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Abstract: We studied the secondary attack rate (SAR), risk factors, and precautionary practices of
household transmission in a prospective, longitudinal study. We further compared transmission
between the Alpha (B.1.1.7) variant and non-Variant of Concern (non-VOC) viruses. From May 2020
throughout April 2021, we recruited 70 confirmed COVID-19 cases with 146 household contacts.
Participants donated biological samples eight times over 6 weeks and answered questionnaires.
SARS-CoV-2 infection was detected by real-time RT-PCR. Whole genome sequencing and droplet
digital PCR were used to establish virus variant and viral load. SARS-CoV-2 transmission occurred
in 60% of the households, and the overall SAR for household contacts was 50%. The SAR was
significantly higher for the Alpha variant (78%) compared with non-VOC viruses (43%) and was
associated with a higher viral load. SAR was higher in household contacts aged ≥40 years (69%) than
in younger contacts (40–47%), and for contacts of primary cases with loss of taste/smell. Children
had lower viral loads and were more often asymptomatic than adults. Sleeping separately from
the primary case reduced the risk of transmission. In conclusion, we found substantial household
transmission, particularly for the Alpha variant. Precautionary practices seem to reduce SAR, but
preventing household transmission may become difficult with more contagious variants, depending
on vaccine use and effectiveness.

Keywords: household transmission; SARS-CoV-2; COVID-19; Alpha variant; B.1.1.7; secondary
attack rate; SAR; viral load; ddPCR

1. Introduction

SARS-CoV-2, the virus that causes the respiratory disease COVID-19, was first detected
in China in 2019 and spread rapidly throughout the world [1]. In March 2020, the World
Health Organization (WHO) declared COVID-19 a pandemic. Households have been one
of the most important sites of transmission in Norway [2], as well as in other countries [3,4].
It is therefore important to identify risk factors for household transmission and effective
precautionary practices to contain the epidemic. To this end, the WHO encouraged its
member states to perform household studies. Moreover, secondary attack rate (SAR),
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defined as the probability of onward infection from a primary case to close contacts,
provides an important measure of the transmissibility of SARS-CoV-2.

During the pandemic, various genetic variants have evolved from the original SARS-
CoV-2 virus [5]. Some of these variants have spread rapidly throughout the world, such
as the Alpha variant/Variant of Concern (VOC) 202012/01 (Pango lineage B.1.1.7), which
rapidly outcompeted other SARS-CoV-2 lineages in the UK after its emergence in November
2020 [6,7]. This variant is well known for its increased transmissibility, which could be
caused by increased viral load, in combination with other factors [5].

The majority of household transmission studies have described transmission of the
SARS-CoV-2 variants dominating in the early phase of the pandemic or have not de-
scribed the genetic variant(s). The first confirmed case of the Alpha variant in Norway
was reported in December 2020, and from mid-February 2021 until July 2021 it was the
dominant variant [2,8]. Even though increased transmissibility of the Alpha variant has
been shown [9–11], knowledge is still sparse regarding how it affects the SAR in house-
holds. Moreover, it is not clear whether the Alpha variant is associated with a higher viral
load, and if viral load influences the risk of transmission. There is also conflicting evidence
about the viral dynamics in children versus adults [12–14].

We conducted a prospective longitudinal household study to investigate the SAR
in Norwegian households, and to identify risk factors for transmission and preventative
measures, using frequent testing and biological sampling, together with questionnaire data.
Close follow-up and systematic data collection allowed for determination of the role of
viral load in transmission. We used the droplet digital PCR (ddPCR) technique to quantify
SARS-CoV-2 viral RNA due to its greater accuracy and precision compared to traditional
quantitative PCR (rRT-PCR) [15,16]. Moreover, we compared the SAR for the Alpha variant
with the SAR for other circulating variants in Norway during the study period.

2. Materials and Methods
2.1. Study Design and Study Population

The design of this prospective longitudinal study was based on the WHO Household
Transmission Investigation protocol [17]. From May to June 2020, and from September
2020 to the end of April 2021 (excluding the last two weeks of December and the month
of February), we recruited households of laboratory confirmed COVID-19 cases in the
capital/county Oslo and the surrounding county Viken. The course of the pandemic in
Oslo/Viken and of recruitment in this period are shown in Figure 1A,B, respectively. All
households with a PCR-confirmed SARS-CoV-2 case aged ≥12 years, living with at least
one other person aged ≥2 years, were eligible for participation. To avoid recruitment
of households with co-primary cases, households with more than two members who
tested positive on the same date were not eligible, unless the transmission dynamics were
known. A further exclusion criterion was added when COVID-19 vaccines became avail-
able, whereby households with vaccinated individuals were not eligible. (Vaccines against
SARS-CoV-2 only became broadly available towards the end of the recruitment period).

Primary cases and their household contacts were identified by the municipalities’
infection control teams following a positive SARS-CoV-2 PCR test and were subsequently
contacted by the study team. Households willing to participate were visited at home, and
written informed consent was obtained from the participants and/or their guardians before
study inclusion.

The study was approved by the Regional Ethics Committee in Norway (#118354).
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Figure 1. The course of the COVID-19 pandemic in Oslo/Viken, Norway, and the number of partic-
ipants included in the study from 1 May 2020 to 30 April 2021. (A) The number of all reported la-
boratory confirmed COVID-19 cases in Oslo/Viken, Norway, during the study recruitment period. 
Participating households were recruited from these two counties. The daily number of cases is 
shown in grey, while the cumulative number of cases is shown in green. Source: Norwegian Sur-
veillance System for Communicable Diseases (MSIS). (B) The number of included participants dur-
ing the study recruitment period. The weekly number of participants included is shown in blue, 
while the cumulative number is shown in green. Three recruitment pauses are indicated. 

Primary cases and their household contacts were identified by the municipalities’ 
infection control teams following a positive SARS-CoV-2 PCR test and were subsequently 
contacted by the study team. Households willing to participate were visited at home, and 
written informed consent was obtained from the participants and/or their guardians be-
fore study inclusion. 

The study was approved by the Regional Ethics Committee in Norway (#118354). 

2.2. National COVID-19 Isolation and Quarantine Regulations 
According to the Norwegian COVID-19 regulations, isolation was mandatory for 

persons with confirmed COVID-19. Isolation should be implemented at home or in similar 
accommodation for at least 8–10 days after symptom debut (recommendations varied 

Figure 1. The course of the COVID-19 pandemic in Oslo/Viken, Norway, and the number of
participants included in the study from 1 May 2020 to 30 April 2021. (A) The number of all reported
laboratory confirmed COVID-19 cases in Oslo/Viken, Norway, during the study recruitment period.
Participating households were recruited from these two counties. The daily number of cases is shown
in grey, while the cumulative number of cases is shown in green. Source: Norwegian Surveillance
System for Communicable Diseases (MSIS). (B) The number of included participants during the
study recruitment period. The weekly number of participants included is shown in blue, while the
cumulative number is shown in green. Three recruitment pauses are indicated.

2.2. National COVID-19 Isolation and Quarantine Regulations

According to the Norwegian COVID-19 regulations, isolation was mandatory for
persons with confirmed COVID-19. Isolation should be implemented at home or in similar
accommodation for at least 8–10 days after symptom debut (recommendations varied
throughout the study period), lasting at least three days after symptom relief. Asymp-
tomatic cases had to isolate for 10 days after their initial positive PCR-test. In isolation,
positive cases were instructed to stay ≥2 m from other household members, use separate
bathrooms, towels, and bedrooms if possible. Household contacts were instructed to quar-
antine in their homes, maintaining an increased distance to other adults in the household.
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2.3. Sampling and Data Collection

The first home visit for inclusion and sampling was termed Day 0, and seven further
home visits for sampling were performed during the following 6 weeks (i.e., termed Day 3,
Day 7, Day 10, Day 14, Day 21, Day 28, and Day 42) (Supplementary Figure S1).

Oropharyngeal (OP) samples and neat saliva samples were gathered from eligible
participants on each visit to test for SARS-CoV-2 by rRT-PCR. Health care workers collected
OP samples using OP flocked swabs (FLOQSwabs™Copan, Brescia, Italy), in 3 mL UTM
(Universal Transport Medium, Copan, Brescia, Italy). Whole blood (Vacuette®EDTA-
k2, Greiner Bio One, Kremsmünster, Austria) was collected once for each participant
aged ≥18 years for blood typing. Saliva and blood for immunological analyses were also
collected at Day 0, Day 7, Day 14, Day 28, Day 42, and Day 180 (outside the scope of
this article).

All participants were asked to answer a questionnaire on Day 0 (Q-D0), to obtain
information about the household in general, transmission risk factors, precautionary
practices, clinical symptoms, and general health status. This questionnaire was adapted
from the WHO protocol. The questions on behavioral risk factors in the Q-D0 related
to the period up to 10 days prior to SARS-CoV-2 confirmation of the primary case, and
precautionary practices after confirmation. An additional questionnaire (Q-DX) with
questions on the suspected source of transmission, adherence to isolation/quarantine
regulations, and a self-report of the severity of disease, was answered by participants at
the home visit on Day 28/Day 42 or collected through phone interviews. In addition, a
symptom diary adapted from the WHO protocol was completed daily from Day 0 to Day
28 by all participants.

2.4. Laboratory Testing
Detection of SARS-CoV-2 by rRT-PCR

All OP and saliva samples were tested for the presence of SARS-CoV-2 by rRT-PCR
at the Norwegian Institute of Public Health (NIPH). RNA was extracted from samples
(200 µL) using MagNaPure 96 DNA and Viral NA Small Volume kits (No. 6543588001,
Roche, Basel, Switzerland), and eluted in 50 µL. Saliva samples with too much mucus were
mixed 1:1 with sputum lysis buffer containing N-acetylcystein (10 g/L) and shaken for
30 min. Viral transport medium was added to saliva samples with insufficient volume
before extraction. A semi-quantitative real-time reverse transcription polymerase chain
reaction (rRT-PCR) was performed using the AgPath-ID One-step RT-PCR kit (No. 4387391,
Life Technologies, Carlsbad, CA, USA) with primers and probes targeting two SARS-CoV-2
RdRp gene targets, developed at Institut Pasteur, Paris, France, and shared in the WHO
protocol inventory [18]. A 25 µL reaction was set up, containing 5 µL of RNA. Criteria for a
positive reaction were a cycle of threshold (Ct) value of less than 40 for both PCR targets
and a credible amplification curve. Inconclusive results were resolved by repeating tests.

2.5. Quantitative Analysis of SARS-CoV-2 by Droplet Digital PCR (ddPCR)

For absolute quantification of viral load (SARS-CoV-2 RNA copies per µL eluate),
ddPCR was performed on the saliva sample with the lowest Ct value for each participant,
if sufficient material was available. The positive samples were further analyzed by droplet
digital PCR (ddPCR) for absolute quantification. Results from the rRT-PCR analysis were
evaluated to identify samples with high viral load that needed dilution to allow ddPCR
quantification [19]. The PCR reagents for the 2019-nCoV CDC ddPCR Triplex Probe Assay
were assembled according to the manufacturer’s instructions (Bio-Rad, Hercules, CA, USA).
Subsequent water/oil emulsion formation, PCR thermal cycling and final droplet reading
in the QX200 Droplet Digital PCR system (Bio-Rad, Hercules, CA, USA) were also done
according to these instructions. The flow data were collected and initially analyzed by the
QuantaSoft software (v1.7.4, Bio-Rad) that accompanied the droplet reader. Final analysis
of the ddPCR data in the QuantaSoft Analysis Pro software (v1.0, Bio-Rad) revealed the
number of SARS-CoV-2 RNA copies per µL eluate. The limit of detection of the ddPCR
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assay was 100 copies/mL according to the manufacturer’s instructions. For saliva samples
that were initially diluted due to insufficient volume, the dilution factor was taken into
account for the estimation of the number of SARS-CoV-2 RNA copies per µL eluate.

2.6. Sequencing of SARS-CoV-2

The positive samples were further analyzed by amplicon-based whole genome se-
quencing (WGS) of SARS-CoV-2 using the ARTIC-network nCoV-19 protocol v3 [20,21]
using either the Nanopore or Illumina (MiSeq) technology at the NIPH; or the Swift Am-
plicon SARS-CoV-2 Panel (Swift Bioscience, Ann Arbor, USA) on Illumina (NovoSeq) at
the Norwegian Sequencing Centre (NSC), according to the manufacturer’s instructions
with minor modifications. The pipelines used to generate consensus sequences are publicly
available on the NIPH and NSC Github sites [22,23]. The phylogenetic assignment of the
consensus sequences was performed using Pangolin [24].

2.7. Blood Typing

Blood groups ABO and RhD were determined for all participants aged ≥18 years old
using the Bio-Rad ID-Microtyping system at the blood bank of Oslo University Hospital.

2.8. Definition of Cases and Contacts

Household contacts were defined as individuals aged ≥2 years who resided with the
primary case. A household contact was considered a secondary case if they had a positive
PCR test (OP and/or saliva), and their symptom onset/PCR positive test (which ever came
first; defined as T0) was within 14 days after T0 of the primary case. If a household contact
had a T0 ≥2 days prior to T0 of the original primary case, the household contact was
defined as an alternative primary case. If household members had the same T0, or ±1 day,
they were re-defined as co-primary cases, unless the original primary case had a known
source of infection outside of the household.

2.9. Definition of Variables

Household size was defined as the number of people living in the household. Over-
crowding was defined as (1) the number of rooms in the property being less than the
number of persons living in the household and (2) the number of square meters was less
than 25 per person [25]. Symptom onset was defined as the date of presence of either cough,
sore throat, runny nose, stuffy nose, dyspnea, fever, chills, change in taste/smell, headache,
aches/pains, fatigue, nausea/vomiting, stomach pain/diarrhea, or a self-defined “date of
symptom onset” (primary case only).

Clinical severity was based on the question: “How ill did you feel?” with the following
5 response categories: (1) “not ill”, (2) “not very ill”, (3) “moderately ill”, (4) “quite ill”, or
(5) “seriously ill”, combined with the presence or absence of symptoms and/or dyspnea
reported in the Day 0 questionnaire and symptom diaries. Dyspnea was considered a more
severe symptom. Symptoms had to arise within 14 days after symptom onset, to ensure
they were related to the SARS-CoV-2 infection. Severity was then defined according to
response category and symptoms as follows: asymptomatic (category 1 or no reported
symptoms), mild (categories 2–4 or symptoms without dyspnea), or moderate (category 5
or dyspnea).

Duration of detectable SARS-CoV-2 was defined as the mean number of days a
household contact was positive for laboratory confirmed SARS-CoV-2, i.e., the date of the
last positive saliva test minus the date of the first positive saliva test according to the test
regime (sampling at Day 0, 3, 7, 10, 14, 21, 28, and 42). The date of the first positive sample
was in some cases derived from the initial laboratory test taken through the municipality.
Participants with any negative SARS-CoV-2 samples that had been diluted prior to rRT-PCR
analysis were excluded from this analysis (n = 7; 4 children and 3 adults), resulting in a
total of 56 household contacts in the analysis (21 children and 35 adults).



Microorganisms 2021, 9, 2371 6 of 19

2.10. Study Samples Included in Analysis

For the main overall SAR analysis, households containing co-primary cases were
excluded. Households with alternative primary cases were included in the overall SAR
analysis but excluded from the analysis on behavioral factors and preventive measures due
to lack of data from the Q-D0 questionnaire (Figure 2). For comparisons between genetic
variants, households with the Alpha lineages were compared with non-VOC SARS-CoV-2
viruses, hereby referred to as non-VOC viruses [26], while households with other VOCs
were excluded from the analyses (i.e., one household with the Beta variant). One household
contact lacked variant data and was assigned the same variant as the primary case.
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2.11. Data Analysis and Statistical Methods

The SAR was estimated as the proportion (%) of household contacts that were de-
fined as confirmed cases [17]. Cluster robust standard errors were used to calculate 95%
confidence intervals. The proportion of households with secondary transmission was
also estimated. To test for differences in proportions, the Pearson chi-square test statistics
was corrected with the second-order correction of Rao and Scott and converted into an F
statistic [27].

To account for dependencies within households, a mixed-effect logistic regression
model with a household-level random intercept was used to study the associations between
potential risk factors for transmission and of infection among the household contacts. The
multivariable models were adjusted for age and sex of the household contacts and of the
primary cases, and household size. The analysis on associations between SARS-CoV-2
viral load (SARS-CoV-2 RNA copies/µL eluate measured by ddPCR) and symptoms was
limited to the confirmed cases. For analyses with all cases, a mixed-effect logistic regression
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adjusted for age and sex was used, whereas for analyses only done on primary cases logistic
regression was used. To study the association between genetic variant and viral load, a
mixed-effect linear regression adjusted for age and sex was used. The mean duration of
detectable SARS-CoV-2 was estimated for household contacts only, for children (<18 years)
and adults (≥18 years), and cluster robust standard errors were used to calculate 95%
confidence intervals. Primary cases were not included in this analysis as the majority
were adults (due to the inclusion criteria of the study) and infection was likely detected
later in the course of disease for these participants. To estimate the association between
duration of detectable SARS-CoV-2 by rRT-PCR (in days) and age group, a mixed-effect
linear regression was used.

All analyses were performed in STATA/SE 15.0 (StataCorp, College Station, TX, USA).
A p-value of <0.05 was considered statistically significant (shown in bold in the tables).

3. Results
3.1. Baseline Characteristics of Households and Participants

We recruited 70 households, including 216 participants (Figure 2). Ninety eight
percent of eligible household members agreed to participate in the study. Five cases were
co-primary cases and were excluded together with their 11 household contacts. A total
of 65 primary cases/households and their 135 household contacts (200 participants) were
thus eligible for the evaluation of secondary transmission. Among the 65 households, 18 of
the primary cases were infected with the Alpha variant, one with the Beta variant, and 40
with other circulating non-VOC viruses (Supplementary Table S1). Households with the
Alpha variant were recruited between March and May 2021, while households with non-
VOC viruses were mainly recruited before February 2021, reflecting the viral circulation in
the study area during the recruitment period (Supplementary Figure S2). Sequence data
showed the same genetic lineage for all sequenced members within individual households.
Demographic and clinical characteristics of the participants in the SAR analyses are shown
in Table 1. The median age of the participants was 31 years, and primary cases were
generally older than household contacts (38 and 24 years, respectively). About 1/3rd of
the participants were children aged <18 years, while only six were older than 65. The
proportion of males and females was equal, and 51% were of Nordic ethnicity (but there
was considerable missing data for this variable). A total of 16.5% of participants reported
having chronic illnesses. Very few study participants were immunocompromised.

The median household size was four, ranging from two to six people, and families with
young children constituted 43% of the households (Table 1). The household size was slightly
smaller in households where participants were infected with the Alpha genetic variant
(median = 3), compared with households infected with non-VOC viruses (median = 4).
The remaining characteristics were broadly similar between these two groups.

Of the 200 participants, 132 (66%) were infected. Fourteen percent of the confirmed
cases were asymptomatic, while 43% had mild disease, and 42% had a moderate disease,
based on their reported symptoms within 14 days of their first positive PCR sample. Few
study participants were hospitalized, and all were discharged the following day. There were
slightly more asymptomatic cases (22%) among the Alpha variant participants compared
with participants with non-VOC viruses (9%), although the difference was not significant
(p = 0.09) (Supplementary Table S2). Severity also varied with age, with 36% of children
(<18 years) being asymptomatic compared to adults (p < 0.01) (12% and 4% in those aged
18–39 and ≥40 years, respectively). Children were SARS-CoV-2 rRT-PCR positive for a
shorter time period than adults (mean number of days 11.3 (95% CI 7.6–15.1) and 16.4
(95% CI 13.5–19.3), respectively, p = 0.03). The time period did not differ according to viral
variant (data not shown). No association between blood type and variant was found (data
not shown).
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Table 1. Demographic and clinical characteristics of all included participants and households, and Alpha variant and non-VOC virus households.

Participant Characteristics a

All Participants All Households (HH) Alpha Variant Households Non-VOC Virus Households

(N = 200) Primary Cases
(N = 65)

HH Contacts
(N = 135)

Primary Cases
(N = 18)

HH Contacts
(N = 36)

Primary Cases
(N = 40)

HH Contacts
(N = 87)

Age (years)
Median (range) 31 (2–73) 38 (2–71) b 24 (2–73) 38 (2–68) b 22 (2–63) 38 (15–68) 24 (2–70)

(IQR) (14.5–42) (31–45) (8–38) (28–43) (8.5–38.5) (30.5–48) (9–40)
2–17, n (%) 63 (31.5) 3 (4.6) 60 (44.4) 2 (11.1) 16 (44.4) 1 (2.5) 39 (44.8)
≥18, n (%) 137 (68.8) 62 (95.4) 75 (55.6) 16 (88.9) 20 (55.6) 39 (97.5) 48 (55.2)

Sex
Female, n (%) 104 (52) 35 (53.9) 69 (51.1) 10 (55.6) 16 (44.4) 19 (47.5) 49 (56.3)
Male, n (%) 96 (48) 30 (46.1) 66 (48.9) 8 (44.4) 20 (55.6) 21 (52.5) 38 (43.7)

Ethnicity c

Nordic, n (%) 101 (50.5)
Part Nordic, n (%) 24 (12)

Other, n (%) 7 (3.5)
missing, n (%) 68 (34)

Chronic illness d

yes, n (%) 33 (16.5) 13 (20.0) 20 (14.8) 4 (22.2) 4 (11.1) 7 (17.5) 14 (16.1)
no, n (%) 165 (82.5) 52 (80.0) 113 (83.7) 14 (77.8) 32 (88.9) 33 (82.5) 71 (81.6)

missing, n (%) 2 (1.0) 2 (1.5) 0 (0) 2 (2.3)

Profession (age ≥ 16 yrs)
Healthcare, n (%) 28 (19.3) 13 (20.0) 15 (18.1) 9 (23.1) 10 (18.5) 3 (18.8) 3 (13.6)

Other, n (%) 117 (80.7) 49 (79.0) 68 (91.9) 30 (76.9) 44 (81.5) 13 (81.3) 19 (86.4)

Household Characteristics All Households Alpha Variant Households Non-VOC Virus Households

Household size
2 persons, n (%) 24 (36.9) 6 (33.3) 15 (37.5)
3 persons, n (%) 9 (13.9) 11 (61.1) 9 (22.5)
4 persons, n (%) 22 (33.9) 1 (5.6) 7 (17.5)

5–6 persons, n (%) 10 (15.3) 0 (0) 9 (22.5)

Young children e

yes, n (%) 28 (43.1) 9 (50) 16 (40)
no, n (%) 37 (56.9) 9 (50) 24 (60)

a the total number of households and household contacts in the Alpha variant vs. “non-VOC viruses” comparison does not add up to the “overall” total of 200, as some sequence data was lacking, and VOCs other
than Alpha were excluded (Figure 2). b includes an alternative primary case, aged 2 years. c due to missing data, ethnicity was not stratified according to genetic variant. d cancer, diabetes, cardiovascular disease,
high blood pressure, chronic lung disease, asthma, obesity, chronic liver disease, chronic hematological disorder, chronic kidney disease, chronic neurological impairment/disease, HIV, immunosuppressed,
organ or bone marrow recipient. e households with minimum one child ≤12 years old.
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3.2. Secondary Transmission of COVID-19 in Households

Secondary transmission occurred in 60.0% of the households in the study (95% CI
47.4–71.4) (Table 2). The SAR among all household contacts was 49.6% (95% CI 37.8–61.5).
Secondary transmission was significantly higher in households with the Alpha variant
(83.3%, 95% CI 55.9–95.2) compared with non-VOC viruses (55.0% (95% CI 39.8–70.1),
p = 0.04). For household contacts, SAR was 77.8% (95% CI 49.4–92.6) in households with
the Alpha variant, compared with 42.5% (95% CI 28.7–57.7) in households with non-
VOC viruses, resulting in a significantly higher adjusted odds ratio (OR) for secondary
transmission in households with the Alpha variant (p = 0.03).

Table 2. Comparison of transmission rates for all households and household contacts, and for Alpha variant versus
non-VOC viruses.

Households a with
Transmission

% with Transmission,
95% CI

PCR+
(n)/(N) p-Value b Crude OR,

95% CI p-Value

All variants 60.0 (47.4–71.4) 39/65

Non-VOC
viruses 55.0 (39.8–70.1) 22/40 1 (Ref)

Alpha
variant 83.3 (55.9–95.2) 15/18 0.04 4.24 (0–4.2 × 1032) 0.04

Household Contact c SAR %,
95% CI

PCR+
(n)/(N) p-Value b Crude OR,

95% CI p-Value Adjusted OR d,
95% CI

p-Value

All variants 49.6 (37.8–61.5) 67/135

Non-VOC
viruses 42.5 (28.7–57.7) 37/87 1 (Ref) 1 (Ref)

Alpha
variant 77.8 (49.4–92.6) 28/36 0.02 65.7 (1.74–2481) 0.02 468

(1.8–1.2 × 105) 0.03

a including 65 households for all variants, and 18 households with Alpha variant, and 40 households with non-VOC viruses. b comparison
of Alpha variant with non-VOC viruses. Pearson chi2 test statistics was corrected with the second-order correction of Rao and Scott and
converted into an F statistic. c households with at least one confirmed case among its household contacts. d adjusted for the age and sex of
the primary case and household contacts, and household size (number of persons per household). PCR+, PCR positive. p-Values < 0.05 are
shown in bold.

The median interval from the date of the first positive SARS-CoV-2 test (collected by
the municipality for the primary case) and the Day 0 visit in the study was 3 days (IQR;
2–4 days). A large proportion of the secondary cases (38.5%) were already infected at Day
0, while 61.5% of the secondary cases were detected during study follow-up. The overall
median serial interval (the number of days between symptom onset of the primary case
and of a household contact) was estimated to 4 days (range 1–11, n = 50). The median
serial interval was similar for the Alpha variant (4 days, range 2–11, n = 17) and non-VOC
viruses (4 days, range 1–9 days, n = 31). The overall median interval between symptom
onset of the primary case and the first rRT-PCR-positive test of a household contact was
3 days (range 1–12, n = 60), and this interval was similar for Alpha (3 days, range 1–11,
n = 25) and non-VOC viruses (4 days, range 1–9 days, n = 33).

3.3. Effect of Host and Household Characteristics on Secondary Transmission

Neither age (12–39 years compared to ≥40 years) nor sex of the primary case appeared
to have an impact on SAR (Table 3). Notably there were few primary cases under the age
of 18, therefore it was not possible to study the effect of age on transmission for primary
cases aged 12–18 years.
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Table 3. Secondary attack rates (SAR) and odds ratios (OR) for secondary infection of all household contacts (N = 135)
according to characteristics of primary case, household contact characteristics, and household characteristics.

Characteristic SAR %,
(95% CI) p-Value a PCR+ (n)/Total

(N)
Crude OR
(95% CI) p-Value Adjusted OR b

(95% CI)
p-Value

PRIMARY CASE CHARACTERISTICS

Age (yrs)
12–39 c 47 (31–64) 33/70 1 (Ref) 1 (Ref)
≥40 52 (35–69) 0.67 34/65 2.30 (0.25–21.1) 0.46 1.6 (0.15–16.9) 0.70

Sex
Female 46 (30–63) 29/63 1 (Ref) 1 (Ref)
Male 53 (35–70) 0.58 38/72 1.51 (0.18–12.7) 0.71 1.7 (0.15–18.7) 0.68

HOUSEHOLD CONTACT CHARACTERISTICS

Age (yrs)
2–17 yr 47 (31–63) 28/60 1 (Ref) 1 (Ref)
18–39 40 (25–56) 17/43 0.31 (0.05–2.04) 0.23 0.18 (0.02–1.33) 0.09
≥40 69 (49–83) 0.03 22/32 8.03 (1.15–56.2) 0.04 7.53 (1.07–52.8) 0.04

Sex
Female 52 (38–66) 36/69 1 (Ref) 1 (Ref)
Male 47 (32–62) 0.55 31/66 0.81 (0.22–3.01) 0.76 0.97 (0.24–3.91) 0.96

Blood type (≥18 yrs)
O 48 (27–69) 10/21 1 (Ref) 1 (Ref)
A 56 (37–73) 18/32 1.45 (0.38–5.5) 0.59 1.41 (0.40–4.96) 0.59

AB 33 (0–100) 1/3 0.49 (0.02–10.3) 0.64 0.40 (0.02–6.47) 0.52
B 71 (22–96) 0.61 5/7 3.03 (0.32–28.3) 0.33 3.02 (0.41–22.5) 0.28

HOUSEHOLD CHARACTERISTICS

Household size
2 pers 54 (33–74) 13/24 1 (Ref) 1 (Ref)
3 pers 59 (27–84) 10/17 1.72 (0.06–53.0) 0.76 2.0 (0.05–88) 0.71
4 pers 47 (28–68) 28/59 0.48 (0.03–7.72) 0.61 0.8 (0.04–17) 0.88

5–6 pers 46 (20–74) 0.87 16/35 0.48 (0.15–18.6) 0.68 0.7 (0.02–29) 0.84

Overcrowding d

No 52 (37–66) 47/91 1 (Ref) 1 (Ref)

Yes 90
(24–100) 0.01 9/10 122.7

(0.16–94,464) 0.16 480.9
(0.11–2 × 106) 0.15

Number of bathrooms e

1 58 (39–75) 36/62 1 (Ref) 1 (Ref)
≥2 44 (27–61) 0.25 27/62 0.2 (0.02–2.7) 0.25 0.1 (0.01–2.2) 0.17

a Pearson chi2 test statistics was corrected with the second-order correction of Rao and Scott and converted into an F statistic. b adjusted for
the age and sex of the primary case and household contacts, and household size (number of persons per household), unless this was the
factor being analyzed. c includes an alternative primary case, age 2. d data missing for 34 household contacts (25%). Overcrowding was
defined as (1) the number of rooms in the property being less than the number of persons living in the household and (2) the number of
square meters was less than 25 per person. e data missing for 21 household contacts (16%). PCR+, PCR positive. p-Values < 0.05 are shown
in bold.

Secondary infection amongst children aged 2–17 years was similar for those aged
18–39 (SAR 47% and 40%, respectively), while household contacts aged ≥40 years were
more likely to be infected (69%) (Table 3). The sex and blood type of the household contacts
did not impact the infection risk. Household contacts living in overcrowded houses
had a higher infection risk than those not living in overcrowded houses (SAR 90% and
52%, respectively), but the difference was not significant when adjusted for age, sex, and
household size. However, the number of overcrowded households was small. Secondary
transmission did not differ with household size or number of bathrooms in the household.

No difference in clinical severity was observed between the Alpha variant and other
strains among the primary cases (Supplementary Table S3). However, both fever and loss
of taste/smell were significantly more common in primary cases with the Alpha variant
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compared to others (Supplementary Table S3). In addition, the SAR was higher if these
symptoms were present (Table 4). If the primary case reported loss of taste/smell, the SAR
was 60% versus 27%, and there was a similar trend for fever (61% versus 39%). Dyspnea in
the primary case did not appear to influence the SAR, nor clinical severity.

Table 4. Secondary attack rates (SAR) and odds ratios (OR) for secondary infection for all household contacts (N = 135)
according to clinical severity and symptoms of primary case.

SAR % (95%
CI)

PCR+ (n)/
Total (N) p-Value a Crude OR

(95%CI) p-Value Adjusted b OR
(95%CI)

p-Value

Severity
Asymptomatic 33 (3–88) 4/12 1 (Ref) 1 (Ref)

Mild 47 (27–68) 25/53 10.2 (0.17–613) 0.27 8.7 (0.13–594) 0.31
Moderate 54 (39–69) 38/70 0.54 12.1 (0.22–672) 0.22 11.8 (0.14–974) 0.28

Loss of taste/smell
No 27 (13–47) 12/44 1 (Ref) 1 (Ref)
Yes 60 (45–74) 55/91 <0.01 29.5 (1.33–654) 0.03 68.3 (1.95–2389) 0.02

Fever
No 39 (24–57) 27/69 1 (Ref) 1 (Ref)
Yes 61 (43–76) 40/66 0.08 10.3 (0.78–136) 0.08 10.4 (0.76–140) 0.08

Cough
No 27 (11–53) 7/26 1 (Ref) 1 (Ref)
Yes 55 (41–68) 60/109 0.04 10.0 (0.54–184) 0.12 10.2 (0.51–203) 0.13

Dyspnea
No 46 (29–64) 31/68 1 (Ref) 1 (Ref)
Yes 54 (38–69) 36/67 0.50 1.40 (0.17–12) 0.76 0.97 (0.1–9.51) 0.98

a Pearson chi2 test statistics was corrected with the second-order correction of Rao and Scott and converted into an F statistic. b adjusted for
the age and sex of the primary case and household contacts, and household size (number of persons per household). PCR+, PCR positive.
p-Values < 0.05 are shown in bold.

3.4. Role of Viral Load Measured by ddPCR

As expected, the correlation between viral load (SARS-CoV-2 RNA copies/µL eluate)
determined by ddPCR and the rRT-PCR Ct-values was strong (r = −0.859, p < 0.001). There
was a trend that higher viral load measured by ddPCR was associated with increased
risk of secondary infection (adjusted OR 3.05 (95% CI 0.84–11.0), p = 0.089). Higher viral
load was also associated with increased risk of loss of taste/smell (adjusted OR = 1.4
(95% CI 1.06–1.85), p = 0.02) (Supplementary Table S4). However, despite an OR larger
than 1, this association was not significant when looking at the primary cases only, pos-
sibly because of the lower sample size. The remaining symptoms were not significantly
associated with viral load (Supplementary Table S4).

The viral load was significantly higher for the Alpha variant than for non-VOC viruses
(mean 3.24 log10 and 2.48 log10 RNA copies/µL eluate, respectively, p = 0.006) (Figure 3A).
We also found a significantly lower viral load in children than in adults (mean 2.09 log10
copies/µL RNA and 2.98 log10 copies/µL RNA, respectively) (Figure 3B), irrespective
of virus variant (Figure 3C). The association between viral load and the Alpha variant
remained significant in a mixed-effect linear regression model when adjusted for age and
sex (adjusted regression coefficient of 0.87 (95% CI 0.34–1.40), p = 0.001).
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Figure 3. Comparison of viral load (log10 RNA copies/µL eluate) measured by ddPCR for genetic variant and age groups
The saliva sample with the lowest Ct value for each participant was selected for quantification of viral load using ddPCR.
(A) Comparison of viral load between non-VOC (n = 71) and Alpha viruses (n = 42), (B) Comparison of viral load between
children (n = 28) and adults (n = 85) for all genetic variants combined, (C) Comparison of viral load for genetic variants and
age groups: non-VOC; children (n = 14) versus adults (n = 57), and Alpha variant; children (n = 14) versus adults (n = 28).
* p < 0.05. p-Values were estimated using a mixed-effects linear regression.

3.5. The Impact of Behavioral Factors and Precautionary Practices on Secondary Transmission

None of the contact behaviors between the primary case and the household contacts
prior to confirmation of infection of the primary case were significantly associated with
SAR (Table 5). Nevertheless, there was a trend that the SAR was higher for contacts who
shared a toilet, hugged, kissed, shook/held hands, slept in the same room, and shared a
bed with the primary case before infection was confirmed.
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Table 5. Effect of behavioral factors and precautionary practices on secondary attack rate (SAR).

SAR%
(95% CI)

PCR+/
HH

Contacts
p-Value a Crude OR

(95% CI) p-Value Adjusted OR b

(95% CI)
p-Value

Behavioral factors: contact with the primary case prior to confirmation of infection

Cared for
No 48 (35–61) 51/106 1 (Ref) 1 (Ref)
Yes 53 (27–78) 8/15 0.70 1.14 (0.31–2.74) 0.91 0.54 (0.04–6.79) 0.63

Hugged No 39 (21–61) 11/28 1 (Ref) 1 (Ref)
Yes 52 (37–66) 48/93 0.28 3.26 (0.54–9.60) 0.20 3.90 (0.55–27.7) 0.17

Kissed
No 44 (29–60) 26/59 1 (Ref) 1 (Ref)
Yes 53 (36–70) 33/62 0.41 7.14 (0.86–9.10) 0.07 5.27 (0.63–44.0) 0.13

Shook/
held hands

No 47 (30–65) 16/34 1 (Ref) 1 (Ref)
Yes 49 (36–63) 43/87 0.80 3.51 (0.56–22.02) 0.18 4.30 (0.52–35.5) 0.18

Ate together No 50 (25–75) 6/12 1 (Ref) 1 (Ref)
Yes 49 (36–62) 53/109 0.91 1.58 (0.20–2.78) 0.67 1.72 (0.19–15.1) 0.63

Shared a
cup/glass/bottle

No 49 (36–62) 50/102 1 (Ref) 1 (Ref)
Yes 47 (20–77) 9/19 0.92 0.85 (0.10–0.25) 0.88 0.60 (0.06–5.64) 0.65

Slept in the same room No 43 (26–61) 25/58 1 (Ref) 1 (Ref)
Yes 54 (39–68) 34/63 0.30 3.40 (0.79–4.66) 0.10 2.58 (0.53–12.5) 0.24

Shared a bed
No 42 (27–60) 25/59 1 (Ref) 1 (Ref)
Yes 55 (40–69) 34/62 0.19 2.93 (0.68–2.54) 0.15 2.18 (0.45–10.5) 0.34

Shared a toilet
No 20 (2–71) 2/10 1 (Ref) 1 (Ref)
Yes 51 (38–65) 57/111 0.10 117 (0.5–26,964) 0.085 125 (0.5–29,152) 0.08

Precautionary practices: performed by primary cases after confirmation of infection

Isolated c No 67 (40–86) 33/22 1 (Ref) 1 (Ref)
Yes 42 (28–57) 37/88 0.10 0.07 (0.00–1.15) 0.06 0.06 (0.00–1.19) 0.07

Social distanced (≥2 m)
No 59 (40–76) 35/59 1 (Ref) 1 (Ref)
Yes 39 (23–57) 24/62 0.11 0.11 (0.01–1.31) 0.08 0.10 (0.01–1.32) 0.08

Used
face mask

No 55 (38–70) 46/84 1 (Ref) 1 (Ref)
Yes 35 (19–56) 13/37 0.12 0.13 (0.01–1.62) 0.11 0.12 (0.01–1.51) 0.10

Slept in a different
room

No 67 (44–85) 29/43 1 (Ref) 1 (Ref)
Yes 38 (25–54) 30/78 0.03 0.08 (0.01–0.98) 0.048 0.07 (0.00–0.98) 0.048

Used separate
bathroom/toilet

No 53 (38–68) 41/77 1 (Ref) 1 (Ref)
Yes 41 (21–64) 18/44 0.35 0.30 (0.03–3.00) 0.31 0.30 (0.02–3.63) 0.34

Did not share a
towel/items d

No 69 (25–94) 11/16
NA NAYes 49 (32–67) 30/61 0.34

a Pearson chi2 test statistics was corrected with the second-order correction of Rao and Scott and converted into an F statistic. b adjusted for
age and sex of the primary case and household contacts, and household size (number of persons per household). c defined as resided in a
separate room and kept ≥2 m distance from the rest of the household members, did not share a bedroom. d if shared a bathroom/toilet.
PCR+, PCR positive. p-Values < 0.05 are shown in bold.

After confirmation of the infection of the primary case, the only precautionary practice
to significantly prevent household transmission was sleeping in a separate room from the
primary case, with a SAR of 38%, compared to 67% for those who slept in the same room
(p = 0.048) (Table 5). All other precautionary practices tended to lower the SAR, particularly
isolation of the primary case, but associations were not statistically significant.

4. Discussion

This prospective longitudinal household study with close follow-up and systematic
sampling shows a high overall SAR (49.6%), confirming that households are an important
site of transmission. The SAR of the Alpha variant (B.1.1.7 VOC) was significantly higher,
at 77.8%, compared with 42.5% for the other non-VOC viruses dominating in Norway until
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Feb/March 2021. A significantly higher viral load was found in the saliva of participants
with the Alpha variant compared to the non-VOC viruses, which may contribute to the
increased transmissibility. Close contact behavior prior to confirmation of infection of the
primary case tended to give a higher SAR. However, we showed that SAR was reduced if
the primary case slept in a separate room or was isolated from the rest of the household
after infection was confirmed.

Our SAR-estimate of 42.5% for non-VOC viruses is higher than the household SAR
found in other early reviews showing pooled SAR estimates around 17% [3,28]. However,
our overall SAR of 49.6% is almost identical to the SAR of 49% found in a similar prospec-
tive household study from the USA performed during the same time-period [29] and in
accordance with another Norwegian household study from the first wave of the pandemic,
which estimated a SAR of 47% based on rRT-PCR and seroconversion [30]. Other studies
performed in the UK, the Netherlands, and the US in the beginning/middle of 2020 also
found similar SARs of 37–53% [31–33]. A more recent Norwegian national register-based
study found a considerably lower household SAR of only 21% [34]. Register based studies
are more sensitive to underreporting, as it is not mandatory to test all household mem-
bers, which may in turn lead to an underestimation of SAR. In particular, parents may
hesitate to test children because of discomfort with nasopharyngeal swabbing. Indeed,
Fung et al. [28] showed that studies that tested household members more frequently ob-
served higher SARs. In contrast to our study, none of the aforementioned studies sequenced
positive virus samples or quantified viral load, and most were performed before the Alpha
strain appeared.

The Alpha variant has been shown to be generally more transmissible than non-VOC
viruses [10,11] and our study demonstrates this in a household setting. Our finding that
SAR is significantly higher in households with the Alpha variant compared with non-
VOC viruses, is in agreement with previous household studies [14,35,36]. However, we
estimated a substantially higher SAR (78%) for the Alpha variant than was reported in
these other studies (38%, 26%, and 42%), probably because they were registry based. In
our study, the extensive testing at eight different time points over several weeks with both
salivary and oropharyngeal samples, including testing of small children, probably enabled
identification of most infected cases in the households, and thus contributed to our higher
SAR estimates both overall and for the Alpha variant. We found no difference between
the median serial interval for the Alpha variant and the non-VOC viruses, which is in
accordance with other studies [37].

Previous estimates of SAR in children and different age groups, have been conflict-
ing [3,29,33,38–41], probably due to various biases, as discussed by Goldstein and col-
leagues [41]. We found that the risk of transmission was similar for children (<18 years)
and adults below 40 years, while household contacts aged ≥40 years had increased risk
of secondary transmission. This is in contrast to the study by McLean et al., which found
no difference of SAR in various age groups [29]. The age of the primary case was not
associated with the risk of secondary transmission in the household. However, most of the
primary cases in our study were >18 years old with few participants >65 years, therefore an
effect of age of the primary case as found by McLean et al., could not be excluded. Although
the SAR for children (<18 years) and adults under 40 years was similar, a larger proportion
of children were asymptomatic. This suggests that children are equally susceptible to
infection as younger adults, but present with milder symptoms.

We used ddPCR to accurately assess SARS-CoV-2 viral load and to avoid potential
inference from inhibitory substances which may influence the results when using rRT-
PCR for quantification [15]. Previous studies have had conflicting results regarding the
relationship between viral variant and viral load [12–14]. Our results support that the
Alpha variant is associated with a higher viral load. It has been argued that the time of
sampling may obscure the comparison of viral loads between variants [12]. In our study,
frequent sampling enabled the selection of the sample with the lowest Ct-value for the
quantification of viral load by ddPCR, thus reducing the effect of timing of sampling
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collection. Furthermore, our finding was consistent when the analysis was limited to the
household contacts only (data not shown), for whom sampling was performed earlier in
the course of infection compared with the primary cases. A recent, prospective longitudinal
cohort study from UK [42] found no difference in peak viral load with Alpha compared with
pre-Alpha variants, but this could be due to methodological differences as self-swabbing
of the upper respiratory tract only was used in their study and they did not test for viral
load in saliva specimens. In addition, we measured viral load using a more accurate
method (ddPCR).

We also demonstrated both lower viral load and shorter duration of viral detection
in children compared with adults, which in accordance with some studies [43–45], while
others have shown no difference in viral load [46]. Our results may suggest that it is
more difficult to detect an active infection in children, and that the timing of the test
is of importance. Further, loss of taste/smell in primary cases, a distinctive feature of
COVID-19 infection [47], was associated with a significant increase in SAR, which may in
part be explained by an increased viral load as observed in participants reporting loss of
taste/smell. The association between taste/smell impairment and higher viral load has
also been found by others [48,49]. This may be dependent on variant, as we found that loss
of taste/smell was more common amongst primary cases with the Alpha variant.

Most contact behavior such as kissing, appeared to slightly increase the odds of
secondary transmission, although not significantly. We found that sleeping separately
from the primary case after confirmation of infection prevented secondary infection, as
shown previously [40]. Other measures reducing contact with the primary case, especially
isolation, also seemed to lower secondary transmission. This is in contrast to a similar
household study by Miller and colleagues [38] that found no effect, possibly explained
by transmission already occurring prior to laboratory confirmation of the primary case.
Although we also observed that a high fraction of the transmission had occurred quite early,
our findings still support the importance of starting precautionary practices after infection.

Vaccination campaigns against SARS-CoV-2 are anticipated to reduce household
transmission. However, a recent study from the UK suggests that the vaccines may be less
effective at reducing household transmission against currently circulating strains (e.g., the
Delta variant) than expected [42]. It is possible that updated vaccines may alter this picture.

The present study has several limitations. First, our sample size was small, which
limited the comparison between factors associated with the Alpha variant and other non-
VOC viruses, such as symptoms and severity. Further, the study was not initially designed
to evaluate differences in SAR between variants, and the dominance of the variants differed
during the study period. We can therefore not exclude that climate, people’s behavior, or
other factors, could have influenced our results. Quarantine and isolation guidelines were
similar throughout the whole study period; thus, we assume that this has not significantly
influenced our results. We cannot exclude that some participants may have used antiviral
or antipyretic drugs during the study. However, antiviral drugs are not commonly used in
Norway outside of hospital settings. Finally, the age span of participants was limited, with
few elderly individuals and mostly adult primary cases.

5. Conclusions

In this prospective longitudinal household study, we found an overall SAR for house-
hold contacts of 50%. The SAR was considerably higher for the Alpha variant (78%) than
for non-VOC viruses (43%). Furthermore, the viral load was higher for the Alpha variant
which may explain its increased transmissibility. We also showed that age affects secondary
infection, with higher SAR in household contacts older than 40 years. Loss of smell/taste
in the primary case was associated with increased transmission. Implementation of precau-
tionary measures after detection of the first SARS-CoV-2 case seems to reduce household
transmission, in particular sleeping separately from the primary case. However, preventing
transmission within a household will become increasingly difficult with the emergence of
more contagious variants, depending on vaccine use and effectiveness.
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