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Abstract
Introduction: The Spectrum/AIM model is used by national HIV programs and UNAIDS to prepare annual estimates of key
HIV indicators. This article describes key updates to paediatric and adult models for the 2021 round of HIV estimates.
Methods: Potential updates to Spectrum arise due to newly available data, new analyses of existing data, and the need for
new issues to be addressed. Updates are guided by experts through the UNAIDS Reference Group on Estimates, Modelling
and Projections. Changes are tested and assessed for impact before being accepted into the final model.
Results: Spectrum tracks children living with HIV by CD4% for ages 0–4 and CD4 count for ages 5–14. Data from IeDEA
treatment sites have been used to map the transition from CD4% to CD4 count at age 5. Breastfeeding patterns in sub-
Saharan Africa have been updated with the latest survey data and estimates of continuation on antiretroviral therapy (ART)
with breastfeeding have been revised based on recent studies. Model assumptions about the CD4 counts of people who drop
out of ART have been revised to account for CD4 count increases while on treatment. If available, monthly data on numbers
on ART can now be used to estimate the effects of COVID-19-related disruptions during 2020.
Conclusions: These changes are intended to provide more accurate estimates of HIV burden. The effects of these changes
on paediatric indicators are small except in countries with new surveys that might have updated patterns of breastfeeding.
Changes to the adult model have little effect on total new infections. AIDS-related deaths will be somewhat lower in countries
that have data on ART drop out but might be increased by HIV care disruptions due to COVID-19. The updated model uses
newly available data to improve the estimation of paediatric and adult HIV indicators.
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1 INTRODUCT ION

Most countries prepare annual estimates of key HIV indica-
tors which are used for national planning and published annu-
ally by UNAIDS [1]. UNAIDS provides technical assistance
through the provision of tools, training and assessment of
data quality. The Spectrum/AIM model is one of the key tools
used to produce the HIV estimates (Figure 1). In the model,
each year the population ages and is subject to non-AIDS
mortality, migration and the risk of HIV infection. New child
infections are determined from prevalence among pregnant
women, use of antiretroviral drugs (ARVs) and transmission
rates by ARV regimen. New adult infections are based on inci-
dence trends as estimated by exogenous models (Estimation
and Projection Package [2], Case Surveillance and Vital Regis-

tration [3], AIDS Epidemic Model [4]). New infections are dis-
tributed by age, sex and CD4 count category and tracked over
time as individual’s age, progress to lower CD4 categories,
initiate antiretroviral therapy (ART) or die. Rates of progres-
sion to lower CD4 categories and death on and off ART
are derived from fitting to survey, cohort and patient data.
Details of the methods and assumptions are available in previ-
ous publications [5,6]. Spectrum is freely available and can be
downloaded from https://avenirhealth.org/software-spectrum.
php or used through a web-based application (https://aim.
spectrumweb.org/).

Spectrum is updated annually in response to new data, new
program priorities and new issues. This article describes the
updates to data and methods incorporated into Spectrum for
the 2021 HIV estimates.
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Figure 1. Structure of Spectrum/AIM model.

2 METHODS

An expert working group (UNAIDS Reference Group on
Estimates, Modelling and Projections [http://www.epidem.org])
reviews evidence and makes recommendations for Spectrum
updates. Some of the major changes for 2020 are discussed
in other articles in this supplement. This article describes
changes for three topics that use new data to update param-
eter values (mapping the transition of children with HIV from
CD4% to CD4 count at age 5, the continuation of pregnant
women on ART during breastfeeding and breastfeeding pat-
terns among women living with HIV), one topic that responds
to new program priorities (understanding the size of the pre-
viously treated population) and one new issue (COVID-19).

2.1 Mapping the transition from CD4% to CD4
count for children with HIV

In Spectrum, when children with HIV turn 5 years old they
transition from compartments defined by CD4% to compart-
ments defined by CD4 counts, based on a matrix of transition
probabilities. The probabilities were informed by data from
the HIV Pediatric Prognostic Markers Collaborative Study
(HPPMCS) [7,8]. We used new data from the International
epidemiological Databases to Evaluate AIDS (IeDEA) [9,10] to
update these transition probabilities.

The dataset (n=4851) includes children who initiated treat-
ment during 2003 to 2017 within a year of their fifth birth-
day, and from five regions — two-thirds of the children (65%)
are from southern Africa, 18 and 8% from East and West

Africa respectively, and 9 and 1% from Asia-Pacific and the
Caribbean, central and South America region, respectively.
There are approximately equal numbers of males and females.
Children had both CD4% and CD4 count values at ART initi-
ation recorded, and the values were measured on the same
date, closest to, and within 6 months before and 2 weeks
after, the ART start date.

For each CD4% category, the relative frequency of CD4
count categories was measured using categories consistent
with the Spectrum compartments.

2.2 ART continuation during breastfeeding

Program data on the number of women with HIV receiving
ART while pregnant or breastfeeding are used to calculate
the number of children who acquire HIV. Programs frequently
report the number of women on ART at delivery, but gener-
ally do not include information about ART continuation during
breastfeeding. The prior Spectrum default assumption, based
on a 2018 literature review [5], was that 1.6% of women dis-
engage from care and stop ART per month of breastfeeding.
We undertook a literature review and meta-analysis to update
this assumption and account for the potential impact of silent
transfers (i.e., unrecognized transfers of care between clinics)
on estimates of ART continuation during breastfeeding.

We reviewed conference abstracts (CROI and IAS for
2017–2019) and the published literature (PubMed, EMBASE
and Web of Science from 1 January 2012 to 30 September
2019) for studies reporting the proportion of women engaged
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in HIV care postpartum. We assumed that all women engaged
in HIV care were on ART; breastfeeding practices were not
reported in most studies, so we used engagement in care
postpartum as a proxy for engagement in care during breast-
feeding. Studies were excluded if they took place before the
implementation of guidelines for lifelong ART for all pregnant
women with HIV. We identified 1641 unique records that
were possibly relevant and, after review, used 54 records for
the analysis (Appendix S1). More than 80% of participants in
the included studies were from sub-Saharan Africa, with the
rest from Haiti, Europe and the United States.

Maternal engagement in care was analysed by UNAIDS
region at delivery and then at 1–6, 7–12 and 13–24 months
postpartum among women who were in care at delivery (see
Appendix S1 for full details regarding data extraction and
analysis). At all time points, reported patient transfers and
deaths were removed from the denominator of women at
risk for disengagement. Three studies reported data on silent
transfers among postpartum women identified via patient
tracing and/or database review; in these, an average of 34% of
participants originally classified as lost to follow-up had trans-
ferred to another clinic and was still engaged in care [11–13].
Therefore, a 34% silent transfer rate was applied to the pro-
portion of postpartum women reported as lost to follow-up
in studies that did not measure transfers. After incorporat-
ing this adjustment, we conducted a meta-analysis to esti-
mate the pooled proportion of women engaged in care at
each time point postpartum. We then derived a constant rate
of postpartum disengagement from care and translated this
rate to a monthly risk. As disengagement was more frequent
in the early postpartum period, we calculated monthly risks
separately for the first 12 months postpartum and after 12
months postpartum.

2.3 Updates to breastfeeding patterns in
sub-Saharan Africa

Breastfeeding inputs to Spectrum quantify the proportion of
women with HIV currently breastfeeding by lastborn child’s
age, maternal ART status and year. For previous estimates,
most sub-Saharan African countries used breastfeeding pat-
terns estimated in household survey respondents regardless
of HIV status, which may bias breastfeeding patterns needed
for Spectrum if practices vary by HIV status.

We estimated breastfeeding patterns by region (central,
eastern, southern and western Africa), HIV status, and cal-
endar year using data from 64 nationally representative
household surveys (Demographic and Health Surveys [14,15],
AIDS Indicator Surveys [16,17] and Population-based HIV
Impact Assessment [PHIA] surveys [18–20]) from 31 coun-
tries (Appendix S2). We analysed surveys conducted in 2003-
2018 that included HIV testing and elicited current breast-
feeding status from mothers who gave birth in the preced-
ing 3 years. We did not model ARV status effects because
these were only measured in the three PHIA surveys included.
We excluded mothers whose lastborn child was not alive. The
analysis dataset included 155,814 mothers, 9405 of whom
tested HIV-positive.

Breastfeeding patterns in Spectrum pertain to mothers
with HIV only. However, we estimated breastfeeding patterns

Figure 2. Treatment dynamics.

stratified by maternal HIV status as the relatively large num-
bers of HIV-negative survey respondents allowed more robust
identification of national and temporal patterns. We mod-
elled proportions currently breastfeeding b by country, year t,
child’s age a and HIV status h

b (t, a, h) = u (t, h) F (a;m (t, h) , s (t))

as a function of the proportion u of mothers who breast-
feed initially and their median duration of breastfeeding m.
Breastfeeding proportions fall with child age according to the
log-logistic survival function F with shape s. We defined con-
stituent terms as follows:

logit (u (t, h)) = logit (𝜃) + 𝜃′rt +
{
𝜌r + 𝜌′rt

}

ln (m (t, h)) = 𝜇 + 𝜇′
rt +

{
𝜆r + 𝜆′rt

}

ln (s (t)) = 𝜎 + 𝜎′
rt

Terms in braces only apply to women with HIV. Free model
parameters are country effects (𝜃, 𝜇, 𝜎) and regional coef-
ficients for time (𝜃′r , 𝜇

′
r , 𝜎

′
r ), HIV status (𝜌r , 𝜆r) and time-HIV

interactions (𝜌′r , 𝜆
′
r). We modeled temporal and HIV status

effects regionally because there were generally too few
surveys per country and HIV-positive mothers per survey
to support estimation of country-level effects. We estimated
temporal effects using 2010 as t = 0. We used binomial
likelihood to fit aggregate count data and estimated model
parameters via maximum likelihood using Stan [21].

2.4 Previously treated populations

Efforts to increase ART coverage have usually focused on
testing to identify people living with HIV (PLHIV) and link-
ing them to care. As ART coverage and knowledge of status
increase, a larger proportion of those not on ART may have
previously been on treatment but disengaged from care. Dif-
ferent approaches may be needed to re-engage them in care.
This issue may be increasingly important if disruptions due to
COVID-19 increase disengagement as discussed in the next
section.

To understand these dynamics, we have added to Spectrum
an estimate of the size of the previously treated population.
PLHIV initiate ART at rate i. Those on ART may die from
HIV or non-HIV causes (not shown in the figure) or disengage
from treatment at rate d. Those who were previously treated
may remain in that category, die (at rate μ) or re-engage at
rate r (Figure 2).

Program records indicate the number of people on ART
over time. Program data often report rates of loss to follow-
up, but this is not the same as disengagement since some
people who are lost to follow-up at a particular clinic may
have transferred to another clinic or died. Similarly, little
information is available on rates of re-engagement in care.
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Figure 3. CD4 counts of patient’s pre-ART, on ART and after treatment interruption (TI).

Spectrum calculates the mortality of PLHIV not on ART, but
we do not know if those who have been previously treated
have the same mortality rates or likelihood of enrolling in ART
as those who are treatment naïve. Therefore, displaying the
previously treated population in Spectrum allows for these
rates to be varied by the user to test the sensitivity of the
conclusions to those assumptions.

2.5 Accounting for the impact of COVID-19 in
2020

The COVID-19 pandemic has disrupted health services in
many places. Some services have been unavailable for certain
periods of time and some people have avoided visiting health
facilities for fear of COVID-19. Some countries have reported
dips in the number of people receiving ART for 1 or 2 months
and many have reported reductions in the number of peo-
ple newly starting ART of up to 50% or more [22]. In some
countries, numbers have rebounded to January 2020 levels
whereas in others they are still depressed. Although Spectrum
calculations are done in one-tenth-year time steps, data on
the number of people on ART are typically entered annually
as of December 31st each year. Spectrum uses linear inter-
polation between the December 31st figures to compute the
intermediate time points. This approach could over-state the
effects of ART on mortality if declines in ART services during
2020 are masked by a rebound by December 31st. Therefore,
Spectrum has been modified to accept monthly figures for the
number of patients on ART.

PLHIV not on ART are tracked in Spectrum by CD4 cate-
gory. Those on ART are characterized by CD4 count at the
initiation. Those who disengaged from ART were assigned to
the CD4 category they were in at treatment initiation. This
might over-estimate mortality by ignoring the increase in CD4
counts while on treatment unless CD4 counts drop rapidly
back to pre-treatment levels.

Several studies of treatment interruption report patient
CD4 counts before, during and after treatment interruption
[23–27]. Figure 3 shows data from five studies illustrating
the increase in CD4 counts from pre-ART to study enrol-
ment (when patients had been on ART for some time) and
the decline after treatment interruption. In four of the studies,
patients with high and stable CD4 counts were selected for
structured treatment interruption. Only the Touloumi study
followed patients who dropped out of treatment. Eight weeks
after treatment interruption 40 to 73% of the gains in CD4
counts while on treatment were lost and 57 to 80% were
lost after 48 weeks. To replicate this dynamic, Spectrum now
assigns people who disengage from care after being on treat-
ment for at least 1 year to the CD4 category, one higher
than they were in when they initiated treatment. For most
applications, this produces an effect similar to that shown in
Figure 3.

2.6 Ethics approval

Unless otherwise stated, data used for the analyses in this
article were publicly available aggregate data for which con-
sent is not required.
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Table 1. The relationship between CD4% and CD4 count at ART start, amongst children who initiate ART within a year of their

fifth birthday

Percent in CD4 count category (cells/mm3)a

CD4 %a n [0-199] [200-349] [350-499] [500-749] [750-1000] [>1000]

[0-4] 695 93.38 5.04 0.72 0.58 0.14 0.14

[5-10] 1002 33.93 36.93 16.67 9.78 1.80 0.90

[11-15] 1174 7.75 25.38 25.98 27.85 9.20 3.83

[16-20] 819 3.17 14.65 24.66 31.26 16.85 9.40

[21-25] 482 1.45 5.81 10.58 36.51 25.73 19.92

[26-30] 305 1.31 3.61 9.51 29.51 22.3 33.77

[>30) 374 2.41 1.87 5.61 10.7 18.72 60.7

Total 4851 23.21 17.91 16.08 20.43 10.86 11.5

aNumbers in brackets represent the bounds of each category.

Table 2. Summary of continuation on ART and disengagement from care during breastfeeding

Women with HIV engaged in care and on ART at each time point,

% (95% CI)a
Monthly risk of disengagement

from care, % (95% CI)

Region Deliveryb
1-6 months

postpartum

7-12 months

postpartum

13-24 months

postpartum

1-12 months

postpartum

13+ months

postpartum

West and central Europe

and North America

N/A 63 (43, 82) 88 (70, 100) 55 (28, 81) 1.1 3.3

Eastern Africa 73 (54, 91) 83 (79, 88) 81 (74, 86) 81 (61, 98) 1.8 −0.1
Southern Africa 79 (67, 90) 88 (82, 93) 87 (79, 94) 79 (70, 88) 1.1 0.7

Latin America and the

Caribbean

75 (73, 76) 82 (80, 85) 78 (65, 90) N/A 2.1 N/A

West and central Africa 86 (82, 91) 86 (77, 94) 85 (82, 88) 82 (77, 88) 1.3 0.2

Overall 78 (70, 86) 87 (80, 93) 87 (81, 92) 79 (66, 90) 1.2 0.7

ART, antiretroviral therapy; CI, confidence interval.
N/A: Data not available.
aProportions of women engaged in care at each postpartum time point are among women who were engaged in care at delivery.
bThe silent transfer adjustment was not applied to estimates of engagement in care at delivery.

3 RESULTS

3.1 Mapping the transition from CD4% to CD4
count for children living with HIV

The IeDEA collaboration consolidates, curates and anal-
yses existing clinical and epidemiological data on people
living with HIV in routine-care settings globally [9,10]. Each
treatment programme participating in IeDEA has obtained
ethical approval from the appropriate local institutions to
collect and share patient data, and each regional data centre
has obtained ethical approval to analyse the consolidated,
de-identified data. All other data used for the analyses in
this article were publicly available aggregate data for which
consent is not required.

The transition probabilities resulting from our analysis of
IeDEA data are shown in Table 1. Uncertainty ranges and the
previous transition values are in Appendix S3.

For all countries in sub-Saharan Africa, where the majority
of children with HIV are located, the new transition proba-
bilities result in an increase of 0.5% children living with HIV

in 2019. For AIDS-related deaths, the difference is larger.
When applying the new transition probabilities retrospec-
tively, in the early part of the epidemic there are fewer AIDS-
related deaths with the new probabilities, but after 2003,
when ART starts to scale-up, there are more deaths. Cumu-
lative deaths from 1970 to 2019 are 1.8% lower, but esti-
mated deaths in 2019 are 6% higher with the new transition
probabilities.

3.2 ART continuation during breastfeeding

Pooled estimates of postpartum engagement in care are
shown in Table 2. While there is variation by region, the 95%
confidence bounds are wide. Therefore, we use the overall
average for all countries, which is 1.2% per month disengage-
ment from care during the first 12 months and 0.7% per
month from the 13th month to the end of breastfeeding.

The new recommended values are lower than the previ-
ous values and, therefore, will result in lower estimates of
new child infections. For the 2020 round of estimates, 86% of
countries used the default values for ART continuation with
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Figure 4. Modelled breastfeeding duration by region and HIV status in 2005, 2010 and 2015. Regional trends shown are based on aver-
age country effects. Maximum likelihood point estimates (solid curves) and 95% central credible intervals (shaded areas) are shown.

the rest using their own estimates. If all countries using the
recommended values updated to the new values then the
estimated number of new child infections in 2019 would be
0.9% lower (1300 fewer new infections).

3.3 Updates to breastfeeding patterns in
sub-Saharan Africa

We found that women with HIV were less likely to breastfeed
initially and had a shorter breastfeeding duration compared
to HIV-negative mothers (Figure 4). Breastfeeding patterns
varied substantially by region and durations were shortest in
southern Africa. Breastfeeding durations fell over time, with
the largest changes apparent in southern Africa. These pat-
terns are included in Spectrum using country-specific values
for initial breastfeeding, median duration and shape parame-
ters in countries with household surveys, or regional averages
in countries without.

These changes result in fewer new paediatric HIV infec-
tions throughout the sub-Saharan African epidemic. At their
peak in 2000, new paediatric HIV infections estimates were
2.6% lower with proposed (430,200) compared to original
(441,500) inputs, while estimates in 2017 were 10.7% lower
(proposed: 166,900; original: 186,900). More information in
Appendix S2.

3.4 Previously treated populations

In countries with high ART coverage, it is likely that a large
portion of PLHIV not on treatment have been previously
treated, even when disengagement from treatment is low.
These dynamics are illustrated for the world in Figure 5
assuming 83% annual retention on ART and the same mor-
tality and probability of initiating ART among those previ-
ously treated as among those never on treatment. With those
assumptions, 72% of PLHIV not on ART would be previously
treated. Variations in mortality of those previously treated
have little effect. However, the percentage previously treated
drops to 43% if those previously treated are 50% more likely

to re-initiate treatment than those who are treatment naïve
or if annual retention increases to 94%.

3.5 Accounting for the impact of COVID-19 in
2020

The changes in CD4 categories for those who disengage from
care will affect country projections differently depending on
the level of disengagement as well as the recent scale-up pat-
tern of ART. Seventy-five percent of countries do not enter
information on disengagement so there will be no impact of
this change. Among the remaining countries, annual disen-
gagement is 1-7% in most countries with only 10 countries
reporting higher rates. For countries reporting disengagement,
the effect of the change is to reduce the estimated number
of cumulative AIDS deaths over the past 20 years by 0-3%
depending on the level of disengagement and the pattern of
ART scale-up. Country estimates that include the effects of
COVID-19 will become available later in 2021.

4 D ISCUSS ION

The changes described in this article are intended to address
new issues, incorporate new data, include information from
newly published studies and benefit from new analyses.
Except for the service disruptions due to COVID-19, the
other updates all use data from several countries to recom-
mend default values to be used when country-specific infor-
mation is lacking.

There were several limitations in these data used. For
breastfeeding continuation, there was substantial hetero-
geneity in the reported definitions of engagement in care,
insufficient data regarding engagement in care after patient
transfers, scarce data on postpartum re-engagement in care
and lack of data specific to breastfeeding populations. Addi-
tional data on postpartum engagement in care among breast-
feeding women, particularly in settings outside of eastern and
southern Africa, are needed to further refine these estimates.

Most changes to methods or assumptions in Spectrum
will influence not only the new 2020 estimates but also
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Figure 5. Numbers of people living with HIV by ART status. Based on reported numbers of people on ART by year and assumed annual
retention on ART of 83% and the same rates of mortality and ART initiation for those previously on ART and never on ART. Note that
the line for PLHIV not on ART includes those previously treated. ART, antiretroviral therapy; PLHIV, people living with HIV.

estimates for prior years. For example, a change to the
assumption of ART continuation during breastfeeding will
affect the estimates of mother-to-child transmission since the
scale-up of ART began. Also new survey-based information on
behaviours, such as breastfeeding, usually refers to a period
several years ago. Changes to past estimates can cause prob-
lems for national programs. For example, there is a natu-
ral tendency to compare the new 2020 estimate with the
2019 estimate made during the previous year as if it repre-
sented a trend. To guard against this, new estimates always
contain complete time histories of all indicators. If estimates
change substantially, there can be program implications (for
example, ART coverage may be lower or higher than previ-
ously estimated) as well as implications for meeting promised
targets such as Global Fund performance targets. For these
reasons, updates are only implemented when the Reference
Group determines that they represent a clear improvement
of previous approaches. Every effort is made through train-
ing, briefs and publications, such as this one, to communicate
the reasons for the changes and to make sure the effects can
be understood and explained. Country analysts are free to
change any of the global parameter values in the model but
are encouraged to do so only if they can demonstrate that
they have good data to justify the change.

5 CONCLUS IONS

The updated Spectrum/AIM model uses newly available data
and studies to improve the estimation of paediatric and

adult HIV indicators. Improved estimates will support efforts
to effectively address the HIV/AIDS pandemic and evaluate
progress towards global goals of eliminating AIDS as a public
health threat by 2030.
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Additional information may be found under the Supporting
Information tab for this article:
Appendix S1. Updates to the Spectrum/AIM Model continua-
tion on ART during breastfeeding
Appendix S2. Updates to breastfeeding patterns in sub-
Saharan Africa for the 2020 round of HIV estimates
Appendix S3. Mapping the transition from CD4 percent to
CD4 count for HIV-infected children
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