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Summary: The method of backcalculation was used to estimate the cumulative
number of human immunodeficiency virus type 1 (HIV-1)-infected adults in
Germany from reporting delay-corrected surveillance data on acquired immu-
nodeficiency syndrome (AIDS) in the pretreatment era. Using different back-
calculation approaches with various incubation period distributions, a plausi-
ble range of 13,100 to 23,900 HIV-1-infected adults as of December 31, 1984,
was calculated. Estimates of the number infected at more recent times were
subject to much greater uncertainty. On average, the cumulative incidences
calculated by the nonparametric backprojection method are about 15% lower
than the results from the step function model. Nonparametric backprojection
with the Hessol incubation distribution suggests a declining HIV infection rate
after 1985, as might be expected from German health policies. This distribution
is derived from cohorts of homosexual men, the main fraction of German AIDS
cases. Key Words: Backcalculation—Backprojection—HIV incidence—

Epidemiologic methods.

The method of backcalculation was developed to
give estimates of individuals already infected with
the human immunodeficiency virus type 1 (HIV-1)
in order to project short-term incidence of the ac-
quired immunodeficiency syndrome (AIDS) (1-4).
The method uses information about the AIDS incu-
bation-period distribution, which characterizes the
latency period between infection with HIV-1 and
AIDS onset, to ‘‘backcalculate’’ prior rates of
HIV-1 infection from the numbers of reported
AIDS cases. Projections of future AIDS incidence
can then be obtained by allocating the numbers of

Address correspondence and reprint requests to Dr. A.
Kriamer, Institute of Medical Biometry, University of Tiibingen,
Westbahnhofstrasse 55, N2070 Tiibingen, Germany.

Manuscript received January 21, 1992; accepted June 7, 1993.

74

persons previously infected forward in time, using
rates of disease progression determined from the
incubation distribution.

Effective therapies, such as zidovudine (5,6) and
aerosolized pentamidine (7) have recently pro-
lor ed the incubation period in significant numbers
of AIDS-free persons with advanced HIV-1 infec-
tion (8,9). The effects of therapy can distort esti-
mates of HIV prevalence and future projections of
AIDS incidence obtained from backcalculation,
which, in its original form, was predicated on the
assumption that the incubation distribution did not
change in calendar time. For this reason, we
present estimates of the number infected with HIV
during the pretreatment era. Furthermore, we eval-
uate and compare the impact of different backcal-
culation methods and various incubation-period dis-
tributions on backcalculation results.
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METHODS

German AIDS Surveillance Data

Since 1982, patients with the diagnosis of AIDS are reported to
the AIDS Center in the Federal Republic of Germany. The AIDS
cases were diagnosed on the basis of case definitions and expo-
sure groups provided by the Centers for Disease Control and
World Health Organization. Counts of AIDS incidence were tab-
ulated from data reported to the German AIDS Center before
May 31, 1992. Until May 1991, 6,455 AIDS cases were reported
(70.1% homosexual/bisexual men, 13.2% intravenous drug users,
6.5% blood product recipients, 4.2% heterosexual risk partners,
0.6% prenatal or perinatal infections, and 5.4 with unknown
risk).

The series was adjusted for reporting delays in monthly inter-
vals using the following method, which allows for changes in
reporting behavior (10). Denote by yj the number of new cases
diagnosed for period j (0 < j < 1, where 7 is the most recent
period) and reported with a delay of & periods. Under the as-
sumption that no cases are reported with a delay of more than K
periods, the total number of cases diagnosed for period jis N; =
Si1...x Cito Where ¢ = E(y;) for future periods (j + k> 1), and
Cx = Y clsewhere. The nonparametric maximum-likelihood
methods of Brookmeyer and Damiano (3), Heisterkamp et al.
(11) and Rosenberg (12) are equivalent to estimating recursively
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To take into account that the delay distribution may change
over time, and to give more reliable estimates for recent periods,
this estimate can be modified toward constrained moving base
maximum likelihood (CMBML) estimates based on the previous
b periods (months) only (10). The distribution of diagnosed cases
is locally [i.e., for the following K — k delay periods and the
previous b + (K — k) diagnosis periods] approximated by geo-
metrical increase or decrease (i.e., N.//N,_, = 1)
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The base width b is chosen to minimize the x* prediction error
over the previous 12 months. For the German data, the optimal
base width was 10 months.

A possibility of reporting delays of up to 5 years was allowed.
This would have resulted in slightly higher adjusted estimates of
AIDS incidence than those obtained by the method of Rosenberg
(12). However, our estimates were in fact lower because of im-
provements in reporting behavior primarily in German metropol-
itan cities. The reporting delay adjusted series were calculated
for persons =14 years of age only, because younger persons
have a substantially different natural history (13). Only AIDS
diagnoses through 1987 were used for backcalculation for the
HIV-1 infection curve, because treatment may have modified the
incubation period after that time (8.9).

Statistical Models

Detailed descriptions with further references for the used
backprojection methods are given in Rosenberg et al. (14) for the

flexible parametric approach with step function models and
Becker et al. (4) for the nonparametric approach.

In brief, the infection curve v(s) specifies the instantaneous
infection rate as a function of calendar time. Cumulative HIV
infections and projections for future AIDS incidence are readily
calculated from the infection curve. Assuming that the epidemic
began in 1977, the expected AIDS incidence E(Y)) occurring in

calendar quarter [7;_,, T)) is linked to the infection curve.

EY) = [7 VOIFT, — 5) = FT-1 = 9) ds,

where F(1), the incubation period distribution, is assumed to be
known from studies of natural history. Using the observed and
reporting delay adjusted AIDS incidence Y; and an estimate of
F(2), the method of backcalculation **solves’” this equation for
v(s). Methods for selecting and fitting step function models for
v(s) are given in Rosenberg et al. (14). The second backprojec-
tion approach uses a modification of an expectation maximiza-
tion (EM) algorithm for maximum likelihood estimation with a
smoothing step (EMS) as described in Becker et al. (4). The EMS
method works without parametric assumptions about the form of
the HIV infection curve.

We used the following incubation-period distributions, F(1): (a)
the Weibull curve F(f) = 1 — exp(—0.0021¢*3'%). This estimate
was obtained from individuals from the National Cancer Insti-
tute’s multicenter hemophilia cohort who were older than 20
years at time of infection (15). The median time-to-AIDS was
estimated to be 10.03 years for this cohort; (b) an incubation
period distribution derived from a cohort of homosexual and
bisexual men who were recruited for hepatitis B vaccine trials
(16); (c) distributions based on AIDS incidence and seroconver-
sion rates in San Francisco’s gay community (17,18).

RESULTS

Using backcalculation methods with step func-
tion and EMS approach with different incubation-
period distributions, we estimated that between
13,100 and 23,900 adults in Germany had been in-
fected with HIV-1 prior to December 31, 1984 (Ta-
ble 1). On average, the cumulative incidences cal-
culated by the EMS backprojection were about 15%
lower than the results delivered by the step function
model. The absolute differences were between

TABLE 1. Cumulative number® of HIV-1 infected adults® in
the Federal Republic of Germany as of December 31, 1984

Backprojection procedure

Step EMS
function model  backprojection
Distribution
Hessol 15,400 13,100
Bacchetti & Moss 22,200 18,600
Brookmeyer & Goedert 23,900 20,600

@ Estimates inflated by 10% for underreporting.
b Excludes persons younger than 14 years.
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2,300 and 3,600 adults, depending on the model
used.

Figure 1 shows the estimated incidence of HIV-1
infections in Germany that we obtained by using the
unsmoothed step function backprojection with var-
ious incubation-period distributions. According to
this picture, infections increased in the years 1980
and 1981 and again in 1983, remaining at that level
until 1987. Infection curves estimated from Brook-
meyer and Goedert and Bacchetti and Moss incu-
bation-time distributions revealed an unrealistic
fluctuation of HIV infections. The Brookmeyer and
Goedert distribution shows no new infections be-
tween July 1982 and March 1983, which seems quite
implausible.

Figure 2 displays smoothed backprojection esti-
mates with the EMS algorithm and different incu-
bation-period distributions. The HIV-1 incidence
begins to rise in 1981, reaching a peak in 1984. In
the second half of 1984, there is a decline in HIV
incidence, followed by a second peak in 1985. Al-
though the Bacchetti and Moss distribution reveals
a more rapid increase and a higher first maximum
point than the Hessol curve, both show the same
second peak.

This pattern is not seen for the Brookmeyer and
Goedert incubation-period distribution (Weibull),
which shows only a single maximum point at the

3500

beginning of 1984, followed by a continuous decline
of HIV incidence. In addition, the Weibull distribu-
tion yields a faster rise in HIV incidence than do the
backprojections with the Hessol and the Bacchetti
and Moss distributions.

DISCUSSION

The backcalculated range of 13,100-23,900 for
the cumulative number of HIV-1-infected persons
in Germany includes uncertainty about the backcal-
culation method and the incubation-period distribu-
tion. A more exact calculation of prevalence would
subtract from the number infected those who had
died (i.e., 100 of 200 adult AIDS cases as of Decem-
ber 1984, and 3,200 of 6,400 cases as of May 1991)
as well as the number of intravenous drug users
who died from causes unrelated to AIDS.

The uncertainties shown do not allow for random
error, for which a bootstrap analysis would be use-
ful (14). However, previous work with step function
models indicates that this component of uncertainty
is smaller than that from choice of the incubation-
period distribution (19). For EMS backcalculation,
it seems that stochastic uncertainty may be substan-
tial, especially in the recent past (20).

In principle, the optimal strategy for estimating
HIV-1 prevalence would be direct serologic testing

3000 —

2500 —

Hessol

N
o
o
[}
|

1500 —

Incidence
Quarterly

1000 —

500

O ( FE]
7 78 79 80 81

I : .
»Inilllt||lllllrllllll:ll‘llllli||Il6[l

82 83 84 85 86 87

Quarter of Infection

FIG. 1. HIV-1incidence in the Federal Republic of Germany with the step function model. The quarterly incidence was estimated
from observed and reporting delay-corrected AIDS incidence, using the three different incubation-time distribution models of
Hessol, Bacchetti and Moss (B&M), and Brookmeyer and Goedert (B&G). A rise of infections was observed in the year 1981, with
a plateau from 1983 to 1987. Note that the Bacchetti and Moss and the Brookmeyer and Goedert incubation models gave an
unrealistic fluctuation, with no new infections between July 1982 and March 1983 for the Brookmeyer and Goedert distribution.
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FIG.2. HIV-1incidence in the Federal Republic
of Germany with the smoothed EMS backpro-
jection approach and various incubation-period
distributions. After the initial rise in 1981, the
Weibull distribution show a single peak in the
first quarter of 1984 followed by a continuous
decline of HIV incidence. The other distribution
models reveal a second maximum point in 1985
and a slower increase of HIV incidence in the
years before.
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of a probability sample of the general population.
However, nonresponse bias is a significant practical
problem with this approach (21). Another strategy
used in the United States employs the method of
anonymous unlinked testing of certain groups of
subjects, such as hospital applicants, Job Corps ap-
plicants, civilian applicants to the military, and
childbearing women. Such data are not available in
Germany. The method of backcalculation yields
very uncertain estimates of the number of persons
infected through June 30, 1987 or later, because of
inherent limitations of the backcalculation method
(19). We doubt that our estimates of HIV preva-
lence have been influenced by the effects of treat-
ment, because we used incidence data only through
June 30, 1987. Backcalculation tells us very little
about the numbers infected from end 1984 to mid
1987. However, step function models with long last
steps are likely to overestimate the recent infection
rate if the infection curve is sharply decreasing (22).
It is possible that backcalculation with EMS is bi-
ased, too, but necessary simulation studies remain
to be done. The main source of uncertainties in es-
timates through December 31, 1984, is choice of
incubation distribution. Exactly how the infection
curve is modeled has a comparatively minor effect.

The preceding figures of the cumulative number
of HIV-1l-infected persons are in agreement with
estimates reported from the German AIDS Center
of the total number of HIV-l-infected persons in
Germany (23). It is considered unlikely that further
rapid epidemic spread of HIV-1 infections has oc-
curred in Germany in recent years because there
has been no increase in other sexually transmitted

diseases. We therefore assume that the number of
HIV-1-infected persons in this country currently
does not exceed 30,000 (24).

The unsmoothed backprojection with the step
function shows an initial peak of HIV-1 incidence in
the years 1981 through 1982, which is followed by a
sharp increase in 1983 and a plateau until 1987. The
Brookmeyer and Goedert (Weibull) distribution
shows a quite implausible incidence decrease to
zero infected persons in 1982 through 1983.

Using the smoothed EM backcalculation ap-
proach, estimates of HIV-1 incidence in Germany
revealed a rise, starting in the year 1980, an initial
peak of new infections in the first quarter of 1984,
and apart from the Weibull distribution, a second
peak in 1985 (Fig. 2).

The increase of the quarterly numbers and the
magnitude of the peaks varies depending on the in-
cubation-period distributions used. The Brook-
meyer and Goedert (Weibull) and Bacchetti and
Moss distributions show a fast rise and an early
well-marked peak of HIV-1 incidences in the first
quarter of 1984. The Hessol distribution delivers a
slower increase and a maximum point in 1985. The
Bacchetti and Jewell incubation-period distribution
(18), which is also based on cohorts of gay men,
gave a shape very similar to the Hessol distribution.

This general pattern of new infections is consis-
tent with the concept that the epidemic evolved in
Germany with a delay of about 2 years after that in
the United States. Public health policies, such as
blood-donor screening for HIV, heat treatment of
blood factor concentrates, information campaigns,
and behavioral changes make a decline in HIV in-
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cidence after a maximum in 1985 plausible, as it is
shown by the Hessol incubation-period distribu-
tion, using the EMS backcalculation algorithm.

The Hessol cohort consisted of homosexual men
who were recruited in the San Francisco area in the
late 1970s for the purpose of hepatitis B vaccine
trials. Because ~70% of the German AIDS cases
were homosexual men, it may be appropriate to use
an incubation-period distribution for backcalcula-
tion that is derived from homosexual men rather
than from hemophilic persons, who account for
only a small proportion of AIDS cases in Germany
(4.5%). Differences between exposure groups with
respect to the incubation-period distribution appear
quite likely if one considers, for example, that Ka-
posi’s sarcoma is much more frequent in homosex-
ual men than in hemophilic persons and that Kapo-
si’s sarcoma tends to occur earlier than opportunis-
tic infections (25).
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