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Abstract
Introduction: Adolescents living with HIV are subject to multiple co-morbidities, including growth retardation and immunode-
ficiency. We describe growth and CD4 evolution during adolescence using data from the Collaborative Initiative for Paediatric
HIV Education and Research (CIPHER) global project.
Methods: Data were collected between 1994 and 2015 from 11 CIPHER networks worldwide. Adolescents with perinatally
acquired HIV infection (APH) who initiated antiretroviral therapy (ART) before age 10 years, with at least one height or CD4
count measurement while aged 10–17 years, were included. Growth was measured using height-for-age Z-scores (HAZ, stunt-
ing if <-2 SD, WHO growth charts). Linear mixed-effects models were used to study the evolution of each outcome between
ages 10 and 17. For growth, sex-specific models with fractional polynomials were used to model non-linear relationships for
age at ART initiation, HAZ at age 10 and time, defined as current age from 10 to 17 years of age.
Results: A total of 20,939 and 19,557 APH were included for the growth and CD4 analyses, respectively. Half were females,
two-thirds lived in East and Southern Africa, and median age at ART initiation ranged from <3 years in North America and
Europe to >7 years in sub-Saharan African regions. At age 10, stunting ranged from 6% in North America and Europe to 39%
in the Asia-Pacific; 19% overall had CD4 counts <500 cells/mm3. Across adolescence, higher HAZ was observed in females
and among those in high-income countries. APH with stunting at age 10 and those with late ART initiation (after age 5) had
the largest HAZ gains during adolescence, but these gains were insufficient to catch-up with non-stunted, early ART-treated
adolescents. From age 10 to 16 years, mean CD4 counts declined from 768 to 607 cells/mm3. This decline was observed
across all regions, in males and females.
Conclusions: Growth patterns during adolescence differed substantially by sex and region, while CD4 patterns were similar,
with an observed CD4 decline that needs further investigation. Early diagnosis and timely initiation of treatment in early
childhood to prevent growth retardation and immunodeficiency are critical to improving APH growth and CD4 outcomes by
the time they reach adulthood.
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1 INTRODUCT ION

In 2019, an estimated 1.7 million adolescents aged 10–19
years were living with HIV worldwide, with 90% of them in
sub-Saharan Africa, and 8% in Asia and the Pacific [1]. They
either acquired HIV during adolescence or are adolescents
living with perinatally acquired HIV (APH). APH experience
specific challenges due to their life-long infection and long-
term follow-up in HIV care [2–6]. They are at risk of inad-
equate adherence to antiretroviral therapy (ART) [7,8] and
poor retention in care during adolescence [9,10]. APH may in
turn experience poor health outcomes [11], with a high mor-
tality rate [12,13], virologic failure [14,15] and HIV drug resis-
tance [16], poor growth [17] and immune status [18].

Previous work has demonstrated that linear growth
improves after ART initiation, with better outcomes associ-
ated with earlier ART [19,20], but long-term growth evolution
on ART has been less described [21,22], especially in APH
[17,23]. Some studies have described APH growth velocity
in resource-limited settings [17] and in Europe and Thailand
[23], showing lower height gains and a delayed growth spurt
for APH compared to HIV-uninfected adolescents.

Similarly, the immune response following ART initiation has
been extensively described in children [24,25] and adults
[26,27] living with HIV, but long-term CD4 evolution on ART
for APH has not been sufficiently explored. In previous stud-
ies looking at patterns of long-term trends in CD4 count in
children living with HIV in sub-Saharan Africa [28] and Europe
[29], CD4 counts at adolescence were hypothesized to remain
constant after the initial CD4 response following ART initi-
ation, likely reaching a similar level to that of the non-HIV-
infected population of the same age [28].

Our primary objective was to describe linear growth and
immune evolution across adolescence by sex and geographical
region among ART-treated APH enrolled in the Collaborative
Initiative for Paediatric HIV Education and Research (CIPHER)
global project. A secondary objective was to explore the cor-
relation between growth and CD4 evolution.

2 METHODS

2.1 Study population

This multiregional study was based on pooled data from the
CIPHER collaboration. This global network of observational
paediatric HIV cohorts previously described the epidemiology
of adolescents living with HIV worldwide [30], with a focus
in sub-Saharan Africa [31]. For this study, the following 11
cohort networks contributed data: Baylor International Pedi-
atric AIDS Initiative (BIPAI); European Pregnancy and Pae-

diatric Infections Cohort Collaboration (EPPICC); the Inter-
national Epidemiology Databases to Evaluate AIDS (IeDEA)
Consortium (IeDEA Asia-Pacific, IeDEA Central Africa, IeDEA
East Africa, IeDEA Southern Africa, IeDEA West Africa, the
Caribbean, Central and South America network (CCASAnet));
International Maternal Pediatric Adolescent AIDS Clinical Tri-
als (IMPAACT) 219C and P1074; Optimal Models (ICAP at
Columbia University); and Pediatric HIV/AIDS Cohort Study
(PHACS). Pooled individual participant-level data were thus
collected from high-, middle- and low-income countries and
drawn from a range of care settings, including dedicated
research cohorts, routine care cohorts and programmatic ser-
vices.

The inclusion criteria were: adolescents aged 10–19 years,
documented perinatally acquired HIV or unknown mode of
infection and aged<10 years at first presentation to HIV care
(proxy perinatal HIV transmission), age <10 years at ART initi-
ation and ≥1 height or CD4 count measurement between age
10 and 19 years to contribute to the growth and CD4 anal-
yses, respectively. The analysis was subsequently truncated to
include only measurements from age 10 to 17 years due to
small sample size at 18 and 19 years of age.

Each participating cohort in CIPHER obtained ethics
approval from their respective institutional review boards for
data collection and transfer. Consent or assent requirements
for study participation were deferred to local institutional
review boards. All analyses were pre-specified and agreed by
the CIPHER Adolescent Study Group.

2.2 Outcomes and exploratory variables

Two main outcomes of interest were investigated: (1) growth,
defined by height-for-age Z-score (HAZ), based on the
WHO Child Growth standards [32,33] and (2) CD4 counts
(cells/mm3). CD4 counts were also expressed as an age-
adjusted CD4 ratio, obtained by dividing observed CD4
counts by CD4 reference values in HIV-uninfected adoles-
cents of the same age [34]. The prevalence of malnutrition
was assessed by stunting (i.e. HAZ <-2 Standard Deviations
[SD]) and wasting (i.e. weight-for-height Z-score [WHZ] <-2
SD if <5 years old, BMI-for-age Z-score [BAZ] <-2 SD if
older), severe malnutrition was defined as Z-scores <-3 SD.
Immunodeficiency at ART initiation was determined according
to the 2006 WHO guidelines [35], immunodeficiency at age
10 was defined as severe (CD4 counts <250/mm3), moder-
ate (250–500/mm3) and not immunodeficient (>500/mm3).
Regions were combined as follows: North America and
Europe (NA&E); Central, South America and the Caribbean
(CSA&C); Asia-Pacific; West and Central Africa (West&CA);
Botswana and South Africa (Botsw.&SA); East and Southern
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Africa (East&SA) (excluding Botswana and South Africa).
Botswana and South Africa, both upper middle-income coun-
tries, were classified as a separate group within sub-Saharan
Africa. Adolescents were defined as alive and retained in care,
transferred out, dead or lost-to-follow-up if no visit were
observed for >365 days after their last observed visit.

2.3 Statistical analyses

For both study populations contributing to the growth and
CD4 analyses, characteristics were described at ART initiation
and at age 10, and compared by sex and geographical region,
using Chi-square tests for categorical variables and Kruskal–
Wallis tests for continuous variables. We compared charac-
teristics of the study population and adolescents who were
excluded, due to lack of data on height or CD4 measurement
and because they did not initiate ART by age 10 years.

Growth and CD4 evolution were described between age 10
and 17 years by plotting mean HAZ and CD4 count over time,
by sex and regions. Growth and CD4 modelling included the
following parameters: age at ART initiation, immunodeficiency
and stunting at ART initiation and at age 10, wasting at age
10 (growth modelling only) and year of birth (CD4 modelling
only), regions and sex. For the growth model, non-linearity of
some parameters and the heterogeneity of results by sex and
regions had to be taken into account. Growth analyses were
thus stratified by sex and included fractional polynomials [36]
for the following continuous variables: age at ART initiation,
HAZ at age 10 years and time, defined as current age from
10 to 17 years of age. The fractional polynomial terms were
inserted into a linear mixed model, with an exponential spa-
tial correlation structure, and interaction between time and
the explanatory variables. For the CD4 evolution modelling, a
linear mixed model with an unstructured variance-covariance
matrix and interaction with time was fitted. Variables were
selected in univariate models if p<0.25 and kept in final mul-
tivariate models if p<0.05 using a backward selection method.

A secondary objective was to explore the possible corre-
lation between HAZ and CD4 evolution among APH, imple-
menting multivariate multilevel models [37] and a multi-
trajectory analysis [38]. The first strategy consisted of fit-
ting a bivariate normal joint model estimating the correlation
between the two outcomes at a specific time and the correla-
tion between the two outcomes evolution over time. The sec-
ond strategy’s aim was to identify profiles of co-evolution of
CD4 and HAZ.

Analyses were conducted using SAS version 9.3 (SAS Insti-
tute Inc., Cary, NC, USA), fractional polynomials were initially
determined using Stata version 13.0 (StataCorp, College Sta-
tion, TX, USA) and the “fp” package. Figures were plotted
using the ggplot2 package in R version 3.2.2 (R Foundation for
Statistical Computing, Vienna, Austria).

3 RESULTS

3.1 Selection and characteristics of the study
population

Between 1994 and 2015, data on 35,315 APH across 46
countries were collected. Respectively, 78% and 74% had ≥ 1

Figure 1. Selection of the adolescents living with HIV for the
growth and CD4 analyses. CIPHER global cohort collaboration,
1994–2015.

measurement for height and CD4 during adolescence. After
restricting to those initiated on ART before age 10 years,
20,939 (76%) APH were included in the growth analyses and
19,557 (75%) in the CD4 analyses (Figure 1).

Characteristics of both study populations are shown in
Table 1 by sex and in Tables S1 and S2 by regions. If not
specified, results detailed in the text refer to the growth
analysis study population, the CD4 analysis study population
was broadly similar. Overall, half were females, and two-thirds
lived in East&SA. Median age at ART initiation varied widely
by region, ranging from 2.4 years (IQR 0.6;5.7) in NA&E to
7 years and more in sub-Saharan African regions. At ART ini-
tiation, the prevalence of stunting ranged from 8% in NA&E
to 40% in Asia-Pacific, severe immunodeficiency ranged from
20% in NA&E to 50% in the Asia-Pacific. Half of APH had
missing data regarding anthropometric parameters or CD4
measurements at ART initiation. At age 10, the prevalence of
stunting ranged from 6% in NA&E to 39% in the Asia-Pacific.
In the CD4 analysis study population, 19% were moderately
or severely immunodeficient at age 10 (Table 1).

Regions differed by follow-up length, year of birth and data
contribution over time. Median age at last visit was 15.2
years (IQR 12.8;17.4) in NA&E versus 12.4 (IQR 11.1;14.1) in
West&CA. Mortality rate ranged from 1% to 4% (CSA&C). At
last visit, from 9% to 13% were considered lost-to-follow-up
in all regions except NA&E where this rate was 31%. Trans-
fer to adult care differed greatly by regions as well, from 2%
reported in West&CA to 19% (NA&E) and 21% in Botsw.&SA.
Between age 10 and 14 years, East&SA contributed the most
growth and CD4 data (72% and 48%, respectively). Between
age 15 and 17 years, East&SA data contribution decreased
due to shorter follow-up, with NA&E contributing the majority
of CD4 data (60%) (Tables S1 and S2).

Compared to the study population, APH who were excluded
because of lack of height or CD4 measurement were more
often from sub-Saharan Africa (87% vs. 73%) and more likely
to have missing HAZ or CD4 (70% vs. 47%) at ART initiation.
Those excluded because they had initiated ART after age 10
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Figure 2. Mean height-for-age Z-score evolution between 10 and 17 years of age, stratified by regions (sub-Saharan Africa at the bottom
and other regions at the top) and sex, with sample size by year. CIPHER global cohort collaboration, 1994–2015.

were almost all living in sub-Saharan Africa (97%). Those who
were not part of the growth model because of missing HAZ
at age 10 had similar characteristics to those in the analysis.

3.2 Growth evolution during adolescence

APH from NA&E had the highest HAZ values throughout ado-
lescence, followed by the Asia-Pacific and CSA&C. Growth
patterns in sub-Saharan African regions greatly differed by
sex, with females experiencing HAZ gains over time, while
males experienced a decline in HAZ in early adolescence
before a return to HAZ values that were similar by age 17 to
those at age 10 years (Figure 2).

Overall, severe immunodeficiency and severe wasting at
age 10 was associated with smaller HAZ improvements over
time compared to those with no immunodeficiency or wast-
ing. Female adolescents severely stunted at ART initiation
had smaller HAZ improvements over time compared to non-
stunted females (Table 2). Across regions, those who initiated
ART between age 5 and 10 years had lower HAZ values at
age 10 and over time during adolescence compared to those
who initiated ART between age 0 and 5 years (Figure S1).

Despite significant HAZ improvements over time, particularly
in females, those moderately or severely stunted at age 10 did
not reach similar values to those non-stunted at the same age
(Figure 3).

3.3 CD4 evolution during adolescence

All regions followed the same pattern, with a CD4 decline
overtime (Figure 4). The same pattern was observed in sen-
sitivity analyses using age-adjusted CD4 ratio instead of CD4
cells/mm3 (Figure S2). From age 10 to age 16 years, mean
CD4 counts dropped from 768 to 607 cells/mm3 (i.e. 0.78–
0.65 in age-adjusted CD4 ratio).

Adjusted estimates for CD4 counts at age 10 were higher
in females, those initiated early on ART and born after
year 2000 (Table 3). A CD4 decline was observed what-
ever the CD4 level at age 10. Those moderately or severely
immunodeficient at age 10 had CD4 improvements in the
first years of adolescence, followed by a plateau, those non-
immunodeficient at age 10 experienced a CD4 decline, even
if overall they remain at higher CD4 count level than the two
other groups (Figure S3). APH born before 1996 had lower

6

http://onlinelibrary.wiley.com/doi/10.1002/jia2.25871/full
https://doi.org/10.1002/jia2.25871


CIPHER Global Cohort Collaboration et al. Journal of the International AIDS Society 2022, 25:e25871
http://onlinelibrary.wiley.com/doi/10.1002/jia2.25871/full | https://doi.org/10.1002/jia2.25871

Ta
b
le

2
.
A
ss
o
ci
at
ed

fa
ct
o
rs

to
h
ei
gh
t-
fo
r-
ag
e
Z
-s
co
re

ev
o
lu
ti
o
n
b
et
w
ee
n
ag
e
1
0
an
d
1
7
ye
ar
s
fo
r
m
al
es

an
d
fe
m
al
es
:
m
u
lt
iv
ar
ia
te

lin
ea
r
m
ix
ed

m
o
d
el

w
it
h
fr
ac
ti
o
n
al

p
o
ly
n
o
m
ia
ls

Fo
r
m
al
es

Fo
r
fe
m
al
es

A
t
1
0
ye
ar
s
o
f
ag
e

B
et
w
ee
n
1
0
an
d
1
9
ye
ar
s
o
f

ag
e

A
t
1
0
ye
ar
s
o
f
ag
e

B
et
w
ee
n
1
0
an
d
1
9
ye
ar
s
o
f

ag
e

V
ar
ia
b
le
s

M
ea
n
d
if
fe
re
n
ce

(c
o
ef

(s
d
))

p-
va
lu
e

M
ea
n

d
if
fe
re
n
ce

by

ye
ar

(c
o
ef

(s
d
))

p-
va
lu
e

M
ea
n

d
if
fe
re
n
ce

(c
o
ef

(s
d
))

p-
va
lu
e

M
ea
n

d
if
fe
re
n
ce

by

ye
ar

(c
o
ef

(s
d
))

p-
va
lu
e

Im
m
u
n
o
d
ef
ic
ie
n
cy

at
ag
e
1
0

0
.8
9
6

<
0
.0
0
1

0
.0
0
2

<
0
.0
0
1

M
o
d
er
at
e
ve
rs
u
s
n
o

−
0
.0
0
3
(0
.0
1
5
)

0
.8
5
3

−
0
.0
0
2
(0
.0
0
1
)

0
.0
3
7

−
0
.0
3
0
(0
.0
1
7
)

0
.0
8
4

−
0
.0
0
8
(0
.0
0
4
)

0
.0
7
0

Se
ve
re

ve
rs
u
s
n
o

−
0
.0
0
9
(0
.0
1
4
)

0
.5
0
2

−
0
.0
0
6
(0
.0
0
1
)

<
0
.0
0
1

−
0
.0
4
7
(0
.0
1
6
)

0
.0
0
4

−
0
.0
1
2
(0
.0
0
4
)

0
.0
0
3

M
is
si
n
g
ve
rs
u
s
n
o

0
.0
0
2
(0
.0
1
1
)

0
.8
5
0

−
0
.0
0
1
(0
.0
0
1
)

0
.2
8
3

0
.0
1
5
(0
.0
1
2
)

0
.2
1
2

0
.0
0
1
(0
.0
0
4
)

0
.6
9
1

St
u
n
ti
n
g
at

A
R
T
in
it
ia
ti
o
n

<
0
.0
0
1

<
0
.0
0
1

0
.0
8
4

<
0
.0
0
1

M
o
d
er
at
e
ve
rs
u
s
n
o

−
0
.0
3
2
(0
.0
1
4
)

0
.0
2
1

0
.0
0
1
(0
.0
0
1
)

0
.1
9
1

−
0
.0
3
7
(0
.0
1
5
)

0
.0
1
3

0
.0
0
1
(0
.0
0
4
)

0
.8
4
2

Se
ve
re

ve
rs
u
s
n
o

−
0
.0
6
2
(0
.0
1
5
)

<
0
.0
0
1

0
.0
0
1
(0
.0
0
1
)

0
.4
8
5

−
0
.0
3
0
(0
.0
1
8
)

0
.0
9
4

−
0
.0
1
4
(0
.0
0
5
)

0
.0
0
3

M
is
si
n
g
ve
rs
u
s
n
o

−
0
.0
2
1
(0
.0
1
1
)

0
.0
5
6

0
.0
0
0
(0
.0
0
1
)

0
.8
9
1

−
0
.0
1
8
(0
.0
1
2
)

0
.1
4
0

−
0
.0
0
8
(0
.0
0
3
)

0
.0
1
2

W
as
ti
n
g
at

ag
e
1
0

<
0
.0
0
1

<
0
.0
0
1

<
0
.0
0
1

<
0
.0
0
1

M
o
d
er
at
e
ve
rs
u
s
n
o

−
0
.0
8
3
(0
.0
1
7
)

<
0
.0
0
1

−
0
.0
0
7
(0
.0
0
1
)

<
0
.0
0
1

−
0
.1
3
1
(0
.0
2
0
)

<
0
.0
0
1

−
0
.0
1
4
(0
.0
0
6
)

0
.0
1
2

Se
ve
re

ve
rs
u
s
n
o

−
0
.1
6
0
(0
.0
2
8
)

<
0
.0
0
1

−
0
.0
1
1
(0
.0
0
2
)

<
0
.0
0
1

−
0
.3
0
4
(0
.0
3
9
)

<
0
.0
0
1

−
0
.0
5
2
(0
.0
1
2
)

<
0
.0
0
1

M
is
si
n
g
ve
rs
u
s
n
o

−
0
.2
1
7
(0
.0
4
0
)

<
0
.0
0
1

−
0
.0
2
5
(0
.0
0
4
)

<
0
.0
0
1

−
0
.2
5
7
(0
.0
4
6
)

<
0
.0
0
1

−
0
.0
6
4
(0
.0
1
3
)

<
0
.0
0
1

R
eg
io
n
(v
s.
N
o
rt
h
A
m
er
ic
a

an
d
E
u
ro
pe

)

0
.0
1
2

<
0
.0
0
1

<
0
.0
0
1

<
0
.0
0
1

C
en

tr
al
,
So

u
th

A
m
er
ic
a
an

d

th
e
C
ar
ib
b
ea
n

−
0
.0
3
4
(0
.0
2
6
)

0
.1
9
2

0
.0
0
0
(0
.0
0
2
)

0
.9
9
5

−
0
.0
9
3
(0
.0
2
6
)

<
0
.0
0
1

0
.0
0
1
(0
.0
0
5
)

0
.8
3
3

A
si
a-
P
ac
if
ic

−
0
.0
4
2
(0
.0
2
0
)

0
.0
3
2

0
.0
0
7
(0
.0
0
2
)

<
0
.0
0
1

−
0
.0
5
7
(0
.0
2
1
)

0
.0
0
8

−
0
.0
0
3
(0
.0
0
5
)

0
.5
4
2

W
es
t
an

d
C
en

tr
al

A
fr
ic
a

−
0
.0
2
7
(0
.0
2
3
)

0
.2
3
2

−
0
.0
1
1
(0
.0
0
2
)

<
0
.0
0
1

−
0
.0
3
9
(0
.0
2
5
)

0
.1
2
8

−
0
.0
1
3
(0
.0
0
7
)

0
.0
6
4

B
o
ts
w
an

a
an

d
So

u
th

A
fr
ic
a

−
0
.0
5
9
(0
.0
1
7
)

<
0
.0
0
1

−
0
.0
0
9
(0
.0
0
1
)

<
0
.0
0
1

−
0
.0
9
8
(0
.0
1
9
)

<
0
.0
0
1

−
0
.0
1
3
(0
.0
0
5
)

0
.0
0
3

E
as
t
an

d
So

u
th
er
n
A
fr
ic
a

(e
xc
ep

t
B
o
ts
w
.
an

d
SA

)

−
0
.0
5
4
(0
.0
1
6
)

<
0
.0
0
1

−
0
.0
1
0
(0
.0
0
1
)

<
0
.0
0
1

−
0
.1
0
5
(0
.0
1
8
)

<
0
.0
0
1

−
0
.0
3
5
(0
.0
0
4
)

<
0
.0
0
1

N
o
te
:
A
d
ju
st
ed

o
n
fr
ac
ti
o
n
al

po
ly
n
o
m
ia
ls

fo
r
ti
m
e
si
n
ce

ag
e
1
0
(m

fp
2
,3
),
ag
e
at

A
R
T
in
it
ia
ti
o
n
(m

fp
2
,2
)
an

d
h
ei
gh

t-
fo
r-
ag
e
Z
-s
co
re

at
ag
e
1
0
(m

fp
–
1
,0
).
Se

e
F
ig
u
re
s
S1

an
d
S3

fo
r
th
e

es
ti
m
at
ed

gr
o
w
th

cu
rv
es

by
ag
e
at

A
R
T
in
it
ia
ti
o
n
an

d
st
u
n
ti
n
g
at

ag
e
1
0
.

M
o
d
er
at
e
st
u
n
ti
n
g
o
r
w
as
ti
n
g:

H
A
Z
o
r
B
A
Z
=

[–
3
;
–
2
[S
D
;
Se

ve
re

st
u
n
ti
n
g
o
r
w
as
ti
n
g:

H
A
Z
o
r
B
A
Z
<
-3

SD
.
M
o
d
er
at
e
im

m
u
n
o
d
ef
ic
ie
n
cy
:
C
D
4
ce
lls
/m

m
3
=

[2
5
0
;5
0
0
[;
Se

ve
re

im
m
u
n
o
d
e-

fi
ci
en

cy
:
C
D
4
ce
lls
/
m
m

3
<
2
5
0
.

C
IP
H
E
R
gl
o
b
al

co
h
o
rt

co
lla
b
o
ra
ti
o
n
,
1
9
9
4
–
2
0
1
5
.

B
o
ld

va
lu
es

re
fe
rr
ed

to
st
at
is
ti
ca
l
si
gn

if
ic
an

ce
fo
r
ea
ch

va
ri
ab

le
at

a
th
re
sh
o
ld

o
f
<
0
.0
5
.

7

http://onlinelibrary.wiley.com/doi/10.1002/jia2.25871/full
https://doi.org/10.1002/jia2.25871


CIPHER Global Cohort Collaboration et al. Journal of the International AIDS Society 2022, 25:e25871
http://onlinelibrary.wiley.com/doi/10.1002/jia2.25871/full | https://doi.org/10.1002/jia2.25871

Figure 3. Adjusted estimated mean height-for-age Z-scores for adolescents living with perinatally acquired HIV, stratified by stunting at
age 10 years, by sex and regions. CIPHER global cohort collaboration, 1994–2015.

CD4 counts than those born after, especially with those born
after 2000 who had not reached late adolescence by the time
the database was closed. Thus, the CD4 decline observed
may be partly explained by different data contributions, with
higher CD4 count observed before age 15 due to data from
those born after 2000, and lower CD4 counts after age 15
because of those born before 2000. However, even adjusting
on this parameter, the CD4 decline remained.

3.4 Joint evolution between CD4 and
height-for-age

Neither of the two statistical methods implemented provided
evidence of HAZ and CD4 co-evolution, even when tak-
ing into account the heterogeneity of growth evolution by
regions and sex and conducting sub-group analyses. Correla-
tions between the two outcomes were very low for every sub-
group considered, and no clear patterns of a joint evolution
emerged (Supplementary results).

4 D ISCUSS ION

This global analysis conducted in a large sample size repre-
senting high-, middle- and low-income countries allowed an
extended description of growth and CD4 patterns of APH
enrolled in care between 1994 and 2015. Adolescents living
with HIV worldwide experienced different linear growth pat-
terns by region and sex, while their CD4 patterns were sim-
ilar, showing a decline from the age of 10. Late ART initia-
tion, along with severe stunting and low CD4 cell count at age

10 were significant markers of poor growth and poor immune
response during adolescence.

Lower HAZ among children and adolescents living with HIV
compared to their HIV-uninfected peers have been exten-
sively described in both high and low-and-middle income
countries, with demonstrated benefits of early ART treat-
ment on catch-up growth [17,19,22,23]. Growth differences
observed by region may highlight differences in access to HIV
care, with HAZ during adolescence proportionately increasing
with the rate of APH receiving ART before the age of 2. The
burden of malnutrition in the general population also varies
greatly by country-income groups, which can be an underlying
condition increasing the risk of non-reversible stunting dur-
ing adolescence. Indeed, repeated exposures to malnutrition
during infancy result in growth retardation, and may lead to
puberty delay, that can further slowdown height gains [39,40].
Furthermore, maternal determinants, such as young age and
poor nutrition status, are also strong predictors of long-term
stunting in children, and are most commonly found in low-
income groups [40]. In the Asia-Pacific, the use of WHO
growth standards instead of national growth chart references
may have resulted in relatively lower HAZ values.

APH experience puberty delays compared to HIV-
uninfected adolescents [41–43], which may explain the
high prevalence of stunting observed in APH. Most studies
have been conducted in youth with late access to ART, at
similar ages to our participants from sub-Saharan African
regions. Few studies have investigated puberty delays in
early treated APH, or explored its association with growth
for APH. In a study in the United States, APH had delayed
sexual maturity compared to HIV-exposed but uninfected
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Figure 4. Mean CD4 count evolution between 10 and 19 years of age, stratified by regions and sex, with sample size by year. CIPHER
global cohort collaboration, 1994–2015.

adolescents, with HAZ mediating the effect of HIV on age
at sexual maturity for both males and females [42]. Puberty
delays were also observed in APH living in Uganda and
Zimbabwe, with greater delays for those stunted [43]. Across
regions, growth patterns varied by sex, with more pronounced
differences in sub-Saharan African regions, while males and
females had similar characteristics at ART initiation and age
10. We previously highlighted these differences within the
IeDEA and the EPPICC networks, from which data are also
included in this analysis [17,23]. In Uganda and Zimbabwe,
males had more height disadvantage compared to female APH
throughout adolescence [43]. Additional data are needed to
further explain these sex differences in growth development
for APH, describing the timing of puberty onset, and hor-
monal and metabolic changes that may be associated with
growth.

While growth patterns may be dependent on nutrition and
HIV care history during childhood, similar CD4 evolution was
observed across settings, with comparable CD4 values at age
10 followed by no CD4 count increase, or even a CD4 decline
over time. While this observed decline rarely reached immun-
odeficiency levels, this result has to be further explored.

First, this decline may be related to low levels of viral sup-
pression or ART adherence across adolescence [24,28,44],
variables we were not able to measure. Other studies have
shown that despite sustained viral suppression, people living
with HIV may experience low CD4 count levels and chronic
immune activation [45–47], a potential factor explaining CD4
count depletion [48]. For example, a high proportion of adults
living with HIV in sub-Saharan Africa had suboptimal immune
recovery after 6 years of ART in a multicountry prospective
cohort [49]; the CD4/CD8 ratio, an indicator of immune acti-
vation and inflammation, has been shown to remain low in
long-term ART-treated adults [50], especially if initiated late
on ART [50,51]. Also, based on this CD4/CD8 ratio, a third of
children and adolescents living with HIV who maintained viral
load suppression did not achieve immune recovery in a Span-
ish cohort [52] as well as in a UK cross-sectional study [53].
Less than half had reached CD4/CD8 ratio normalization in
Thailand [54]. A Kenyan study showed high immune activation
levels and depleted CD4 percentages [55]. If APH experience
suboptimal CD4 counts while being virologically suppressed,
that could increase their risk of experiencing opportunistic
infections and advanced stage of HIV disease, especially in

9

http://onlinelibrary.wiley.com/doi/10.1002/jia2.25871/full
https://doi.org/10.1002/jia2.25871


CIPHER Global Cohort Collaboration et al. Journal of the International AIDS Society 2022, 25:e25871
http://onlinelibrary.wiley.com/doi/10.1002/jia2.25871/full | https://doi.org/10.1002/jia2.25871

Table 3. Associated factors to CD4 count evolution (cells/mm3), mutlivariate linear mixed model

At 10 years of age Between 10 and 19 years of age

Variables

Mean

difference

(coef (sd)) p-value

Mean

difference

by year

(coef (sd)) p-value

Sex (girls vs. boys) 41 (5) <0.001 −8 (2) <0.001

Age groups at ART initiation (years) <0.001 <0.001

0–2 versus 5–10 79 (8) <0.001 −7 (3) <0.001

2–5 versus 5–10 86 (7) <0.001 −13 (2) <0.001

Immunodeficiency for age at ART initiation <0.001 0.005

Moderate versus no −99 (9) <0.001 10 (3) <0.001

Severe versus no −126 (7) <0.001 7 (2) 0.004

Missing versus no −96 (7) <0.001 5 (2) 0.034

Immunodeficiency for age at 10 years of age <0.001 <0.001

Moderate versus no −443 (8) <0.001 53 (3) <0.001

Severe versus no −613 (8) <0.001 82 (2) <0.001

Missing versus no −116 (8) <0.001 4 (3) 0.105

Severity of stunting at 10 years of age <0.001 <0.001

Moderately versus no 38 (7) <0.001 1 (3) 0.765

Severely versus no 19 (11) 0.080 17 (4) <0.001

Missing versus no −16 (6) 0.012 9 (2) <0.001

Year of birth <0.001 0.011

<1996 versus [1966–2000[ −41 (8) <0.001 1 (2) 0.703

≥2000 versus [1996–2000[ 25 (6) <0.001 8 (3) 0.003

Region (vs. North America and Europe) <0.001 0.676

Central, South America and the Caribbean −28 (13) 0.025 0 (4) 0.996

Asia-Pacific 18 (11) 0.084 1 (3) 0.816

West and Central Africa 12 (12) 0.299 −5 (4) 0.227

Botswana and South Africa 58 (9) <0.001 −3 (3) 0.247

East and Southern Africa (except Bostw. and

SA)

22 (9) 0.015 −1 (3) 0.651

Note: Moderate stunting or wasting: HAZ or BAZ = [–3; –2[SD; Severe stunting or wasting: HAZ or BAZ<-3 SD.
Moderate immunodeficiency: CD4 cells/mm3 = [250;500[; Severe immunodeficiency: CD4 cells/mm3

<250.
CIPHER global cohort collaboration, 1994–2015.
Bold values referred to statistical significance for each variable at a threshold of <0.05.

sub-Saharan African settings where other infectious diseases
are highly prevalent. The phenomenon of chronic immune
activation and persistent inflammation is of particular impor-
tance as it is associated with higher risk of morbidity and mor-
tality among people living with HIV [56]. The CD4 decline we
observed may be due to this phenomenon, but more specific
biological measurements are needed to verify this hypothesis.

Another explanation for this CD4 decline would be infor-
mation bias, with adolescents born before year 2000, mostly
from North America and Europe, contributing more CD4 data
after 15 years of age compared to those born after 2000.
This population may have initiated ART on an older regimen,
which was less efficient regarding to long-term immune recov-
ery. However, even if less pronounced, a CD4 decline was
observed while adjusting by year of birth.

Our secondary objective on determining a joint evolu-
tion between CD4 and growth did not show any conclusive
results, even when stratifying by regions to take into account

possible differences in nutritional care that could mitigate the
results. Potential height gains due to a recent immune recov-
ery can take time to be observed and then may not be trans-
lated easily with joint modelling methods. Future work might
investigate how the two outcomes interact by building and
testing a causal model. We showed that severe immunodefi-
ciency at age 10 was associated with lower height gains dur-
ing adolescence. Previous studies on the role of CD4 level
in APH final height showed contradictory results, no associ-
ations between CD4 percentage and final height were seen in
a birth cohort in Thailand [57], while it was positively corre-
lated in a small cohort in the United States [58].

The limitations to this study include that key variables,
such as viral load, ART adherence or ART regimen, were
not included because of their sporadic documentation across
settings. Regarding ART regimen, previous studies did not
highlight significant associations between ART regimen at ART
initiation and catch-up growth [40] or final height [57], while
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its role on long-term CD4 evolution has not been assessed in
APH to our knowledge. A conservative definition of perinatal
HIV acquisition was used, with a threshold of 10 years of
age at inclusion if not documented. We may have excluded a
subset of APH accessing HIV care late, who could have higher
rates of stunting and different CD4 profiles due to either
slow HIV progression [59] or advanced HIV disease. Children
who did not reach adolescence due to loss-to-follow-up or
death did not contribute to the data, leading to a survival
bias. Data contribution varied across settings between early
and late adolescence, median age at last visit was especially
low in sub-Saharan Africa; therefore, the growth and CD4
data observed during late adolescence have to be interpreted
with caution as they may come from a selected popula-
tion. Despite those limitations, this study provides critical
evidence on growth and CD4 data for APH, thanks to a
large, multi-regional dataset, developed by a unique research
collaboration on paediatric and adolescent HIV.

5 CONCLUS IONS

These original results support the importance of closely mon-
itoring growth and CD4 patterns during adolescence, to fur-
ther develop appropriate and timely interventions allowing
APH to reach adulthood as healthy as possible. Our find-
ings on CD4 progression are especially relevant in a time
where viral load monitoring is becoming the reference to mea-
sure ART effectiveness [60], at the expense of CD4 monitor-
ing that may become less available in low-and-middle income
countries. Our results advocate for maintaining CD4 count
data collection as it provides helpful information on HIV-
related clinical complications [49,61]. CD4 depletion and the
potential role of chronic inflammation on this mechanism [62]
is a critical feature to describe and may be a threat for
long-term ART-treated patients. Even though our results may
appear slightly outdated compared to the 2020 recommended
paediatric HIV care standards, optimal access to high standard
of care remains challenging for some resource-limited regions
that are still facing difficulties to access the most recent
and efficient treatment strategies [63]. This multi-regional,
extended description of growth and CD4 patterns, in a large
and diverse population of APH, should help further support
HIV care for APH worldwide.
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