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Introductlion

A key epidemiologic deseriptor of an infectious disease is
the time it takes fromvinfection 1o overt discase: the incu-
bation pertod [1,2]. In this review, the origin from which
thie period starts being nicasured is determined by HIV-1
seroconversion, and the cvent diat determines the end of
the periodd i the occurvence of one of the clinieal con-
ditions defining AIDS (not shply having 2 C124+
lymploeyte count << 200<10°/1) [3).

Types of seroconverler studies

Caoboct studies of FlIV-mafected inclividuals fatl broadly
o three nn types: seroincident coliorts, seroprevalent
colinrs with known seroconvension dates, and sero-
prevalent cohorts with uaknown seroconversion dares.
Steictly speaking seroconversion dares’ are (almost)
rever known, but in eohort studies one cin determine
seaconvenion intervaly defined by dates of last negative
and finst posidve tests. Por this review “known scrocon-
version dares” refer to cases i which both the hast nega-
tive and fisst positive dates are hnown wilh correspond-
sng intervals usially shorter than | year in lennh, The
first bwo types of stuchies are often referred to as 'serocon-
verter studies” and the third as ‘seraprevalone sdies”,
The value of and prollenn associated with seroincident
and scroprevalent cohorts have been previously
deseribied {2,4], However, further discussion of the difs
feeent types of seroconverter stodies is valuable.

Prospective incident cohor(s

HIV-negative individuals from a well-defined popula~
tion are followed ind seroconversions witnessed. Due to
the low invidence of TIV-1 infeetion  most popula.
tions [5-5], these stadies require substantial resources per
OV posinve subject, beearese a Large group of individu-
aly ot be followed o identify the seroconverters, and
those who agree to participaite may not be representative
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of the population from which they are sampled. How-
ever, these are the ondy seudics that provide the full natu-
ral history of HIV infection. Examples of studics such as
trese include the Multicenter AIDS Cobort Study
(MACS) 9], the Amisterdam Coliort Studies of Hujuan
Immune Deficiency Virus Infection and AIDS among
Homosexual Men [10] and Drug Users [11], and studics
carried out among military personnel [12].

Retrospective incidence cohorts

Muewbers of these cohorts again come from a well-
defined population, although scroconversions have
occurred in the past. Studies of this type include cohorts
of hemophilic individuals {13,14] and paticors recruited
imto trials of the hepatitis B vaccine [5]. These individu-
als were carcfully followed for reasons unrelated to IV,
and blood samples stored were retraspectively tested for
HIV infcction once a test became available, Since indi-
viduals whe have not been seen may need to be tracked
to oblain permission for testing stored samples, thete
may be many individuals wich stored samples who can
not be contacted or who refuse to pacticipite [6].

Prospective prevalent cohor(s with known dates of
seroconversion

These cohorts opportunisucally recruit new individuals
with both a positive antibody cest and 4 recent nepative
test. Unlike true incident cohorts, most patients are not
under active follow-up prior to infection. However,
these stndics are more resource-e(ficivnt, in that they
only involve follow-up of HlV.infected subjects, and
therefore may be very Lirge [15), However, these studies
often require the pooling of a large number of cearers,
wich the inuinsic difficalty of assuring stapdardized pro-
cedures for the determination of seroconversions and
clinical outcomes [16). In addition, there js a potential
problem with bias from (s type of study, with patients
with carly 11V related symproms, who may develop
AIDS more rupidly ¢han other patients, presenting
sooner alter a negative test than those without symp-
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touns. Those whao perceive thenselves to be at risk of
[TIV infecton will be overrepresented in such cohorts.
due to a tendency to seck serial Lests,

Retrospective prevalenl cohorts with known dates
of seroconversion

It is possible to retrospectively reconstruee a prevalent
cohort of persons witly known dates of seroconversion
(17-19]. There is a danger of survivor bias, such that the
probubility of a person being included in the retrospece
tive ¢oliort is dependent on therr vital status at a given
time, with those who died soon after seroconversion
being less likely o be included than those remaining
alive [20]. Tn order vo avoid this bias, ir is essential that
persons only contribure information to the incubation
period estimates from the fime of active follow-up (left-
truncation or late entry). Clearly, the problems identified
above with prospective prevalent studies are also relevant
1 refrogpective studies,

Methods to juxtapose prevalent and
seroconverter cohorts

— e e -

Seroconverter cohorts (i.e. with known dates of serocon-
venion) provide the most appropriate data for the esti-
maion of the incubation period of AIDS, The non-
parmetric Kaplin: Meter ancthod (or its extension to
include rrancation) has been the most widely used pro-
cedure for the estimarion of the distributton of the incu-
bation period of AIDS [14,16,21-23]. Due 10 the long
incubation of AIDS, scroconverter cohorts must be fol-
lowed for many years in order to acerue enough discase
outcomes for reliable incubation period cstimation.
Prevalent cohores (e, with unknown dates of scrocon-
version) require loss follow-up to oblain a sizable num-
ber of clinical cadpoints and are ore readily available,
In order to nake vse of prevalent coborts for the vstima-
tion of the AIDS incubation period, procedures to deters
mine the mising information on duration of infection
prior to sticly entry are necessary. This has been under-
taken tn several ways by different investigacors. In the fieso
approach, imputation of the unknown duration of infec-
tion is based on the characieristics of the seroconversion
curve of the population rons which the study is drawn
[24-29]. A sccond approach uses data at the individual
level to determine how long the individual has been
infecled prior to curry into the study. A source of data is
the history of sexual behavior that was likely to result in
HIV infection (.. dates of sexual concacts with index
cases) [30]. Another source of data is the observed times
ameayr seroconveriers when certain values of markers
that change after scroconversion occtr. Under the
assunaption that the trajectories of the biological markers
are similar to those observed in the incident cohort, the
duration of infection in members of the prevalent cohort
catt be determiined using their macker values provided at
baseline [31,32). The distribution of the incubation

period can be estimated by the cxtension of the Kaplan -
Mcicer mcthod, incorporating truncation and standard
error of (he esimates should be computed using mul-
tiple imputation procedures [33], Failure to incorporate
truncauon (1.e. adjustnent for not obscrving all fase pro-
gressors) or complete lack of concurrently observing a
subsample from the date of scroconversion will result in
underestimation of the incidence of AIDS (i.e. overest-
mation of the median incubation period) [18]. Two
important features of juxtaposing the incident and com-
pleted prevalent cohorts are that one cohort comple-
ments the other and due to elongation obtained by
imputing the missing durations, inforimation on the pro-
pottion AIDS-frce at time periods longer than the dura-
tion of the study is attainable. Methodologically, these
concepis are analogous to those in mieta-analysis where
onc srudy supplements others and, therefore, one miay
refer to the methods reviewed here a8 Juxta-analysis,

The methods described above use markers of duration of
infeeton obscrved in scroconverters to determine the
missing durations of infection in the seroprevalent
cohort. Conversely, one may use the sizable prevalent
cohorts to develop a mode] for residual AINS-free peri-
ods based on markers of disease progression. This leads to
an alternative approach for juxtaposing prevalent and
scroconverter subcohorts by determining the residual
AIDS-free period of the eensored observations in the
seroconverter cohort, The imputation of residual AIDS-
free periods is based on the values of prognostic markers
at the last time individuals were scen [34). This finding is
of dircce clinical importance in that it suggests that the
short-term risk of AIDS is similar in those with the same
CD4 count, even if (hey have been seropositive [or dif-
ferent lengihs of time [35,36]. Some limitations of these
methods have been documented {37], bur additional
analyses [38] have supporred the validity of the infer-
ences,

The ranges of the cstimates of the median of the incuba-
tion period of AIDS have been found to be 8.3-10.7
years in homo-/bisexual men [6,21,22,28,33,34,39--42),
10.2-11.6 years in injecting drug users (IDU)
[18,23,32), and 12.6-16.5 years in iemophiliacs
[13,14,43]. The differences in the estimates are probably
mainly duc to the heterogenicity of the incubation of
AIDS according to the age at seroconversion (sce below)
and 1y also be due to differences in the spectrum of
AIDS-dcfining conditions (e.g. Kaposi's sarcoma being
common in homosexual men, but rare in 1DV),

Methods to incorporate incompleteness of
outcome data

In most cohort studics, observation of tlie occurrence of
the outcome of interest (e.g. AIDS) is not complete.
Carcful consideration should be given to the censoring
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strategy in studies of the incubation period of AIDS,
Censoring at the last rime individuals were seen could
lead to biused estimares if cuses wre actively sought and
collecred up to the date of the analysis [22,41,44). Fur-
thermore, if external sources of case reports are available,
the Tevel of ascertainment is improved and in the limit
(i.¢. complete ascertaininent) it will be more appropriate
to ceusor all those AILS free at the date of analysis (45].
Since for most studies the appropriale cemnoring strategy
will be saniewhere betwoen the two extremes (i.c. at last
time seen and au date of analysis), it is preferable to cen-
sor at the dae of analysis AIDS-free individhials seen
tward the end of the study (e.g. within 1 year of the date
ofanalysis), and for tie rest (e, those last scen more than
Uyear before the dace of analysis) at the date last seen
[ 18,42]. Tt may abso be necessary to consider those cases
on whom the intepval between e lagg time seen AIDS-
free and the dare of diagnosis is very long as censored at
the Tast fine seen.

Another mechanism chat precludes the observadon of
the outeome of interest is tlie occurrence of an interme-
diare outcome, whereby the individual exits risk for the
aueome (1., no longer at risk for the outcome of inter -
est). In the contexe of AIDS, this is the case when pre-
AIDS mortality is of subsuntial magnitnde [46-49).
Smee it is likely thar those who had died would have
soon developed AIDS Lad they not died, treating deaths
fromy other causes as censored obscrvations will result in
an onder-estination of the hazard ol” AIDS. Alrernative
methods need to be used in the analysis of this type of
dara [50,51].

Models for the incubation period

Paramicleic analyses of the wenbation period of AIDS
have been used ta estimate the proportion of infected
individaals who will eventually develop AIDS [52] and
o implenent hack-calenlation procedures [4). Parimet-
ue represston madels {or the identification of factors
explaining the beterogeneity of the incubation of ATDS
ave & useful alwernative to Cox regression and provide a
direce comparison of median values in different sub-
groups [53-55].

Using cohorls of serocouverters with observed follow-
up durations of up 1o 6 years from seroconversion, several
investigators luve used the Weibull model for the incu-
bation of AIDS [18,52,56 577, Other invesngators have
fund thas althougl the hazard of AIDS incteases during
the first 6-8 years froni seroconversion, the curvature
changes and the hazard slows down and wnds o atten
ol [13,27,28,33,34). This aieennanon of the hazard is
more cansonaint with the log-norual model being an
appropriate distribution for the iacubation period of
ATDS. o decide wineh parametrization js more 3ppro-
priate, it is necessary 1o have data on coharts that have
bevn followed for peniods longer than thee median aneu -

bation period {2,13] and to use hicrarchial models thac
allow for likclihood-based hypothesis testing [58,59].
Using dara on 2125 HIV-seropositive homosexual men
with 1199 AIDS cases and a median follow-up after
scroconversion of 10.7 years among the 926 AIDS-free
men, it has recently been reporred that the fit provided
by the log-normal model was very close to that provided
by a more general three-parameter logistic modcl {42],
Both the Jog-normal and the three-parameter logistic
models were close to the non-parametric estimate and
significanily better than the fit of the Weibull model,
These findings were independently confirmed using data
from the Triconrtinenral Seroconverter Study on 422
seroconverters whose median date of seroconversion was
mid-1985 (P Veugelers, personal comnunication, 1996).
In rhis analysis, dara from 153 AIDS patients were used,
where those for whom the interval between the last time
AIDS -free and the date of diagnosis exceeded 2 years
were treated as censored.

The slowing of the hazard of AIDS for those who man-
age to remain AIDS free for more than 10 years nay
well deserabe the natural lustory of 11V inlection in the
same way as for other infectious direases [1,60]. 1Tow-
even, in the case of LUV infection, it may also be due in
part to the effectiveness of AIDS (herapies and to mis-
clawsification crrors tesulting from imputation of
unknown durations for the seroprevalent subcohort.
Since the therapics gencerally available prior to 1996 were
of limited and transient efficacy, it is unlikely that wreat-
taent pliys a nuajor role in ¢xplining the attenuasion of
the hazard funcion of AIDS. In addition, the confirma-
ton of the appropriateness of the log.normal model on
the sewoconverters from the Tricontinental Serocon-
verter Study makes it unlikely thar the attenuation is due
to misclassification error,

Incubation period and age at
seroconversion

W aa

In general, exposure group, sex and cthnicity differences
in the incubation period are small (61,62} and can
mainly be expliined by factors such as differing access to
¢are, the frequency of different A1DS-delining condi-
tions in differens risk groups or by age differences in the
groups studied [17,23,49,63]. Although no differences
by cthaicjty have boen reported. genetic factors associ-
ated with slow progression have recently been proposed
[64,65]. Age is possibly the only cofactor thae hus been
consistently shown to be associated with discase progres-
sion [12,23.01]), especially m hemophilic patients m
whom the age-runge is widest [14,16,57,66].

Using semiparametric methods. several investigators have
found hat younper individuals had longer AIDS-free
times, although the reported associations did not reach
nominal levels of staristical significance [18,21,22,26,57).
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Using log-normal regression ethods on data from
MACS [42], it has been shown that the effect of ape ar
scroconversion is soongly significant (P < 0.001) and
that the median incubarion of AINS (in years) in homo-
sexvial men is estimated by exp[2.2284 — 0.0133%(age at
scroconversion -+ 30)|. Therefoee, for a 10-year increase
in age at seroconversion, the incubation of AIDS is
reduced by the fictor exp(-- 0.0133%10) = 0.875, These
findings were independently conficmied using dara on
232 AIDS-free and 88 AIDS patients among the homo-
sexual ;oen followed by the Tralian Seroconversion Study
(P ezzotti, personal communication, 1996), Specifically,
wsing the log-normal wadel the estimated cffect of a
LO0~year iucrease in age at scroconversion was
exp(~0,0130410) = 0.878, which was altmost identical
to the 0,875 provided by the MACS dara, Fig. 1 shows
these estimates of the median incubation of AINDS for
different age values and the corresponding 90% confi-
detiee bands from MACS in comparison with estimatcs
from othier studies.
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Fig. 1. Estimates of moedian incubation of ANDS in ycars for
different age values and the corrasponding 90% confidenco
bands (CB). Lines depict estimates and 90% CB of median
incubation of AIDS by agr at secoconversion based on the
Jog-normal mode! and data from the Multicenter AIDS
Coliart Stuely (MACS) 142], The box-plot describes the distri-
bution of the ages of those in MACS used for the estination
of the curves, The numbers in the graph depict estimates pro-
vided Ly other cohonls. 1, Tangini et al. [121; 2, Rosenberg et
al. 1571 3, Hessol ¢t all [211; 4, Veugelers et al, [221; 5, van
Grivnsven ot alo [411; 6, Pezzotl er af, [23); 7, Darby et al.
1AL The “2% ar ape 40 yoxrs correspond 1o estimates under
dilferent models, and ‘4’ and /8" are joined becausoe they are
estimates under different cansoring strategies using the same
cohort. It can be scen that aiter adjusting by the age at sero-
coiversion, the agreainent between different studics is fairly
good, and that most of the differences are adequately
explained by different coharts having seraconverted at differ-
ent ayes, The devialions of '3 and 7" may be due in part 1o
truncation and pre-AlDS mortality not belng incorporated in
the respective analyses.

Early markers of disease progression

Symptomatic primary HIV infection

Between 10 and 70% of individuals are reported co expe-
ricnee symproms at the time of primary infection with
I1IV [67,68]. It has been suggested that the presence or
extent of symiptormalic infection may be associated with
subsequene disease progression [69-72]. In onc study of
IDU, anly 6.5% of those remaining asymptonatic at the
time of seroconversion had developed AIDS by 4.5 years
cotupared with 26.8% of those with symptomatic pri-
mary infection [68]. At the X! Intcrnational Confirence
on AIDS (Vancouver, July 1996), Veugelers er al. [73]
reporred that of all evaluated symptoms, only individuals
experiencing fever were at increased risk of AIDS; no
other symprom was related to disease progression,

The explanation for a faster rate of progression in symp-
tomatic individuals remains unclear, One suggestion is
that the presence of symproms may be velated to a higher
peak viral load ac the time of seroconverston. However,
while a number of studies |72,74,75] have reported viral
load within the first 2 years afier seroconversion 1o be
related to progression, there is limited evidence that the
peak of viral load expericnced at the time of seroconver-
sion is related to either the development of symptomaric
infection or subsequent CL4 decline. This lack of evi-
dence may relate co difficuldies in measuring peak viral
load levels in sevoconverting individuals and to smuall
numbers of individuals usually recruited into these stud-
fes,

Markers soon after seroconversion

Whelher viral or immunologic measurements in the
short period after seraconversion arc influential in deter-
mining the incubation period of HIV is of interest as this
implics that clinical progression may be due in part to an
individual's immunologic control of initial mfection,
RNA levels measured soon after seroconversion have
been recently reported to be related to subscquent dis-
ease progression and CD4 decline [74-76). However,
other markers that have also been shown ta be related to
subsequent disease progression include the CD4 and
CD8 lymphocyte counts {77), in particular the
CD8+HLA-DR+CD 38~ subsct (78], ncopterin and
B.-microglobulin [79], and immunoglobulin A [77].
Whether these stay independentdly associated wich dis-
ease progression after adjustment for RNA levels remains
to be seen.

Variations of incubation of AIDS by
calendar period

Although clinical trials have demonstrated efficacy of
several treaunents for HIV-infeeted individuals, prior to
1996 their effecrs at the population level have pot been
large. Cohorr studies have not shown a clear lengthening
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of the incubation of ATDS over calendar periods corre-
spronding to inereasing Jevels of use of treatnent at the
populasion level [80,81). The largest impact of therapies
ab the population level has been the change in the spee-
i of AINS-defining conditions [82-%4].

Since different AINDS therapies have been introduced at
different calendar periods, 1t is ol fnterest 1o assess
whether the hazard of ATDS in HIV. mfected individuals
hay decreased with calundar year. Since the seropositive
cohorts us a whole have aged and declined in the levels
of the CDA cell count, failure to adjust for the propres-
sive immunosuppression of the cohort as 2 whole may
resolt in later ealendar periods showing a higher havard
of AIDS [21]. Siwtlaely, althougl shorter incubartion
periods in cohorts of recent Lerognnverles are siggestive
ot higher hazard of AIDS possibly duc vo increasing
virvlence of the infecdous apent, shoner incubation
periods may simply be explained by the older age 1t
which the cohorws seroconverted in comparison to
prevalent coborts that seroconverted at @ younger age
und in carlier calendar periods (e confounding between
ape atseraconvetsion aud calendar period) {85]. Further-
mare, studics from lagpe coborts of homosexual men and
IDU have docnmented thae changes of imnunologic
markers st HIV seraconversion do not show calendar
wendy sugrgestive of 1ncreasing virulence [86,87); aud
survival of AIDS free HIV-infecwed individuals with
CDA cell counts of lets than 350X 101 has been shown
to improve since andretrovieal and TV prophylactic
treatments have becotne available [88].

When establishing the chunges of the mcubanon period
over calendar time, it is iinportant ta adjust by the over-
all level of immunosuppressian and by the apres of the
smdividiale e risk of disense at different caleudar periods.
Since it has been shown dhat given the CDA eell count,
the huzard of AUDS is not dependent on the duration of
infeetion {33,36,38), the analysis simplifics to a Poisson
regression stravificd by CIDE cell coune categories with
age andl ealendar as categanical covariates [42). Using this
approach, thie hazard of AIDS Jag decreased over calen-
dar perinds with increasing use of trealiment in those
with tow CDJ counts [42,89.90], Comparisons of the
weubition pentod in the future must take into account
the specilic underlying ereatment opportuniies in the
groups studied and analgsis should adjuse for known Ge-
tors associated with progression and correlated wich cal-
enday portoacl.

L.ong-term non-progressors: a discrete
groupt

+ e o st t 31 [

Wipthael Tong-term non- progressors (CUNP) are a1 dis-
crite group who never progress, o whether they siniply
represcar very slow progressors who will ultimataely
develop AIDS given cuough tune, has been the subjeut

of debate [28,52,91-95]. While there is indication that
behavioral or sociveconomiuc factors are not associated
with long-term non-progression [94], evidence for both
virologic and imnwnoelogic characteristics associated
with LTNP is growing, including viral nef deletions [96],
human leukocyre antigen elass I alleles [97], and the
recent suggestions of C.C chemokine receptor CKRS
A32 deletions [65). While these studies point to both
viral and host factors, the reliive contribution of these
factors in determining non-progression is still unclear, In
fact, one-third to one-half of individuals identified as
LENP in large cobores progress within 3-4 years [98,99].
One explanation may be the varying dcfnidons of
LTNP status eurrently wed. Some definitions depend on
a patient simply maintaining a high CD4 count and
rermaining AIDS—free for a certain perjod of time; others
may further restrice TTNP status to those who have not
experienced any decline in the CD4 count (1.¢. a non-
negative CD4 slope) aver previous years. Compartison of
definrtions of LINP status have shown that the choice of
definition has a large impact on both the scelection of
irclividuals defined as LTNP and also on the stability of
this patient group over time [100,101]. Definitions thae
do not incorporare a measure of C4 decline ave loss
stable and are more likely ta include individuals who
may progress over subseyuent years than definitions that
include this restriction.

Given our knowledge of CI4 decline and the relation-
ship between the CD4 count and the development of
AIDS, some studies have used CI4 parcerns over (he first
yeurs af the cpidemic to project forward to estimate che
proporiion of individuals who will develop AIDS by 20
years (rom scroconversion [102]. Using this type of
analysis, approximately 23% of infected hemoplhiliacs are
expected o remain AIDS-free for over 20 years. In con-
sonance with longer incubadon in hemophliaes (Fip. 1)
these estimates are twice as high as those obtained from
predictions based on models for the imcubation period of
AIDS in homosexua] men {93]. As the use ofmare inter-
vendons with stronger cffects continues to oceur (e.g,
combination of nudeonde analog drugs with protease
inhibitors), it will be more challenging to 1denufy the
nataral factors associated with longeterm non-
progression that may lead to further scientific insipht,

Summary

Given the eflect of age at seroconversion on the incuba-
non of AIDS, there is not 4 median incvbaton period
but there are medians of mcubation periods, o this
review, we compared studies using the estimates of the
median incubanon of AIDS incorporating the duffer-
ences in ages at the tine of seroconversion in dilferent
coborts, 'reviows reviews have compared studies nang
the cumulative incidence of AIDS ar Gized durabons of
infecuon (e.g. 7 years) [2,28], and, as here, the varabdivy
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of the estimates may he explained largely by the ages at
which dificrent cohoris seroconverted. It is possible that
the effect of agie ar seroconversion s stronger at younger
ages (eg. a quadratic cffect of age) and the cffcct may
attenuate at longer durarions of infection (i.¢. non-
proportional relative pereentiles [55]). Furthermore, sev-
cral stilios have shown that given the C4 cell count in
AIDS-free HIV-infected individuals, the lengths of time
individuals have been infecied do noe provide significant
addditional inforniation for the estinuion of the residnal
AIDS-free time [35,36,38], Therefore, it is likely that
once CDA4 is determined, age at seroconversion also pro-
vides less information. Indecd, for individaals with CD4
cell counts loss than 200X10°/1, the incidence of AIDS
lias been shown not to be significantly associated with
age [42,103,104]. Among individuals with CD4 cell
caunts above 350x 10"/}, Uie hazard of ALDS is low, but
older individuals are at relatively higher hazard of AIDS
than younger individuals with similarly bigh counts of
€124 cells [42]. [f both viral load and CD4 ¢ell counts are
known, the prognostic informadon provided by age is
further disninished but not coupletely cliniinared [105).

Here we have stunmarized the substantal advances in
the modeling of the incubation period of AIDS,
although Rarther rescarch is needed for the modeling of
the tine from scroconversion Lo death, When establish-
ing, the changes of the incubation period over calendar
time, it is crucial to adjust by the overall Jevel of
nmnunosuppression/viral load, and possibly by the age
of the individual ar (isk of disease at different calendar
periads. Individuals of comparable ages who have
deereased to a CD4 cell count below 200%X10°/1 in cal-
endar periods when AIDS therapics were available have
been shown 1o be at lower risk of AIDS than those who
didd so at periods prior vo the identification of cfficacions
weauncents, Failure to adjust by smmwinosuppression/viral
load and age nuay resule in spurious associations and mis-
leadling effects of therapics or virulence of the infectious
agent, Finally, the identification of LI'ND is of great
inrerest, and although it does not scernt that they con-
form as a discrete group, their comparison with fast and
moderate progressors may provide key ¢lements to
explain the considerably larpe variability of the incuba-
tion periods of AIDS,
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