden M, Goldfarb D, McGeer A,
Osiowy C, Hankins C, Mazer B, Drebot M, Kim J, COVID-19 Immunity Task
Force (CITF) working group. 2021. Dried blood spot specimens for SARS-
CoV-2 antibody testing: a multi-site, multi-assay comparison. PLoS One 16:
e0261003. https://doi.org/10.1371/journal.pone.0261003.

18. Meso Scale Discovery. 2021. COVID-19 serology kits. Meso Scale Discov-
ery, Rockville, MD.

19. Stefic K, Guinard J, Peytavin G, Saboni L, Sommen C, Sauvage C, Lot F,
Laperche S, Velter A, Barin F. 2019. Screening for human immunodefi-
ciency virus infection by use of a fourth-generation antigen/antibody
assay and dried blood spots: in-depth analysis of sensitivity and perform-
ance assessment in a cross-sectional study. J Clin Microbiol 58:e01645-19.
https://doi.org/10.1128/JCM.01645-19.

20. Demmer RT, Baumgartner B, Wiggen TD, Ulrich AK, Strickland AJ, Naumchik
BM, Bohn B, Walsh S, Smith S, Kline S, Stovitz SD, Yendell S, Beebe T,
Hedberg C. 2021. Identification of natural SARS-CoV-2 infection in seropre-
valence studies among vaccinated populations. medRxiv. https://doi.org/10
.1101/2021.04.12.21255330.

21. Srivastava R, Bartlett WA, Kennedy IM, Hiney A, Fletcher C, Murphy MJ.
2010. Reflex and reflective testing: efficiency and effectiveness of adding
on laboratory tests. Ann Clin Biochem 47:223–227. https://doi.org/10
.1258/acb.2010.009282.

22. Hanson TE, Johnson WO, Gastwirth JL. 2006. Bayesian inference for preva-
lence and diagnostic test accuracy based on dual-pooled screening. Bio-
statistics 7:41–57. https://doi.org/10.1093/biostatistics/kxi039.

23. Jiang C, Wang Y, Hu M, Wen L, Wen C, Wang Y, Zhu W, Tai S, Jiang Z, Xiao
K, Rodrigues Faria N, De Clercq E, Xu J, Li G. 2020. Antibody seroconver-
sion in asymptomatic and symptomatic patients infected with severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Clin Transl
Immunol 9:e1182. https://doi.org/10.1002/cti2.1182.

24. Widge AT, Rouphael NG, Jackson LA, Anderson EJ, Roberts PC, Makhene
M, Chappell JD, Denison MR, Stevens LJ, Pruijssers AJ, McDermott AB,
Flach B, Lin BC, Doria-Rose NA, O'Dell S, Schmidt SD, Neuzil KM, Bennett

SARS-CoV-2 Serological Testing from Dried Blood Spots Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.01405-21 9

https://doi.org/10.1016/j.vaccine.2017.08.063
https://doi.org/10.1016/j.vaccine.2017.08.063
https://doi.org/10.1177/23742895211002802
https://doi.org/10.1136/jcp.52.9.633
https://doi.org/10.1136/jcp.52.9.633
https://doi.org/10.1186/s12879-017-2777-y
https://doi.org/10.1186/s12879-017-2777-y
https://doi.org/10.1353/dem.2007.0038
https://doi.org/10.1353/dem.2007.0038
https://doi.org/10.1007/s10544-019-0412-y
https://doi.org/10.1007/s10544-019-0412-y
https://doi.org/10.3390/diagnostics10040248
https://doi.org/10.1016/S2666-5247(21)00275-5
https://doi.org/10.1016/S2666-5247(21)00275-5
https://doi.org/10.2807/1560-7917.ES.2021.26.6.2100096
https://doi.org/10.2807/1560-7917.ES.2021.26.6.2100096
https://doi.org/10.1186/s13578-021-00643-z
https://doi.org/10.3390/v4061011
https://doi.org/10.1016/j.ebiom.2021.103316
https://doi.org/10.1128/JVI.02011-09
https://doi.org/10.1128/JVI.02011-09
https://www.mesoscale.com/products/covid-19-coronavirus-panel-2-igg-k15369u/
https://www.mesoscale.com/products/covid-19-coronavirus-panel-2-igg-k15369u/
https://doi.org/10.1080/02664763.2014.980789
https://doi.org/10.1016/j.jcv.2021.104739
https://doi.org/10.1016/j.jcv.2021.104739
https://doi.org/10.1371/journal.pone.0261003
https://doi.org/10.1128/JCM.01645-19
https://doi.org/10.1101/2021.04.12.21255330
https://doi.org/10.1101/2021.04.12.21255330
https://doi.org/10.1258/acb.2010.009282
https://doi.org/10.1258/acb.2010.009282
https://doi.org/10.1093/biostatistics/kxi039
https://doi.org/10.1002/cti2.1182
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01405-21


H, Leav B, Makowski M, Albert J, Cross K, Edara V-V, Floyd K, Suthar MS,
Buchanan W, Luke CJ, Ledgerwood JE, Mascola JR, Graham BS, Beigel JH,
mRNA-1273 Study Group. 2021. Durability of responses after SARS-CoV-2
mRNA-1273 vaccination. N Engl J Med 384:80–82. https://doi.org/10.1056/
NEJMc2032195.

25. Anderson RM, Vegvari C, Truscott J, Collyer BS. 2020. Challenges in creat-
ing herd immunity to SARS-CoV-2 infection by mass vaccination. Lancet
396:1614–1616. https://doi.org/10.1016/S0140-6736(20)32318-7.

26. Steensels D, Pierlet N, Penders J, Mesotten D, Heylen L. 2021. Comparison of
SARS-CoV-2 antibody response following vaccination with BNT162b2 and
mRNA-1273. JAMA 326:1533–1535. https://doi.org/10.1001/jama.2021.15125.

27. Assis R, Jain A, Nakajima R, Jasinskas A, Khan S, Palma A, Parker DM, Chau
A, Specimen Collection Group, Obiero JM, Tifrea D, Leung A, Grabar C,
Muqolli F, Khalil G, Escobar JC, Ventura J, Davies DH, Albala B, Boden-
Albala B, Schubl S, Felgner PL. 2021. Distinct SARS-CoV-2 antibody reac-
tivity patterns elicited by natural infection and mRNA vaccination. NPJ
Vaccines 6:132. https://doi.org/10.1038/s41541-021-00396-3.

28. Choudhary HR, Parai D, Dash GC, Peter A, Sahoo SK, Pattnaik M, Rout UK,
Nanda RR, Pati S, Bhattacharya D. 2021. IgG antibody response against
nucleocapsid and spike protein post-SARS-CoV-2 infection. Infection 49:
1045–1048. https://doi.org/10.1007/s15010-021-01651-4.

29. Krutikov M, Palmer T, Tut G, Fuller C, Azmi B, Giddings R, Shrotri M, Kaur
N, Sylla P, Lancaster T, Irwin-Singer A, Hayward A, Moss P, Copas A,
Shallcross L. 2022. Prevalence and duration of detectable SARS-CoV-2 nu-
cleocapsid antibodies in staff and residents of long-term care facilities
over the first year of the pandemic (VIVALDI study): prospective cohort
study in England. Lancet Healthy Longev 3:e13–e21. https://doi.org/10
.1016/S2666-7568(21)00282-8.

30. Demonbreun AR, Sancilio A, Velez MP, Ryan DT, Saber R, Vaught LA,
Reiser NL, Hsieh RR, D'Aquila RT, Mustanski B, McNally EM, McDade TW.
2021. Comparison of IgG and neutralizing antibody responses after one
or two doses of COVID-19 mRNA vaccine in previously infected and unin-
fected individuals. EClinicalMedicine 38:101018. https://doi.org/10.1016/j
.eclinm.2021.101018.

31. Mounsey K, Kearns T, Rampton M, Llewellyn S, King M, Holt D, Currie BJ,
Andrews R, Nutman T, McCarthy J. 2014. Use of dried blood spots to

define antibody response to the Strongyloides stercoralis recombinant
antigen NIE. Acta Tropica 138:78–82. https://doi.org/10.1016/j.actatropica
.2014.07.007.

32. Li FF, Liu A, Gibbs E, Tanunliong G, Marquez AC, Gantt S, Frykman H,
Krajden M, Morshed M, Prystajecky NA, Cashman N, Sekirov I, Jassem AN.
2022. A novel multiplex electrochemiluminescent immunoassay for
detection and quantification of anti-SARS-CoV-2 IgG and anti-seasonal
endemic human coronavirus IgG. J Clin Virol 146:105050. https://doi.org/
10.1016/j.jcv.2021.105050.

33. Dobaño C, Vidal M, Santano R, Jiménez A, Chi J, Barrios D, Ruiz-Olalla G,
Rodrigo Melero N, Carolis C, Parras D, Serra P, Martínez de Aguirre P,
Carmona-Torre F, Reina G, Santamaria P, Mayor A, García-Basteiro AL,
Izquierdo L, Aguilar R, Moncunill G. 2021. Highly sensitive and specific multi-
plex antibody assays to quantify immunoglobulins M, A, and G against
SARS-CoV-2 antigens. J Clin Microbiol 59:e01731-20. https://doi.org/10.1128/
JCM.01731-20.

34. Raposo F. 2016. Evaluation of analytical calibration based on least-squares
linear regression for instrumental techniques: a tutorial review. Trends Ana-
lyt Chem 77:167–185. https://doi.org/10.1016/j.trac.2015.12.006.

35. Lever J, Krzywinski M, Altman N. 2016. Logistic regression. Nat Methods
13:541–542. https://doi.org/10.1038/nmeth.3904.

36. Hesterberg T. 2011. Bootstrap. Wiley Interdiscip Rev Comput Stat 3:
497–526. https://doi.org/10.1002/wics.182.

37. Grzybowski M, Younger JG. 1997. Statistical methodology: III. Receiver
operating characteristic (ROC) curves. Acad Emerg Med 4:818–826.
https://doi.org/10.1111/j.1553-2712.1997.tb03793.x.

38. Vabalas A, Gowen E, Poliakoff E, Casson AJ. 2019. Machine learning algo-
rithm validation with a limited sample size. PLoS One 14:e0224365.
https://doi.org/10.1371/journal.pone.0224365.

39. Public Health Agency of Canada. 2021. COVID-19: life after vaccination.
https://www.canada.ca/en/public-health/services/diseases/2019-novel
-coronavirus-infection/symptoms/provincial-territorial-resources-covid
-19.html. Accessed August 11, 2021.

40. RStudio Team. 2020. RStudio: Integrated Development for R. RStudio,
PBC, Boston, MA. http://www.rstudio.com/. Accessed March 1, 2021.

SARS-CoV-2 Serological Testing from Dried Blood Spots Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.01405-21 10

https://doi.org/10.1056/NEJMc2032195
https://doi.org/10.1056/NEJMc2032195
https://doi.org/10.1016/S0140-6736(20)32318-7
https://doi.org/10.1001/jama.2021.15125
https://doi.org/10.1038/s41541-021-00396-3
https://doi.org/10.1007/s15010-021-01651-4
https://doi.org/10.1016/S2666-7568(21)00282-8
https://doi.org/10.1016/S2666-7568(21)00282-8
https://doi.org/10.1016/j.eclinm.2021.101018
https://doi.org/10.1016/j.eclinm.2021.101018
https://doi.org/10.1016/j.actatropica.2014.07.007
https://doi.org/10.1016/j.actatropica.2014.07.007
https://doi.org/10.1016/j.jcv.2021.105050
https://doi.org/10.1016/j.jcv.2021.105050
https://doi.org/10.1128/JCM.01731-20
https://doi.org/10.1128/JCM.01731-20
https://doi.org/10.1016/j.trac.2015.12.006
https://doi.org/10.1038/nmeth.3904
https://doi.org/10.1002/wics.182
https://doi.org/10.1111/j.1553-2712.1997.tb03793.x
https://doi.org/10.1371/journal.pone.0224365
https://www.canada.ca/en/public-health/services/diseases/2019-novel-coronavirus-infection/symptoms/provincial-territorial-resources-covid-19.html
https://www.canada.ca/en/public-health/services/diseases/2019-novel-coronavirus-infection/symptoms/provincial-territorial-resources-covid-19.html
https://www.canada.ca/en/public-health/services/diseases/2019-novel-coronavirus-infection/symptoms/provincial-territorial-resources-covid-19.html
http://www.rstudio.com/
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01405-21

	RESULTS
	Anti-SARS-CoV-2 IgG linear range.
	Threshold determination and diagnostic accuracy.
	Discrimination.
	Cross-validation.
	Prevalence and predictive value.

	DISCUSSION
	MATERIALS AND METHODS
	Participant sampling.
	Specimen preparation and storage.
	Serological testing.
	Anti-SARS-CoV-2 IgG linear range.
	Threshold determination and diagnostic accuracy.
	Discrimination.
	Cross-validation.
	Prevalence and predictive value.
	Data analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

