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1 | INTRODUCTION

The COVID-19 pandemic has resulted in over 146 million infections
and 7.5 million hospitalizations in the United States (Estimated
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Abstract

Background: The COVID-19-Associated Hospitalization Surveillance Network
(COVID-NET) required a sampling methodology that allowed for production of timely
population-based clinical estimates to inform the ongoing US COVID-19 pandemic
response.

Methods: We developed a flexible sampling approach that considered reporting
delays, differential hospitalized case burden across surveillance sites, and changing
geographic and demographic trends over time. We incorporated weighting methods
to adjust for the probability of selection and non-response, and to calibrate the sam-
pled case distribution to the population distribution on demographics. We addition-
ally developed procedures for variance estimation.

Results: Between March 2020 and June 2021, 19,293 (10.4%) of all adult hospital-
ized cases were sampled for chart abstraction. Variance estimates for select variables
of interest were within desired ranges.

Conclusions: COVID-NET'’s sampling methodology allowed for reporting of robust
and timely, population-based data on the clinical epidemiology of COVID-
19-associated hospitalizations and evolving trends over time, while attempting to
reduce data collection burden on surveillance sites. Such methods may provide a
general framework for other surveillance systems needing to quickly and efficiently

collect and disseminate data for public health action.

KEYWORDS
COVID-19, hospitalizations, population-based surveillance, sampling, survey methods

Disease Burden of COVID-19 | CDC).*? The Centers for Disease Con-
trol and Prevention’s (CDC) COVID-19-Associated Hospitalization
Surveillance Network (COVID-NET) was developed in March 2020 to
COVID-19-associated

monitor  population-based rates  of

Alissa O’Halloran and Michael Whitaker are cofirst authors.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. Influenza and Other Respiratory Viruses published by John Wiley & Sons Ltd. This article has been contributed to by U.S. Government employees

and their work is in the public domain in the USA.

Influenza Other Respi Viruses. 2023;17:€13089.

https://doi.org/10.1111/irv.13089

wileyonlinelibrary.com/journal/irv | 10f8


https://orcid.org/0000-0002-7397-7870
mailto:idg3@cdc.gov
mailto:izj7@cdc.gov
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/burden.html
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/burden.html
https://www.cdc.gov/coronavirus/2019-ncov/cases-updates/burden.html
https://doi.org/10.1111/irv.13089
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/irv
https://doi.org/10.1111/irv.13089

2¢8 | WILEY.

O'HALLORAN ET AL.

hospitalizations and to provide timely data on clinical characteristics
and outcomes of hospitalized patients with COVID-19 to inform the
US pandemic response. Due to the overwhelming burden of COVID-
19-associated hospitalizations and the substantial time and resources
required to conduct detailed medical chart abstractions, it was not
feasible to quickly abstract clinical data on every case. In the initial
weeks of the pandemic, clinical estimates were generated based on
data available at that time, which was not systematically collected and
was therefore not generalizable to COVID-NET's surveillance area.
We developed a probability-based sampling strategy to allow for
timely collection and dissemination of detailed clinical data on a repre-
sentative sample of hospitalized cases on an ongoing basis throughout
the pandemic. This sampling strategy would allow for continued moni-
toring of COVID-19 severity among hospitalized cases throughout the
pandemic.

While established survey®™® and sampling” ** tenets would
inform the sampling approach, COVID-NET faced several unique chal-
lenges. Due to reporting delays, the sampling frame from which the
sample was selected (i.e., COVID-19-associated hospitalizations
within the catchment area) was not completely ascertained when
sampled cases needed to be drawn. Therefore, the sampling method-
ology needed to minimize the impact of case reporting delays. Also,
the 14 surveillance catchment areas varied widely in population size
(ranging from a small population center of 100,000 persons to a state
of six million persons), yielding varying data collection burden across
sites. Shifting geographic outbreaks and changing epidemiology over
the course of the pandemic also yielded varying numbers of cases
over time by site and age group and meant that sampling rates would
need to change over time within sampling strata.

COVID-NET was designed using the infrastructure of the Influ-
enza Hospitalization Surveillance Network (FluSurv-NET), an analo-
gous surveillance platform that first employed sampling during the
2017-2018 season.2"1* We aimed to devise a sampling methodology
that (1) enabled timely collection and dissemination of clinical data,
(2) produced robust population-based estimates while minimizing
sampling and surveillance biases, (3) allowed for adaptability given the
unknown pandemic trajectory and changing data needs, and
(4) included explicit analytic provisions to account for the sample
design. Here, we describe the sampling methods that were success-
fully employed to rapidly provide epidemiologic and clinical data on
COVID-19-associated hospitalizations throughout the first 16 months
of the US pandemic.

2 | METHODS

2.1 | Description of the surveillance system

COVID-NET516

laboratory-confirmed COVID-19-associated hospitalizations in all

conducts population-based surveillance  for
ages in 99 counties within 10 states participating in the long-standing
Emerging Infections Program (CA, CO, CT, GA, MD, MN, NY, NM, OR,

and TN) and four states participating in the Influenza Hospitalization

Surveillance Project (IA, MI, OH, and UT). COVID-NET covers a catch-
ment population of approximately 32 million persons (almost 10% of
the US population). Surveillance staff systematically review hospital,
laboratory, and notifiable disease databases to identify all COVID-
19-associated hospitalizations among catchment area residents.
Hospitalized patients who are catchment area residents and have a
positive SARS-CoV-2 test during hospitalization or within 14 days

before admission are included.

2.2 | Estimating population-based COVID-
19-associated hospitalization rates

Surveillance sites transmit a minimum dataset (county, age, sex, race/
ethnicity, hospital admission date, and SARS-CoV-2 testing data) on
all identified cases to CDC on a weekly basis to produce COVID-
19-associated hospitalization rates stratified by key demographics.
Incidence rates are calculated using COVID-NET cases as the numera-
tor and the National Center for Health Statistics’ Vintage bridged-race
postcensal population estimates!’” as the denominator. Rates are
posted weekly to CDC's COVID-NET interactive'® and COVID Data
Tracker? webpages. On average, minimum data for each case are pro-
vided to CDC within 7 days of hospital admission (Figure 1); however,
reporting delays vary by surveillance site and epidemiologic week and
can range from 1 day to several weeks. By 6 weeks from admission,

>90% of cases have been reported.

23 |
cases

Characteristics of hospitalized COVID-NET

Using a standardized case report form (CRF) with >400 variables,
trained surveillance staff conduct in-depth medical chart abstractions
on sampled cases, including data on underlying medical conditions,
intensive care unit (ICU) admission, mechanical ventilation, receipt of
COVID-19 vaccination or treatment, and death during hospitalization.
Data on the prevalence of these clinical characteristics and outcomes
are posted to COVID-NET’s interactive web pages®’ but updated less
frequently than hospitalization rates due to the substantial time
needed to collect these data (Figure 1); prior to the sampling strategy
implementation, the delay ranged from weeks to months.

24 | General sampling approach

Because site, age, and hospital admission date were known for all
cases upon first report to CDC, these variables were used to stratify
cases for sampling. Sampling periods were selected because sampling
needed to occur on an ongoing basis. For each sampling period, sam-
ple sizes were calculated for the entire surveillance network to
achieve desired precision around clinical estimates of interest; sam-
ples were then distributed across the 14 surveillance sites. Sites drew

random samples of cases based on CDC specifications, conducted
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Sites collect minimum data on
all cases (county, age, sex,
race/ethnicity, admission date,
and SARS-CoV-2 testing data)

Surveillance
Period X

e

e

Sites transmit data to CDC
on a weekly basis
(cases reported ~7 days
after hospital admission®)

CDC calculates
hospitalization rates
using data from all
COVID-NET cases

=

CDC posts
hospitalization rates to
COVID-NET interactive

on a weekly basis

¥

CDC determines sampling rates for medical chart
abstraction by site and age group based on total case
counts* at the end of each surveillance period

4

Based on CDC specifications, sites sample cases for
medical chart abstraction using random numbers
generated for each case at entry into surveillance

¥

CDC weights the sampled data once
~90% or more of sampled cases had

completed chart abstractions

¥

Sites complete medical chart
abstractions on sampled cases
(e.g., underlying conditions, ICU

admission, in-hospital death)

=

Sites transmit data to CDC
on a monthly basis
(~4 weeks after end of
Surveillance Period X)

CDC produces clinical
estimates using data
from sampled
COVID-NET cases

e

CDC posts weighted
clinical estimates to
COVID-NET interactive
on a monthly basis
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2 Estimates of interventions and outcomes, underlying medical conditions, symptoms at admission and discharge diagnoses

b Average time for cases to be reported to CDC after hospital admission

©To calculate sample sizes, CDC used a multiplier approach to predict the total number of cases for a surveillance period after accounting for reporting

delays

FIGURE 1 Data workflow and timelines for COVID-NET sampling and public reporting of rate data and clinical estimates®
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FIGURE 2 COVID-19-associated hospitalization counts by
admission date and age group, COVID-NET March 2020 to
June 2021

medical chart abstractions on sampled cases, and transmitted data to
CDC. CDC weighted the data to reflect the sample design and
reported weighted clinical estimates for each period on its interactive
website (Figure 1). The following sections describe these steps in
detail.

241 | Sampling by age group

Because different age groups experienced different rates of COVID-
19-associated hospitalization,>'® COVID-NET stratified samples by
age group (0-17, 18-49, 50-64, and 265 years). Doing so allowed for
age groups to be sampled at rates inversely related to the age group’s

hospitalization burden. Sampling rates were adjusted over time as age
groups experienced changing hospitalization rates. Because COVID-
19-associated hospitalizations were less frequent in children, all cases
<18 years were sampled; thus, the remaining sampling discussion

focuses on adults.

242 | Sampling by period

In the initial months of the pandemic, sampling periods were estab-
lished retrospectively based on hospitalization rate patterns. The first
hospitalization wave occurred during March through May 2020
(Figure 2); thus, the first sampling period included cases hospitalized
during this period. A second hospitalization wave occurred during July
through August 2020; thus, the second sampling period encompassed
June through September 2020. Sampling rates were not determined
until after the sampling period had ended, when the number of cases
had been determined. Choosing longer periods over which to sample
resulted in sites waiting longer to draw samples and led to substantial
delays in availability of clinical data. Starting in October 2020, the
sampling period shifted to a monthly pattern, allowing sites to more
quickly sample and conduct chart abstractions. Monthly sampling also
allowed CDC to rapidly adjust sampling rates in response to changes

in hospitalization rates.

243 | Sampling by surveillance site
While each COVID-NET site followed standardized protocols for case
ascertainment and data collection, case-finding and data acquisition

methods varied across sites and were governed by the site's
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TABLE 1 Sampling rates by sampling period and age group, COVID-NET,? March 2020 to June 2021

18-49 years 50-64 years 65+ years

Total Sampling rate® for all sites Total Sampling rate® for all sites Total Sampling rate® for all sites
Sampling period cases (range) cases (range) cases (range)
March-May 2020 7390 44% (10% to 100%) 8459 13% (10% to 20%) 12,867 10% (10% to 10%)
June-September 10,136 20% (5% to 40%) 8413 12% (5% to 20%) 11,109 8% (5% to 10%)

2020¢

October 2020 2532 11% (4% to 69%) 2677 12% (3% to 93%) 4373 7% (3% to 38%)
November 2020 4965 10% (10% to 10%) 5918 10% (10% to 10%) 11,294 5% (3% to 5%)
December 2020 5778 5% (3% to 5%) 7125 4% (3% to 5%) 14,615 2% (1% to 3%)
January 2021 5227 6% (3% to 10%) 6441 6% (3% to 10%) 12,429 3% (1% to 5%)
February 2021 2760 12% (7% to 50%) 3030 11% (7% to 50%) 5183 7% (3% to 50%)
March 2021 3057 12% (5% to 50%) 3302 11% (3% to 50%) 3749 8% (3% to 50%)
April 2021 4697 7% (2% to 70%) 4362 8% (2% to 70%) 3961 9% (2% to 70%)
May 2021 2868 17% (7% to 100%) 2270 17% (10% to 100%) 2249 19% (10% to 100%)
June 2021 1178 31% (25% to 100%) 785 44% (35% to 100%) 850 46% (35% to 100%)

3COVID-NET includes 14 US states (CA, CO, CT, IA, GA, MD, MI, MN, NM, NY, OH, OR, TN, and UT).
bActual sampling rates may have deviated slightly due to random number selection.
All sites sampled persons aged 18-29 years at 100% except CA, GA, and MD who sampled at a rate of 10%.

underlying public health infrastructure and resources. Each site’s
catchment size also varied substantially. Therefore, sampling was
stratified by site. Sites with smaller population catchment areas had
fewer cases and were able to accommodate greater sampling rates,
while sites with large catchment areas and more hospitalizations
required smaller sampling rates. Sites also experienced surges of cases
at differing times, and sampling by site allowed for varying sampling
rates in response to geographic trends over time.'®

244 | Sample size calculations and sampling rates

Sample size calculations were developed in the Spring of 2020 and
relied on early point estimates of variables of interest (e.g., ICU admis-
sion, mechanical ventilation, and in-hospital death) with a prevalence
of approximately 210%. Sample sizes for all sites combined were cal-
culated assuming simple random sampling (SRS) with the aim of pro-
ducing reliable point estimates (relative standard error [RSE] or
coefficient of variation [CV] < 0.3) and 95% confidence interval half-
widths <10.2%2! Sample size calculations demonstrated that across
the network, a minimum of 100 cases was necessary within each
period and stratum. In practice, 100 cases were found to be insuffi-
cient because sites were not able to access patient charts for all the
sampled cases. Additionally, we anticipated an increase in variance,
above the level given by SRS, as a result of disproportionate allocation
of the total sample size to strata and any non-response. As such, we
adjusted the required sample size to at least 200 cases per stratum
across the network. We also summarized the increase in variance by
the weighting effect (WEFF). The formula for WEFF is shown below,
where CV is the coefficient of variation, W; is the final weight for the

ith case, and n is the sample size, for each period.?? In November

2020, weighting effects were calculated using historical data from
March through October 2020, and the resulting weighting effects
were used to inflate November 2020 sample sizes calculated under
SRS (with the weighting effect, ~350 sampled cases were required
across all sites rather than 200). After November 2020, weighting
effects were considered, though not strictly applied in order to mini-

mize burden on sites, when determining sample sizes.

(1/n)Z(W,~7W)27 NS W2

WEFF=1+CV?= — = 5
W (W)

Because at least 200-350 cases per strata were needed across all
sites combined, we next established methods to produce site-specific
sampling rates. While determining these sampling rates, the following

objectives were considered:

1. to achieve similar sampling rates across sites within an age group;

2. to maintain flexibility to allow over-burdened sites to sample at
smaller rates; and

3. to sample a minimum number of cases (>15) from each site, if pos-
sible (if sites had <15 cases in a given strata, 100% sampling was

required).

The sampling design is further detailed in Table 1.

245 | Drawing samples

The sampling approach necessitated waiting until the end of each

sampling period, when most cases had been ascertained. Ideally,
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sampling rates for a specific surveillance period would be
determined very soon after a period ended. However, due to report-
ing delays, it took up to 6 weeks after the end of a surveillance period
for CDC to obtain final case counts; case counts for the most recent
weeks of a period were particularly underestimated. To address this,
CDC used a multiplier method developed in-house?® to predict the
total number of cases by site and age group within a given period,
after accounting for historical reporting delays. Doing so allowed for
sampling rates to be determined 1-2 weeks after the period ended
(Figure 1).

After sampling rates were determined for each period, based on
CDC specifications, sites drew samples using auto-generated random
numbers (1-100) that were prospectively assigned to each new case
upon entry into the surveillance database. For example, if a site
needed a 10% sample, cases assigned to random numbers yielding a
10% sample were drawn. While sites were required to abstract data
on a minimum number of sampled cases, they could elect to conduct
chart abstractions on all cases within specified strata to allow them
more power for site-specific analyses. Because data on all cases are
known for these strata, these strata are referred to as “certainty

strata.”

2.4.6 | Data collection and reporting

Sites completed chart abstractions with a goal of submitting data for
all sampled cases within 3-4 weeks after each sample draw. Sites
entered sampled case data into a standardized database and
transmitted data weekly to CDC. Once a majority of sites completed
at least 90% of chart abstractions for sampled cases for a
given period, combined data for those sites were weighted and posted
to CDC's interactive webpage.l” Monthly clinical estimates
were posted about 4-6 weeks after the end of each surveillance
period, and cumulative estimates were also updated at this time

(Figure 1).

2.5 | Weighting process and variance estimation

Race/ethnicity and sex, used in the weighting process, were missing
on 2% and 0.1% of sampled cases, respectively. Both fields were
imputed using hot deck (single) imputation.?* Clinical data were
weighted to reflect the probability of selection, adjusted for non-
response (CRF data completed for <100% of sampled cases), and
raked to align the weighted case distribution in COVID-NET by site,
age, sex, and race/ethnicity with the COVID-NET catchment popula-
tion totals using methods previously described.?®> Because weight
adjustments yielded more dispersed weights, weights were trimmed?®
to minimize overdispersion. The full weighting process is outlined in
Table S1. After final sampling weights were created, Jackknife repli-
cate weights®? were created for variance estimation. A method that
limited the number of Jackknife replicates was utilized to facilitate

efficient computations and is described in Text S1.

2.6 | Evaluating the impact of the sampling scheme
To evaluate the impact of the sampling methods employed, site
response rates (number of sampled cases with completed charts
divided by the total number of sampled cases) were tracked over time.
Weighting effects were calculated by sampling period, and observa-
tions were made on how the sampling rates, sample sizes, and
response rates impacted weighting effects over time. Select point
estimates, RSEs, and 95% Cls were calculated for each period for the
14 COVID-NET states, where the variance estimation method which
calculates variance from all strata was used. Observations were also
made on the number of estimates exceeding the RSE cutoff of 0.3
and the CI half-width cutoff of 10 for each period.

This activity was reviewed by CDC and was conducted consistent
with applicable federal law and CDC policy (see, e.g., 45 C.F.R. part
46.102(1)(2), 21 C.F.R. part 56; 42 US.C. §241(d); 5 US.C. §552a;
44 US.C. §3501 et seq.). Sites participating in COVID-NET obtained
approval from their respective state and local Institutional Review
Boards, as applicable.

3 | RESULTS

Between March 1, 2020, and June 30, 2021, 186,049 adult cases with
COVID-19-associated hospitalizations were reported to COVID-NET,
with 19,293 (10.4%) randomly sampled for medical chart abstraction.
Across sampling periods and age groups, average sampling rates ran-
ged from 5% to 44% among cases aged 18-49 years, 4% to 44%
among those aged 50-64 years, and 2% to 46% among those aged
265 years (Table 1). Sampling rates stratified by site, age group, and
time period are displayed in Table S2 and ranged from 1% to 100%.
After applying final sample weights, COVID-NET sample estimates
were similar by age, sex, race/ethnicity, and site to all identified
COVID-NET cases (Table S3).

Figure 3 shows the weighted proportions and 95% confidence
intervals of sampled cases who required ICU admission, mechanical
ventilation, and who died in-hospital by month for the 14 COVID-
NET states; Table S4 and Figure S1 show these results by age group.
All point estimates with prevalence 210% had RSEs < 0.3, while only
a few point estimates with prevalence <10% had an RSE > 0.3. The
95% confidence interval half-widths for all point estimates with the
exception of one were <10% (Table S4). Figure 3 also demonstrates
the utility of these sampled data and shows the trends in clinical esti-
mates and outcomes over time. For example, among all ages ICU
admission declined from 37.8% in March 2020 to as low as 16.8% in
February 2021. In-hospital deaths decreased during the initial months
of the pandemic from a high of 16.5% in April 2020 to as low as 7.1%
in June 2020 but increased to 13% in December of 2020 (Figure 3).

Final sample weights differed by site, age group, and month.
Table S5 shows the sample sizes, range of weights across the net-
work, and weighting effect by month and age group. Weighting
effects ranged from 1.0 to 3.0 with a median of 1.4. The highest
weighting effects were seen in the 18-49 age group during the
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FIGURE 3 Weighted percentages and confidence intervals for select clinical interventions and outcomes by month among sampled cases,

COVID-NET,? March 2020 to June 2021

summer months of 2020, which correlated with lower case counts

and a relatively wide range of weights.

4 | DISCUSSION

With the demand for timely surveillance data to inform the ongoing
COVID-19 pandemic response, COVID-NET rapidly adapted methods
to collect and disseminate data to meet the evolving needs of the
COVID-19 response while still maintaining data quality and integrity.
This surveillance system achieved a flexible, timely sampling approach
that produced statistically robust, population-based clinical estimates
down to the monthly level, while attempting to reduce data collection
burden on surveillance sites. This approach has been implemented
since March 2020 and has allowed COVID-NET sites to sample as
few as 1% of cases within certain strata. Rigorous evaluation of the
sampling approach has demonstrated that the demographic distribu-
tions of the sample were similar to all hospitalized cases, and variance
estimates for key clinical variables of interest were generally within
the desired a priori ranges. The sampling approach has enabled
COVID-NET to monitor important clinical and public health parame-
ters related to COVID-19, including trends in clinical disease sever-

ity19,26

rates of COVID-19-associated hospitalization over time.

and population impact of public health interventions?” on

Decisions about sampling period durations and timing of sample
draws were carefully considered with the goals of providing timely
data and allowing for flexibility as the pandemic evolved. Ultimately,
sampling in shorter periods and drawing samples soon after the sur-

veillance period ended optimized the production of timely estimates.

Modeling final case counts while accounting for reporting delays
aided with timeliness. Samples were randomly drawn by sites at the
time of case entry into the surveillance database, allowing sites some
flexibility in managing workload. Creating a process to weight data,
adjust for non-response, and post data when approximately 90% of
cases were complete for a given surveillance period further enhanced
timeliness. This process allowed for estimation of monthly trends in

19.26 and timely descriptions of racial and ethnic dis-

parities in rates of severe COVID-19.282?

disease severity

Sample size determinations accounted for surveillance priorities
and site resources and capacity. Selecting larger sample sizes and
using similar sampling rates across all sites yielded higher precision.
Additionally, applying weighting effects to sample size calculations
helped mitigate potential increases in variance due to differential sam-
pling rates across sites, non-response adjustments, or raking.2230-51
However, during periods when case counts were unusually high and
case burden was unequally distributed across sites, sampling at uni-
formly high rates was not feasible. For COVID-NET, it was preferred
to have complete data on fewer representative cases than to have less
complete, less representative data on a larger sample. When sample
size requirements were lower, and differential sampling rates were
applied across sites based on case burden, non-response was greatly
reduced.

There are several limitations to COVID-NET surveillance. COVID-
NET is a resource intensive surveillance platform which requires sur-
veillance staff to ascertain cases and manually conduct medical chart
abstractions using standardized protocols. While this approach yields
accurate and consistent data across the platform, these high-quality

data come at a potential cost; clinical data are available on a monthly
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rather than daily or weekly basis. COVID-NET data are also not
nationally representative given that these resource intensive methods
could not easily be implemented across all states; however, defined
catchment areas allow for production of population-based estimates
of the COVID-NET catchment areas rather than estimates generated
from convenience samples. There were also several limitations related
to the sampling approach. Reporting delays were modeled to allow for
more timely sampling, but modeled sample sizes could be over or
underestimated. Non-response adjustment and raking processes also
required subjective decision-making considering surveillance goals
and feasibility. While adjustments could be made on data with
response rates much lower than 90%, doing so yielded a larger non-
response adjustment factor that adversely impacted variance. Finally,
the sampling guidance evolved rapidly as CDC learned and adapted to
challenges, which yielded a process that was inconsistent at times.

With implementation of this flexible and adaptive sampling
approach, COVID-NET has been instrumental in providing robust and
timely, population-based data on the clinical epidemiology of COVID-
19-associated hospitalizations and evolving trends over the course of
the pandemic; these data have been used to inform vaccine recom-
mendations and other policy decisions.'®2472%32-35 gych methods
may provide a general framework for other surveillance systems need-
ing to quickly and efficiently collect and disseminate large amounts
of data.
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