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Abstract
HIV incidence in sub-Saharan Africa declined substantially between 2000 and 2015. In this analysis, we consider the rela-
tive associations of nine structural and individual determinants with this decline. A linear mixed effects model of logged 
HIV incidence rates versus determinants was used. The data were from mathematical modelling as part of the 2019 Global 
Burden of Disease Study in 43 sub-Saharan African countries. We used forwards selection to determine a single final model 
of HIV incidence rate. The association of economic variables and HIV knowledge with incidence was found to be driven 
by education, while ART coverage had the largest impact on other determinants’ coefficients. In the final model, education 
years per capita contributed the most to explaining variation in HIV incidence rates; a 1-year increase in mean education 
years was associated with a 0.39 (− 0.56; − 0.2, t = − 4.48 p < 0.01) % decline in incidence rate while a unit increase in ART 
coverage was associated with a 0.81 (− 1.34; − 0.28, t = − 3.01, p < 0.01) % decline in incidence rate.
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Background

The global HIV epidemic underwent a series of transfor-
mations since the turn of the century. The introduction and 
wide disbursement of antiretroviral therapy (ART) drove a 
decrease in deaths and incident cases of HIV in many Sub-
Saharan African (SSA) countries. In 2000 ART coverage 
averaged 0% across SSA; by 2015, coverage averaged 43% 
across all SSA locations. The rise in ART was accompanied 
by a large decrease in the number of deaths in the regions, 
with a 27.85% reduction between 2000 and 2015 [1] .

Beyond ART, developments related to sexual behaviours, 
social determinants and awareness also assisted in influenc-
ing the HIV epidemic. Increases in condom usage, aware-
ness of, and attitude towards HIV and HIV prevention are 
associated with declines in HIV incidence [2]. For example, 
in Kenya, information campaigns were found to be effective 
to increase the knowledge required to prevent HIV infection. 
This change was seen to reduce the risk of HIV infection 

[3]. Other determinants, such as school attendance, years 
of education completed [4] and lagged distributed income 
(LDI), a weighted average of Gross Domestic Product per 
capita [5], also impact HIV incidence. These factors have 
improved substantially in Sub-Saharan Africa since 2000 
and can additionally have direct impacts on transmission and 
access to treatment [6]. For example, increased education 
and school attendance has been found to be associated with 
protective sexual behavior in women and girls, including an 
older age of sexual debut, lower numbers of sexual partners 
and use of condoms [4]. Though wealth is inconsistently 
associated with lesser HIV burden at an individual level [7], 
improvement in traditional economic indicators are associ-
ated with reduced HIV [5] and are also considered indicators 
of overall health system quality [8]. Conversely, high levels 
of sexual violence have been found to often drives higher 
HIV rates in women [9].

While HIV-related behavioral change and social determi-
nants of HIV have often been explored, less work has char-
acterized the interplay between these variables. Most often, 
studies focus on the impact of one risk factor and/or several 
variables at once on HIV outcomes. However, this approach 
precludes understanding the relationships between factors 
[10, 11] which can also drive their association with HIV 
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incidence. Quantifying variables that are operating through 
other factors is relevant to planning as well as reducing the 
risk of biased estimates in causal analysis of risk factors on 
HIV outcomes [12]. For example, the change in the impact 
of education on incidence when we adjust for HIV knowl-
edge scores could enable understanding factors’ explanatory 
power, as well as contribute to further studies that rely on 
understanding mechanisms.

This analysis examines the associations between various 
sociobehavioural and economic factors on HIV incidence 
rate, when sequentially controlling for each other. We inves-
tigate the nuances of the relationships between these factors 
and HIV incidence and select the most parsimonious model 
of HIV incidence. Specifically, we sought to: (i) Describe 
the relationships between socio-behavioural factors and 
economic determinants known to influence HIV incidence; 
(ii) Quantify the association between these factors and HIV 
incidence rate.

Methods

Sample

We included 43 countries in our analysis with yearly data 
on HIV incidence and covariates from 2000 to 2015. These 
countries comprise the Sub-Saharan Africa super region as 
defined by the Global Burden of Disease studies, which have 
experienced a disproportionate HIV burden in the past three 
decades.

Covariates

We included economic/structural and socio-behavioral fac-
tors, as described below.

Economic and structural factors included lagged distri-
bution income (LDI), HIV cure and treatment financing per 
capita (henceforth HIV spending) and education per capita. 
LDI is the weighted average of GDP per capita for a 10-year 
period preceding the year of interest. Decreasing weights are 
given to GDP per capita values from years further away from 
the year of interest. The estimates of spending on HIV care 
and treatment used herein (unpublished) are similar to those 
published previously [13, 14].1 Education was represented 
in this study by average years of education received in adult 
age groups. We also included the prevalence of non-partner 
sexual violence. Both were estimated as part of the Global 
Burden of Disease Study [15].

HIV-specific knowledge and attitude scores and modern 
contraceptive use were additional covariates. Briefly, HIV-
specific knowledge was based on individual-level data for 
12 HIV knowledge and attitude indicators (yes/no questions) 
including, for example, knowing where to obtain an HIV 
test, that condom use prevents HIV, and that having one part-
ner reduces HIV risk. The number of ‘yes’ answers to these 
questions formed the bases of the knowledge and attitude 
scores. This information was extracted from 267 surveys 
and collapsed to country-level estimates (Online Appendix 
Table 1). A spatiotemporal Gaussian progress regression was 
then used to provide a complete time series since year 2000 
for knowledge and attitude scores at the country-level for all 
countries in sub-Saharan Africa [16]. This model allowed us 
to borrow strength from ‘data-rich’ time and space points to 
fill in the sparser locations and years.

Modern contraceptive prevalence was the proportion of 
all women of reproductive age (15–49 years) who are cur-
rently using, or whose sexual partner is currently using, at 
least one form of modern contraception. Methods included 
male or female sterilization, male or female condoms, dia-
phragms, cervical caps, sponges, spermicidal agents, oral 
hormonal pills, patches, rings, implants, injections, intrau-
terine devices (IUDs), or emergency contraceptives [17]. 
Detailed description of the estimations of these covariates 
can be found elsewhere  [18, 19].

Finally, ART coverage rate was measured as the total 
number of people on ART divided by total prevalence in 
each country-year. ART and prevalence were an additional 
output of the model for incidence rates described under 
Outcome.

Outcome

The HIV incidence rate per person among all ages and both 
sexes was estimated for the 2019 Global Burden of Disease 
(GBD) Study using the Estimation and Projection Package-
Age Sex Model (EPP-ASM) [20]. This model was originally 
developed by the UNAIDS Reference Group on Estimates, 
Modelling, and Projection, and extensively built upon as part 
of the GBD [1], specifically to model HIV outcomes. EPP-
ASM determines incidence at every time point as a function 
of the transmission rate among the un-treated population. 
It uses available data on HIV, prevalence, ART coverage 
and population demographics.

Transmission rate was modelled using the ‘r-hybrid’ 
model, in which transmission follows a logistic function 
until 2003, a linear interpolation until 2008, and a random 
walk process thereafter. These different forms reflect the 
initial spike and peak of the HIV epidemic, followed by a 
period of stabilization. Demographic and treatment inputs 
including population, migration, fertility rates, and treat-
ment progression rates inform the integrated natural history 

1 See Sect.  5 of the supplementary methods appendix of the 2020 
publication for details about methods and data used to generate the 
retrospective estimates.
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model, allowing for a complete population projection of HIV 
incidence, prevalence, deaths and ART coverage in every 
year, age and sex.

The demographics inputs were from GBD 2019 Demo-
graphics estimates, while treatment inputs were from 
UNAIDS public release country files. Prevalence data were 
from country-reported antenatal care (ANC) clinics and 
nationally-representative household surveys. These consist 
of both Demographic and Health Surveys with HIV test-
ing and Population-based HIV Impact Assessment (PHIA) 
surveys (data sources by country are available in Online 
Appendix Table II). The number of people on ART and pre-
vention of maternal to child transmission are also reported 
to UNAIDS by countries in publicly available data. These 
are used as in inputs in this model. The methods have been 
previously described in full detail  [21].

Analytic Method

To describe trends in incidence, we derived the percent 
change in the HIV incidence rate between 2000 and 2015 
for each country in our sample. The evolution of variation 
across countries was explored using the standard deviation 
of incidence rates.

We then developed a model of incidence rate as a func-
tion of the independent variables described under Covari-
ates. First, crude correlations between predictor variables in 
2000 were assessed. We employed a rule of thumb of 0.8, 
meaning when a pair of variables showed Spearman rank 
correlations of 0.8 or higher, we excluded one of these from 
further analysis. We then modelled the association between 
the covariates and the outcome using a linear mixed effects 
model that accounted for within country correlation in inci-
dence across years for all analyses as in Eq. (1).

where Y is the log incidence rate per person in country i 
at time t, K is a vector of country and time specific covari-
ates with estimated coefficients � , u1i is the country-specific 
random intercept term, and εit is the random error. A priori, 
we found that trends in LDI, Xit, varied across countries, so 
we allowed a country-specific deviation, uoit, from the coef-
ficient λ on this variable in all models, i.e. a random slope.

In a modified forwards selection procedure [22], we 
sequentially added each covariate, starting with an intercept-
only model. Traditionally, in an automated procedure, previ-
ously added covariates are dropped when adding another one 
means it no longer helps to improve the model, i.e. all covar-
iates in the model do not meet some criteria. However, prior 
to dropping covariates, we determined the impact on all the 
coefficients when each covariate was added. This allowed 
describing which variables were acting as confounders. We 

(1)Yit = �Kit +
(

� + uoit
)

Xit + �it + u
1i

then dropped covariates step-wise that were observed to lose 
statistical significance after adding another covariate. Rather 
than relying entirely on significance which is problematic 
due to underestimation of standard errors in selection pro-
cedures [23], we employed other model comparison met-
rics including the Akaike Information Criterion (AIC), the 
Bayesian Information Criterion (BIC) and model deviance to 
confirm they remained stable after covariates were dropped.

We determined the relative magnitude of the covariates’ 
contributions to explaining variation in the outcome using 
each variable’s sums of squares from an ANOVA decompo-
sition of fixed effects [24]. The sum of squares for each fixed 
effect in the model, and an F statistic (the sum of squares 
divided by the residual variance times the degrees of free-
dom) was used to help to informally judge significance.

Uncertainty from the EPP-ASM HIV model described 
under Outcome was propagated into the mixed effects model. 
We ran the mixed effects models 1000 times each, each time 
drawing one of 1000 resampled outputs of the HIV statistical 
model. The final standard error was derived as:

where ∅x is coefficients estimated on each × draw 
(1–1000). The result was an inflated final variance that 
accounted for both uncertainty in the outcome from the HIV 
model and uncertainty from the mixed effects model.

All analyses were performed in R [25] using the lme4 
package [26].

Results

Country Characteristics

Overall, the mean HIV incidence rate declined from 6.15 per 
1000 (SD = 0.54) in 2000 to a mean of 2.35  per 1000 
(SD = 0.17) in 2015. All countries except three (Angola, 
Madagascar, Equatorial Guinea) experienced a decline 
over this time period, though the percent changes ranged 
from − 86 to 51 percent (Fig. 1) The decline in standard devi-
ation demonstrates the gains were not skewed. Characteris-
tics and percent changes by country are available in Online 
Appendix Table III. Incidence time series are visualized in 
Online Appendix Figure I.

The theme of overall improvement during 2000–2015 
was also evident in the trends of most of the covariates. 
All covariates improved except non partner sexual violence 
which increased slightly between 2000 and 2015. ART rates 
were effectively zero on average in 2000 but rose to 38% by 
2015, while LDI increased by 62.9%, spending on HIV by 
194% and contraception prevalence by 85%, from 12% in 
2000 to 23% in 2015 (Table 1).

SEfinal = E(�it + ui) + SE
(

�x
)
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Fig. 1  Percent change in mean 
incidence rate in 2000 versus 
2015

Table 1  Mean percent change 
between 2000 and 2015 for 43 
countries in sub-Saharan Africa

Covariate Mean 2000 (SD) Mean 2015 (SD) Percent change

Incidence rate 6.15 (10.05) 2.35 (2.99)  − 61.76
ART coverage 0 (0) 0.38 (0.17) N/A
Economic determinants
 Lag-distributed income 2499.72 (2857.74) 4071.95 (6305.77) 62.9
 Years of education completed 4.65 (2.01) 6.3 (2.14) 35.53
 HIV curative care spending 1.88 (6.64) 5.52 (11.37) 193.5

Socio-behavioral
 Attitude score 0.53 (0.1) 0.65 (0.11) 22.02
 Contraception prevalence 0.12 (0.12) 0.23 (0.15) 84.94
 Knowledge score 0.55 (0.13) 0.75 (0.1) 36.89
 Non-partner sexual violence 0.1 (0.07) 0.1 (0.07) 2.85

Correlation Between Covariates

The covariates had moderate to strong correlations with each 
other and independently with HIV incidence rate (Fig. 2). 
HIV-related knowledge and attitude scores were the most 
strongly correlated with each other (R = 0.82), thus we 
removed the attitude scores for the remaining analysis. All 
the other correlations were below 0.8, the highest being 
between HIV-related treatment spending and attitude scores 
with R = 0.77. There was virtually no correlation between 
ART coverage rates and non-partner sexual violence 
(R = 0.01), which was the lowest crude correlation observed. 
The crude correlations countered background knowledge; 
higher HIV incidence was associated with higher values of 
all covariates except for ART rates (Fig. 2).

Results When Sequentially Adding Covariates

All results are displayed in Table 2. Sums of squares tables 
for each model are available in the Online Appendix Table 
IV, and model fit statistics for all models are available in 
Online Appendix Table V.

In the LDI-only model, a 10% increase was associated 
with a − 17 (− 29.7; − 4.3, t = − 2.63, p < 0.01) percent 
decline in incidence rate, and the sum of squares of LDI 
was 0.17. Comparatively, when we added HIV spending, the 
coefficient on LDI was closer to the null, though the mag-
nitude of the association between incidence rate and spend-
ing was lower at − 1.6 (− 2.2; − 0.9, t = − 4.87, p < 0.01) for 
a 10% decrease. HIV spend made a larger contribution to 
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explaining variation in incidence rate than LDI (sum of 
squares = 5.5).

When we introduced knowledge scores and years of edu-
cation per capita to the model, the association with the eco-
nomic variables were no longer statistically significant. The 
latter were thus standing as partial proxies for education. 
Initially, a 10 unit increase in knowledge scores was associ-
ated with a 24.2 (− 33.1; − 15.2, t = − 5.3, p < 0.01) percent 
decline in incidence rate, but once we introduced education 
years, this association was no longer statistically signifi-
cant. A one year increase in education years per capita was 
associated with a − 0.51 (− 0.67; − 0.36, t = − 6.36, p < 0.01) 
percent decline in incidence rates. The sum of squares for 
knowledge scores and education years were similar (5.31 
and 5.02, respectively).

Introducing modern contraceptive prevalence [B = − 0.88 
(− 2.6;0.8), t = − 1.03, p = 0.24] did not impact the coeffi-
cients on the other variables, suggesting that, for example, 
it does not drive the association between the economic vari-
ables and incidence rates. The sum of squares was lower 
than all other covariates included to that point (0.14), and 
it was also statistically insignificant. The magnitude of the 
association between modern contraceptive prevalence and 

incidence rate remained consistent when we added non part-
ner sexual violence to the model. The latter was associated 
with a statistically insignificant percent increase in incidence 
rate of 4.1 (− 1.64; 9.84, t = 1.4, p = 0.15) per unit increase. 
Non partner sexual violence made a larger contribution than 
contraception to explaining incidence rate variation (sum of 
squares = 0.18).

Finally, adding ART rates to the model impacted the 
coefficients for several covariates. The associations between 
LDI, education years per capita, and non-partner sexual vio-
lence and incidence rates all moved closer to the null or even 
flipped, potentially suggesting that ART coverage operates 
partially as a mediator between these variables and the out-
come, as well as a confounder. A 1% increase in ART cover-
age rate was associated with a 1.02 (− 1.64; − 0.4, t = − 3.24, 
p < 0.01) percent decline in incidence rate.

Results After Covariate Selection

We first removed LDI and HIV curative care spending 
from the sequential model when knowledge score was 
added, which did not significantly affect any other coeffi-
cient. The AIC, BIC and deviance stayed nearly the same, 

Fig. 2  Spearman correlations between all covariates included in the analysis in the year 2000
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corroborating these variables’ lack of importance once we 
account for knowledge scores (Online Appendix Table V).

We then removed knowledge score, which had lost sta-
tistical significance when education per years capita was 
added. The statistical significance (p-value) and magnitude 
of the association between years of education and incidence 
rate increased in this model [B = − 0.55 (− 0.67; − 0.42 
t = − 8.38 p < 0.01)] (Table 3). We also obtained nearly 
identical model fit statistics (Online Appendix Table V). 
Finally, we removed modern contraceptive prevalence and 
non-partner sexual violence which also resulted in similar 
fit statistics, confirming their lack of importance in our data 
(result not shown).

Final Model

The final model included education years per capita and the 
ART rate (Table 4), in addition to the random intercepts for 
country and random slopes for LDI. Each of these variables 

contributed to improved model fit statistics. Education years 
per capita contributed the most to explaining variation in 
incidence rates (17.43), a notable increase from its contribu-
tion in the full sequential model described above. A 1-year 
increase in mean education years was associated with a 0.39 
(− 0.57; − 0.22, t = − 4.48 p < 0.01) % decline in the HIV 
incidence rate. Education was followed by ART coverage 
(Sum of squares = 1.1), which was associated with a 0.81 
(− 1.34; − 0.28, t = − 3.01, p < 0.01) % decline in incidence 
rate (Table 4).

Discussion

After accounting for ART coverage rates and education 
years per capita, non-partner sexual violence, contracep-
tive prevalence, HIV spending, LDI and HIV knowledge 
scores did not contribute to explaining variation in HIV inci-
dence rates between 2000 and 2015. Both education-related 

Table 3  Modelling results of the association between covariates and logged HIV incidence rate, after removing HIV spending, LDI and knowl-
edge  scoresa

* Statistically significant at the 5% level
a Mean effect of a 1-unit increase in the covariate on the percent change in HIV incidence rate (95% confidence interval)
b All coefficient are based on a linear mixed effects model with random intercepts for country, random slopes for LDI, and log incidence rate for 
the outcome
c The model in each row included the covariates in all the lines above

Modelc Years of education completed Contraception prevalence Non-partner sexual violence ART coverage

Years of education com-
pleted

 − 0.55* (95% 
CI − 0.67; − 0.42) t = − 8.38 
(p < 0.01)

Contraception prevalence  − 0.5* (− 0.65; − 0.35) 
t = − 6.65 (p < 0.01)

 − 0.96 (− 2.58; 0.66) 
t = − 1.16 (0.2)

Non-partner sexual violence  − 0.51* (− 0.66; − 0.36) 
t = − 6.74 (p < 0.01)

 − 1.05 (− 2.65; 0.55) 
t = − 1.29 (0.17)

3.86 (− 1.86; 9.59) t = 1.32 
(0.17)

ART coverage  − 0.38* (− 0.56; − 0.2) 
t = − 4.15 (p < 0.01)

 − 0.6 (− 2.16; 0.97) 
t = − 0.75 (0.3)

2.06 (− 3.65; 7.78) t = 0.71 
(0.3)

 − 0.74* 
(− 1.3; − 0.19) 
t = − 2.62 
(p = 0.01)

Table 4  Final model of the 
association between covariates 
and logged HIV incidence  ratea

* Statistically significant at the 5% level
a Mean effect of a 1-unit increase in the covariate on the percent change in HIV incidence rate
b All coefficient are based on a linear mixed effects model with random intercepts for country, random 
slopes for LDI, and log incidence rate for the outcome
c Interpretation: reduction in residual sum of squares when the covariate was added. P-values are not pro-
vided as there is no hypothesis test. Larger F-values represent greater significance for the fixed effect’s abil-
ity to explain variation in the outcome

Estimatea 95% confidence interval, t-value Sum of  squaresc F value (df = 1)c

(Intercept)  − 4.4* (− 5.8; − 2.99) t = − 6.14 (p < 0.01)
ART Coverage  − 0.81* (− 1.34; − 0.28) t = − 3.01 (p < 0.01) 1.1 71
Years of Educa-

tion Completed
 − 0.39* (− 0.57; − 0.22) t = − 4.48 (p < 0.01) 17.43 1136
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variables mediated and/or confounded the effect of HIV 
spending and lagged distribute income on incidence rate. 
Our findings underscore the importance of general education 
and treatment availability to address HIV incidence.

We found that improvements to education-related vari-
ables including formal education and HIV-related knowl-
edge mattered more to explaining declines in HIV incidence 
rates than economic variables. Economic variables such as 
wealth have had mixed associations with HIV burden in 
Sub-Saharan Africa. With most conditions, health outcomes 
improve with wealth; poverty has similarly been assumed 
as a driver of HIV [27]. However, infections have skewed 
towards people in better socioeconomic circumstances [28], 
potentially because of risk factors such as the number of 
sexual partners [7] that also increase with wealth. Relative 
inequality is associated with HIV prevalence [29], which 
may also reflect differential access to education. Not many 
countries have analyzed their successes, but some countries 
with relatively low GDP have seen significant gains in tack-
ling HIV. For example, Zimbabwe is not ranked highly in 
terms of African GDPs, yet its decline was attributed to suc-
cessful campaigns for behavior change which spread through 
word of mouth [30].

HIV spending on care and treatment may also operate 
least partly through HIV knowledge and education. At the 
turn of the century, countries were motivated by the Millen-
nium Development Goals which included achieving univer-
sal access to treatment and health services, and reversing the 
course of HIV by 2015 [31]. The developing world had large 
gains in ART coverage rates and strengthening of health 
infrastructure and systems for prevention and treatment [32]. 
Our findings suggest the importance of spending to reduce 
HIV incidence, however the association reduced once we 
adjusted for HIV knowledge and education. Thus, spending 
may operate through improvements to other socioeconomic 
determinants. These mechanisms can be material, for exam-
ple, improving treatment access, but also qualitative as it can 
serve as a catalyst for more effective responses generally 
[33]. Despite this, compared to all health focus areas, the 
growth rate for global health spending on HIV reduced the 
most after the 2009 global financial crisis [34].

Modern contraceptive prevalence and sexual violence did 
not retain statistical significance in our model but are also 
highly linked to education. In the crude correlations, HIV 
knowledge scores and education both had high correlations 
with modern contraceptive prevalence. Contraception could 
reduce HIV incidence through reduced unintended HIV 
positive pregnancies which are also correlated with edu-
cation [35]. In countries targeted by the President’s Emer-
gency Plan for AIDS Relief, the number of unintended HIV 
positive births averted by contraceptive use ranged up to a 
maximum of 120,000 in South Africa [36]. Contraception 
use is also more cost-effective to prevent HIV-positive births 

than nevirapine [37]. Sexual violence reduces the likelihood 
of contraception use and increases unintended pregnancies. 
Female sex workers face a higher risk of sexual violence 
and, in this group only, hormonal oral contraception was 
actually found to increase susceptibility to HIV, suggesting 
the strong presence of unobserved risk factors [38]. In our 
modeling, we also found that the presence of HIV knowl-
edge scores reduced the associations between contraception 
and sexual violence with HIV incidence rate, further sug-
gesting an interplay. However, there is limited work on HIV 
knowledge sores in relation to these other variables to date.

Implications

Deciding the best use of global health dollars, planning gov-
ernment campaigns and programs, and deciding areas of 
focus for on-the-ground initiatives requires strong evidence 
on mechanisms to reduce HIV incidence. Default thinking 
around infectious disease epidemics may revert to standard 
economic indicators, such as GDP, and consequent invest-
ment in general development. However, this study demon-
strates the importance of additional nuance to HIV drivers. 
GDP improvements without improvements in social deter-
minants such as education may have little effect. At the same 
time, investment in ART and treatment alone is not enough, 
and may be less effective than addressing social and struc-
tural factors such as access to education.

From a research perspective, our study contributes to 
understanding possible pathways between social determi-
nants of HIV, individual behavior changes and risk factors 
and HIV outcomes. Analyzing a multitude of covariates’ 
effect on each other’s association with HIV incidence rate 
is a prerequisite for developing conceptual frameworks or 
directed acyclic graphs, an important tool for epidemiologic 
studies [39]. These diagrams assist in understanding expo-
sures, outcomes, confounding, bias and, ultimately, path-
ways to causation. Including many covariates in a model 
without hypothesizing their pathways has the potential to 
introduce bias [10]. Blindly adjusting for different covariates 
can even cause the outcomes’ association with covariates 
already in the model to invert [11]. Evidence-based back-
ground knowledge, such as the information generated from 
this study, on pathways between covariates is essential for 
further analyses to decompose covariate effects and infer 
causation.

Limitations

Our study has several limitations. First, forward selection 
has been extensively criticized as a method of reducing 
data dimensionality. However, our application and pur-
pose renders it less problematic. The method may lead to 
underestimation of standard errors which can lead to falsely 
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including or excluding variables [23]. However, with our 
limited sample size, there is a greater risk of over-estimating 
standard errors. We mitigated against this by also examin-
ing the impact on other coefficients and model fit statistics, 
and ensuring we understood the impact of each variable. 
An additional critique includes over-estimation of variance 
explained [22], however we mainly considered the relative 
explanatory power of our variables. It is however plausible 
that employing a different selection procedure may yield a 
different final model, moving away from the assumption that 
there is in fact ‘one true model’.

Second, we had a limited number of candidate covariates. 
Though this enabled us to decompose the impact of adding 
each of them, additional covariates could help to further 
understand confounders of the variables in our model. In 
particular, we did not account for inequality within coun-
tries, which may act as a mediator between any of the vari-
ables we included and the outcome. Considering the impact 
of relative inequality is a possible future direction for studies 
based on this research.

Third, our model could be criticized as circular because 
ART coverage is also used in the model that generates inci-
dence rates. However, ART was important to include in both 
models. The scarcity of incidence data means that ART must 
be input into the model that estimates incidence. It is not 
possible to exclude it from this analysis either, as it is a key 
determinant of incidence rate and changed considerably dur-
ing the 2000–2015 time period.

Future research should focus on examining different 
combinations of social determinants and behavioral risk 
factors and their effects on more epidemiological transmis-
sion parameters and demographic variables used in the HIV 
estimation model. This also allows adding more social deter-
minants such as health care access and quality. Such a mod-
eling strategy should enable us to decompose the impacts of 
different social determinants on the changes in HIV-related 
behaviors and incidence, prevalence and mortality at the 
country level during the last three decades.

Conclusion

We found that ART coverage and education years per capita 
were important to explaining temporal variation in HIV inci-
dence rates between 2000 and 2015 in Sub-Saharan African 
countries. Education reduced the effect of economic vari-
ables including LDI and HIV spending on incidence rate. 
Future studies can capitalize on this work to better under-
stand the interaction pathways between the socio-behav-
ioural and economic determinants of HIV incidence.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10461- 021- 03279-9.
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