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Abstract

Background: Diagnoses of HIV in the United States decreased by 17% in 2020 due to COVID-
related disruptions. The extent to which this decrease is attributable to changes in HIV testing
versus HIV transmission is unclear. We seek to better understand this issue by analyzing the
discrepancy in expected versus observed HIV diagnoses in 2020 among persons who acquired
HIV between 2010 and 2019 because changes in diagnosis patterns in this cohort cannot be
attributed to changes in transmission.

Methods: We developed 3 methods based on the CD4-depletion model to estimate excess missed
diagnoses in 2020 among persons with HIV (PWH) infected from 2010 to 2019. We stratified

the results by transmission group, sex assigned at birth, race/ethnicity, and region to examine
differences by group and confirm the reliability of our estimates. We performed similar analyses
projecting diagnoses in 2019 among PWH infected from 2010 to 2018 to evaluate the accuracy of
our methods against surveillance data.

Results: There were approximately 3100-3300 (approximately 18%) fewer diagnoses than
expected in 2020 among PWH infected from 2010 to 2019. Females (at birth), heterosexuals,
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persons who inject drugs, and Hispanic/Latino PWH missed diagnoses at higher levels than the
overall population. Validation and stratification analyses confirmed the accuracy and reliability of
our estimates.

Conclusions: The substantial drop in number of previously infected PWH diagnosed in 2020
suggests that changes in testing played a substantial role in the observed decrease. Levels of
missed diagnoses differed substantially across population subgroups. Increasing testing efforts and
innovative strategies to reach undiagnosed PWH are needed to offset this diagnosis gap. These
analyses may be used to inform future estimates of HIV transmission during the COVID-19

pandemic.
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INTRODUCTION

The outbreak of COVID-19 in 2020 has significantly disrupted the HIV continuum of care
in the United States. Recent work has shown that COVID-19 and the associated responses
led to reductions in pre-exposure prophylaxis uptake and adherence, antiretroviral therapy
uptake and adherence,? and HIV testing and care provision.3# It is therefore not surprising,
given the reduction in testing, that HIV diagnoses in the United States decreased
substantially in 2020, with official data suggesting a drop of approximately 17% as
compared to 2019.5:6

However, it is unclear to what extent the drop in HIV diagnoses is attributable to disruptions
in testing versus pandemic-related changes in transmission behaviors (for instance, fewer
sexual partners) leading to reductions in transmission (incidence), resulting in fewer persons
requiring testing and, in turn, diagnosis. Both effects have likely contributed; however,
estimating their relative magnitudes is not straightforward. This lack of clarity has caused
problems in HIV surveillance because most models used to estimate incidence are derived
from diagnosis data.”~2 Uncertainty regarding the interpretation of 2020 diagnosis data has
called many of the underlying assumptions in such models into question. For this reason,
the Centers for Disease Control and Prevention (CDC) has not published official incidence
estimates for 2020. Although the diagnosis data have been published, CDC has urged
caution in the interpretation of these data.>6

In the absence of an incidence estimate, modeling studies have attempted to quantify

both present and future effects of COVID-19 on trends in HIV by running multiple
simulations under varying assumptions on changes in transmission behaviors, testing, and
care provision.10-12 Although such studies have value, projected long-term effects may vary
substantially depending on which particular assumptions are used, limiting their utility. It is
therefore critical to better understand the proximate causes of this drop in diagnoses to better
understand its future implications.

In the last decade, CD4 measurements taken at diagnosis have been widely used to estimate
year of HIV infection. Such measurements form the basis of modern incidence estimation
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methods.”~9:13.14 Research has shown show that, historically, 60%—-70% of HIV infections
are not diagnosed within the same calendar year of infection.8 In addition, each year, only
30%-35% of new HIV diagnoses result from infections within that same year.8 Thus,

our goal is to estimate the discrepancy between expected and observed diagnoses in 2020
(referred to as excess missed diagnoses) among PWH infected in or before 2019. We use
the terminology excess missed diagnoses because each year there are already many missed
diagnoses, and hence, we are referring to additional missed diagnoses above the expected
level.

METHODS

In this section, we provide a brief description of the 4 different methods we developed and
the data used for estimating excess missed HIV diagnoses in 2020. The full mathematical
details of all methods are provided in Appendix A (Supplemental Digital Content, http://
links.lww.com/QAI/C4). We also describe our procedures for assessing the methods’
consistency and robustness to stratification, as well as their validation, with full details

on these topics given in Appendices B and C, respectively.

Data from CDC'’s National HIV Surveillance System (NHSS) were used for all analyses.
Collection of these data, complete since 2009 and which are used to construct annual
incidence estimates, provide the annual number of new HIV diagnoses for each infection
year (as estimated by the CD4-depletion model).8:915-17

A minority, ranging from 10% to 15%, of new diagnoses do not have an associated CD4
measurement. To account for this limitation, we assumed that the infection-year distribution
of new diagnoses without a CD4 measurement is identical to that with a CD4 measurement.
This assumption is also used in incidence estimation.”-®

Some of the proposed methods require incidence data as an input. In such cases, we used
incidence estimates published by CDC for years 2009-2019.15-17

The analyses in this article are restricted to the cohort of persons infected before 2020, as
any observed drop in diagnoses in this group cannot be attributed to changes in incidence in
2020 because such persons were infected before the beginning of the COVID-19 pandemic.
By removing uncertainty around incidence in 2020, we can provide a reliable estimate of
the potentially large portion of PWH unaware of their status due to COVID-19. In addition,
focusing on this population allows us to better quantify the effect of COVID-19-related
testing disruption on HIV diagnosis in 2020.

Diagnosis-Based Method

For the diagnosis-based method, we used a 4-year log-normal linear regression model to
project the number of HIV diagnoses in 2020 based on diagnosis trends in 2016-2019.18
The difference between the projected number and the observed number of diagnoses in
2020 is the number of excess missed diagnoses. We distributed these diagnoses by year of
infection based on the distribution among the observed diagnoses in 2020.
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To derive the infection-year distribution, each HIV case diagnosed in 2020 was weighed

to account for those excess missed diagnoses in 2020. We calculated this weight as the
projected number of diagnoses divided by the observed number of HIV diagnoses in 2020.
We stratified HIV cases diagnosed in 2020 by year of HIV infection based on their first CD4
test after diagnosis. We derived the excess missed diagnoses by year of infection from the
increased case counts based on weighted and unweighted numbers, where the unweighted
case counts sum to the total observed number of HIV diagnoses in 2020 and the weighted
case counts sum to the total projected number of HIV diagnoses in 2020.

We reduced the estimated number of excess missed diagnoses with infection in 2020

by 50%, and we redistributed them proportionally to those with infection years before

2020. This adjustment was motivated by the fact that infections that occurred before

2020 may conceivably be diagnosed at any point during 2020. However, infections that
occurred during 2020 can only be diagnosed postinfection, reducing the available time to be
diagnosed by 6 months on average.

Incidence-Based Methods

Our second approach for estimating excess missed diagnoses, the incidence-based methods,
incorporates incidence data in addition to diagnosis data. Within this approach, we use

2 related, but distinct, methods for estimating the probability of diagnosis after kA years

and will refer to these 2 methods as the incidence-based, linear regression method and
Incidence-based, recent-year average method. Because of the similarity in the methods, we
first describe the general framework common to each formulation below.

Incidence-based methods work by projecting diagnoses in a year yyamong PWH infected in
a year xas follows:

Projected diagnoses in year yamong PWH infected in year x= Number of PWH infected
year xx Probability of diagnosis after (J~x) yrs.

The number of excess missed diagnoses in year yyamong those infected in xis as follows:
Excess missed diagnoses = projected diagnoses — observed diagnoses

For the total number of PWH infected in year x; we used CDC US HIV incidence estimates
for year x from CDC’s NHSS.15-17

To estimate the probability of diagnosis y~xyears after infection, we used both incidence
and diagnosis data. For example, define the estimate of the probability of diagnosis in 2020
of PWH infected in 2017, or 3 years after infection, as

p5(2017).

We first computed the probability of diagnosis after 3 years for PWH infected in the years
preceding 2017 with NHSS data. For example,
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# diagnoses 2019, from PW H infected in 2016
2016 incidence ’

p5(2016) =

From our estimates p3(2016), p3(2015), p3(2014), ..., we can fit a function p,, which allows
us to extrapolate the expected probability of diagnosis in 2020 for PWH infected in 2017.
Then

Expected diag. 2020, PWH inf. in 2017 = 2017 incidence estimate x p;(2017).

The difference between the expected and observed diagnoses among PWH infected in 2017
gave us the excess missed diagnoses in 2020 for 2017 infections. We repeated this process
for infection years for which we had reliable data (beginning in 2010). Summing these
results, we obtained our estimate for total excess missed diagnoses in 2020.

As with any function fitted to measured data, p, may be defined in different ways. In
the current analysis, we considered 2 ways of defining p,, as described below. These 2
definitions result in distinct methods.

Incidence-Based Method: Linear Regression

In the linear regression formulation of the incidence-based method, we defined p, by
applying least-squares linear fitting with surveillance data for p,(x), the probability of

diagnosis after kyears in a diagnosis year x. We note, however, that recent-year averages
were used for p,, k= 8 because of data limitations.

Incidence-Based Method: Recent-Year Average

For the recent-year average formulation of the incidence-based method, we defined p, as
a constant function, as the average (arithmetic mean) probability over the past 3 years of
diagnosis after kyears, except when fewer than 3 years were available (in which case we
used the number of available years).

Note that because of averages being used in the linear-regression approach for p,, A= 8 (see
above), the 2 incidence-based methods are identical in these cases.

Diagnosis Delay-Based Method

This method is structurally similar to the incidence-based methods because it also estimates
the number of diagnoses in a year yamong PWH infected in a year xas follows:

Projected diagnoses in year y among PWH infected in year x= Number of PWH infected
year xx Probability of diagnosis after (J~x) yrs.

However, the diagnosis delay-based method is distinct in 2 key respects. First, instead of
assuming known HIV incidence in years before 2020, we estimated the annual number
of infections based on the observed CD4 data, but we limited the analysis to HIV cases
diagnosed up to 2019 and we used a simplified estimation procedure (with case counts by
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calendar year). This method is the same as the one used to estimate HIV incidence at the
national level 819

Second, the method of estimating the probability of diagnosis is different from the
incidence-based methods. In the diagnosis delay-based method, we estimated this
probability through a conditional probability analysis. We write the cumulative probability
that an infection acquired in year 0 is diagnosed by year kas P(k). We estimated P(N) for
a given year N (in this case, V= 12, the longest possible period for which our data are
complete) and then obtained P(N — 1) through conditional probability:

P(N-1)=P(N-1| N)x P(N).

Repeating the procedure

P(N-2)=P(N-2|N-1)x P(N -1),

similarly for =3, A~4, and so forth.

The P(k) are cumulative probabilities, which give the probability of diagnosis within k
years of infection. However, we need the annual diagnosis probability—the probability of
diagnosis exactly kyears after infection, p,. This is obtained as follows:

o= Pk)— Pk —1).

Robustness to Stratification

To ensure confidence in our estimates on population subgroups, we performed a
stratification robustness analysis. We refer to the sum of the different population
stratifications as SeparateSum and the analysis performed on the entire population as
TotalPopulation. For example, for sex assigned at birth, we have

SeparateSum = Male + Female.

We then evaluated robustness to stratification by comparing SeparateSum and
TotalPopulation. If a method is consistent and robust to stratification, the 2 quantities should
be similar. We quantified stratification robustness with 2 metrics: % total difference and %
year-by-year difference, and provide their detailed mathematical definitions in Appendix B
(Supplemental Digital Content, http://links.lww.com/QAI/C5).

2019 Validation Analysis

To validate of our developed methods, we performed an analysis against 2019 diagnosis
data. The same NHSS diagnosis data and published incidence data as used in the excess
missed diagnosis analyses were used; however, to derive our estimates, we used only
diagnosis data of persons older than 13 years from the years 2010-2018. We then applied
the diagnosis delay-based and both incidence-based methods to project expected diagnoses
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in 2019 for the infection years 2010-2018 (note that, for reasons described in Appendix C
(Supplemental Digital Content, http://links.lww.com/QAI/C6), the diagnosis-based method
was not considered in the validation analysis). We evaluated the quality of the estimates by
comparing the projected and observed diagnoses in 2019 for each infection year.

We evaluated our results both for accuracy compared with observed data and robustness
with stratification. We used several quantitative metrics in our analysis: %Error (total),
%Error (year-by-year), %Difference (summed vs. total), and %Difference, summed vs. full
population (year-by-year). Full definitions of these metrics are provided in Appendix C
(Supplemental Digital Content, http://links.lww.com/QAI/C6).

Total Missed HIV Diagnoses in 2020

Our estimates of the total number of excess missed diagnoses in 2020 for PWH (aged 13

or older) infected from 2010 to 2019 ranged from 3154 to 3315 for our different estimation
methods (Fig. 1), indicating that approximately 18% of the expected number of ~18,000
HIV diagnoses from previous infections (as our projection methods estimate) were missed
in 2020. These estimates were consistent across all methods, with the differences between
them 5% or less. In addition, the different methods showed similar results on infection-year
distribution, with the correlation coefficients between the different methods 0.92 or higher.

Qualitatively, the methods showed some small differences. The diagnosis-based and
incidence-based (linear fit) methods showed the highest concentrations of excess
undiagnosed infections occurring in the years 2016-2019. The incidence-based (averaged)
and diagnosis delay-based methods showed a comparatively less even infection-year
distribution and estimated that the highest concentration of excess missed diagnoses in 2020
occurred among infection years 2015-2018.

Stratification by Population Subgroups

In Figure 2, we show the estimated excess missed diagnoses stratified by transmission
group: men who have sex with men (MSM), heterosexuals (HET), persons who inject

drugs (PWID), and men who have sex with men who also inject drugs (MSM/PWID). We
estimated 1726-2034 excess missed diagnoses among MSM, 741-867 among heterosexuals,
263-446 among PWID, and 207-216 among MSM/PWID.

Missed diagnoses among MSM showed a regular distribution by infection year. Somewhat
higher levels of missed diagnoses were observed among infections from 2014 to 2016

and somewhat lower levels among older and more recent infections. Among MSM/PWID,
we observed an asymmetric trend, with more recent infections missing diagnoses at
substantially higher levels compared with older infections (~60% of estimated missed
diagnoses from infection years 2016-2019).

The incidence-based and diagnosis delay-based methods showed virtually no diagnoses
missed among PWID infected from 2010 to 2012. Among heterosexuals, the incidence-
based and diagnosis delay-based methods showed a marked infection-year trend, with
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missed diagnoses occurring at a notably higher level among PWH infected more recently
(~60% of estimated missed diagnoses from infection years 2016-2019).

Figure 3 (a) displays the number of expected HIV diagnoses in 2020, broken down by
observed versus missed, overall, and by each transmission group (left axis), as well as

the percent of expected HIV diagnoses that were missed within each transmission group
(right axis). For all PWH infected from 2010 to 2019, 18% (~3288) of the approximately
18,000 expected HIV diagnoses in 2020 were missed (note the method used in this plot

is the averaged incidence-based method, similar qualitatively and quantitatively to the
diagnosis delay-based method in this analysis. The other methods gave similar results,

and the complete analyses are shown in Appendix B [Supplemental Digital Content, http://
links.lww.com/QAI/C5]). This percentage was slightly lower for MSM (16%), somewhat
higher for PWID (19%), and substantially higher for heterosexuals (24%) and MSM/PWID
(31%). Figure 3 (b) shows the percentage of total excess missed diagnoses in 2020 attributed
to each transmission group. MSM accounted for 61% of the 3288 excess missed HIV
diagnoses in 2020, followed by heterosexuals (25%), PWID (8%), and MSM/PWID (6%).

Table 1 reports the total excess missed diagnoses, as measured by each method, overall,

and by sex-at-birth, race/ethnicity, transmission group, and region. Table 2 reports the
corresponding percentage of diagnoses missed, as compared to expected 2020 diagnoses.
Elevated levels of missed diagnoses were found among female sex assigned at birth
(~23%-25%) and Hispanic/Latino PWH (~22%-25%). Among racial/ethnic groups, the
largest number of missed HIV diagnoses was among black PWH (1267-1366), representing
roughly 40% of all total excess missed diagnoses. Missed diagnoses seem slightly elevated
in the Northeast (~19%-20%) and slightly lower in the Midwest (~15%). The South showed
the most overall excess missed diagnoses among geographic regions (1709-1855, around
55% of total excess missed diagnoses). Although MSM, men (at birth), and Black/White
PWH had larger raw numbers of missed diagnosis, they showed lower levels of missed
diagnosis as compared to other population groups. Further details are provided in Appendix
B (Supplemental Digital Content, http://links.lww.com/QAI/C5).

Stratification robustness analyses confirmed the consistency and reliability of our results,
and we provide these details in Appendix B (Supplemental Digital Content, http://
links.lww.com/QAI/C5).

The validation study on 2019 data confirmed the accuracy of the developed methods,

with the examined methods showing good agreement with NHSS data. Over the entire
population, the %Error (total) was less than 1% and %Error (year-by-year) less than 5% for
all methods. Further analyses on population subgroups showed similar accuracy. Full details
are given in Appendix C (Supplemental Digital Content, http://links.lww.com/QAI/C6).

DISCUSSION

We developed 4 methods to estimate excess missed HIV diagnoses in 2020 among PWH
infected from 2010 to 2019. All methods estimate that there were approximately 3100-3300
(~18%) fewer diagnoses than roughly 18,000 expected among this population in 2020. Our
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estimation techniques, despite their differing formulations, are consistently in agreement,
providing evidence toward their reliability. These missed diagnoses cannot be attributed

to changes in incidence in 2020 and firmly establish that disruptions in testing during

the COVID-19 pandemic is responsible for a large portion of the observed drop in HIV
diagnoses in the United States in 2020. They further indicate that COVID-19 and associated
disruptions have led to a decrease in awareness of infection status.

Our results indicate that different subpopulations were not equally affected by COVID-19-
related disruptions. We found that heterosexuals, PWID, and particularly MSM/PWID,
missed diagnoses at elevated levels as compared to MSM. Despite MSM having a lower
proportion of missed diagnoses than other transmission groups, MSM comprise most (61%,
n~2000) of all missed diagnoses (n = 3,288, using the averaged incidence-based method).
We also found that women (assigned at birth) and Hispanic/Latino PWH also showed
disproportionately high levels of missed diagnosis.

Although the different methods generally agree, we note that the diagnosis-based method

at times gave qualitatively different infection-year trends as compared to the other methods.
This is unsurprising because the other 3 methods are closely related in contrast to the
diagnosis-based method, which is distinct. The diagnosis-based method postulates that
undiagnosed infections follow an infection-year distribution based on that of PWH with
diagnosed infection. By contrast, the other methods make no assumptions on infection-year
distribution and hence may be more suitable for identifying qualitative trends. This was
further supported by our validation study (Appendix C, Supplemental Digital Content, http://
links.lww.com/QAI/C6), in which the incidence-based and diagnosis delay-based methods
accurately predicted the infection-year distributions of our examined subpopulations.

We note that the true number of excess missed diagnoses of PWH infected prepandemic

is almost certainly higher than that reported here; because of limitations on completeness

of data, our estimates only go back to infections dating from 2010 to later. Considering

the decreasing trend in excess missed diagnoses for older infections and the increased
probability of a stage 3 (AIDS) disease classification in 11+ years after infection,20 we
believe the numbers of excess missed diagnoses from 2009 and earlier are likely small
compared with those in the years considered. Nonetheless, they are almost certainly non-
zero. The numbers shown here should therefore be interpreted as /ow-end estimates for total
excess missed diagnoses among PWH infected before 2020.

The public health ramifications of these excess missed diagnoses are potentially severe
because reduced infection awareness is associated with longer delays in linking to care
and viral suppression and increased HIV transmission.21-23 Increasing testing efforts and
innovative strategies toward correcting this diagnosis gap in the coming years may be
necessary to avoid putting the goals of the Ending the HIV Epidemic in the United States
(EHE) initiative at risk.24 We showed that our methods may also be applied to population
stratifications to identify groups who missed diagnoses at high levels.

Given the potential consequences of this diagnosis gap, future analyses in this area
are important. Applying these methods to identify additional disproportionately affected
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subpopulations may help identify where more targeted or tailored approaches are needed

to reach those undiagnosed PWH. Such analyses will help inform efforts toward achieving
health equity, eliminating disparities and improving the health of all population groups.
Although only one-way stratifications were considered in the present, analyses on further
stratification may also be useful in identifying priority populations. Similar projections may
also be performed at different geographic scales, including, for instance, individual EHE
jurisdictions, to help prioritize intervention strategies. Quantifying the costs and benefits of
such interventions, including future increased incidence due to a persisting diagnosis gap, is
also critical.

Although the overall effect of COVID-19 on incidence in 2020 remains unclear at the

time of writing, the results shown here strongly suggest that factors unrelated to changes

in incidence, including disruptions in testing, played a significant role in the observed
reduction in diagnosis levels. As such, this analysis may allow for a more precise
quantification of such incidence-independent effects, enabling us to better understand and
ultimately estimate the other presumed major contributor to the diagnosis drop in 2020: the
effect of the COVID-19 pandemic on HIV incidence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Total Excess Missed HIV Diagnoses in 2020 Among PWH Acquiring Infection 2010-2019 for Each

TABLE 1. -

Examined Group and Method. United States

Total Missed, Group Diag.-Based

Inc.-Based (Linear Fit)

Inc.-Based (Aver aged)

Diag. Delay-Based

Total

Sex at birth
Male
Female

Race/Ethnicity

3154

2407
722

Black or African American 1357

Hispanic/Latino
White
Transmission group
MSM

HET

PWID
MSM/PWID
Region
Northeast

West

South

Midwest

1109
580

1726
741
446
216

451
537
1855
313

3238

2424
790

1366
1054
610

1737
854
370
209

512
649
1762
351

3288

2631
669

1267
1119
688

2034
828
263
207

547
674
1709
368

3315

2624
707

1328
1165
654

1995
867
283
212

518
698
1748
374
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TABLE 2. -

Page 16

Percentage of Expected HIV Diagnoses Missed in 2020 Among PWH Acquiring Infection 2010-2019 for
Each Examined Group and Method, United States

% Missed, Group Diag.-Based Inc.-Based (Linear Fit) Inc.-Based (Averaged) Diag. Delay-Based
Total 17.6% 18.1% 18.3% 18.4%
Sex at birth
Male 16.3% 16.3% 17.5% 17.4%
Female 23.8% 25.6% 22.6% 23.5%
Race/Ethnicity
Black or African American  17.4% 17.5% 16.4% 17.1%
Hispanic/Latino 21.6% 20.8% 21.8% 22.5%
White 14.5% 15.2% 16.8% 16.1%
Transmission group
MSM 14.1% 14.2% 16.2% 15.9%
HET 22.4% 24.9% 24.3% 25.2%
PWID 28.8% 25.1% 19.3% 20.5%
MSM/PWID 31.6% 31.0% 30.8% 31.2%
Region
Northeast 18.1% 20.1% 21.2% 20.3%
West 14.9% 17.5% 18.1% 18.6%
South 19.6% 18.8% 18.4% 18.7%
Midwest 13.5% 14.8% 15.4% 15.7%
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