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181general discussion and future perspectives

Since the availability of cART, being born with HIV is no longer a death sentence – but that does 

not mean the work of caretakers and health care professionals is done. Perinatally HIV-infected children 

are growing up dealing not only with the burden of a lifelong disease that requires daily medication intake, 

but also with emerging co-morbidities that cART cannot fully suspend, and the persistent stigma that is still 

associated with HIV-infection today. And until we succeed in screening and treating all pregnant HIV-infected 

women, a new generation of children will still be born with HIV. 

Two decades after cART has become available, perinatally HIV-infected children are now for the 

first time surviving into adulthood. Being exposed to HIV and cART during the critical period of immune and 

central nervous system (CNS) development renders them a unique population in terms of pathophysiology, 

incomparable to the adult population.1,2 Now is the time to maximize our efforts to understand the long-

term effects of continuous exposure to HIV and cART on the developing immunological and neurological 

systems. This knowledge is essential for the development and optimization of both therapeutic and adjuvant 

treatment strategies, that could preserve or even restore cognitive function and cerebral integrity. Ultimately, 

this could benefit perinatally HIV-infected children, adolescents, and young adults for the rest of their lives.

This thesis provides insight into cerebral and retinal deficits in perinatally HIV-infected children 

on a microstructural and biochemical levels, contributing to our understanding of (the pathogenesis of) 

cerebral and cognitive deficits in paediatric HIV. In this chapter, we discuss the combined cross-sectional 

neuropsychological, neuroimaging, retinal, and biochemical findings from the NOVICE study, and provide 

a framework of several potential pathophysiological mechanisms which may contribute to HIV-associated 

CNS disease.

Direct injury by HIV

Perhaps the most widely accepted theory of direct injury by HIV to the CNS describes the damage by HIV 

in early life prior to initiation of cART, often referred to later in life as the legacy effect. HIV has indeed been 

shown to enter the CNS within days following acute infection3, and may even enter the fetal CNS in utero.4 

The brain may act as a separate privileged reservoir, as indicated by independent HIV replication within 

the CNS, involving different HIV strains when compared to the strains present in the blood or other body 
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compartments (compartmentalization).5,6 Increased compartmentalization in chronic infection, as well as 

a slower decline of HIV viral load (VL) in CSF as compared to plasma, have been suggested to mark the 

independent nature of long-lived glial cells as viral host cells.1,6 While the contribution of a legacy effect is 

theoretically arrested with initiation of cART, it is possible that damage caused by early CNS infection may 

not become apparent as a functional deficit until years later, similar to long-term consequences of traumatic 

brain injury.7

In chapter 3, we show that neurometabolite changes are most prominent in children with a history 

of advanced HIV infection and severe immune suppression, as reflected by low nadir CD4+ T-cell counts 

and high peak HIV VL measurements. Similarly, children having experienced longer periods of immune 

suppression or an AIDS-defining event showed poorer verbal IQ8, lower gray and white matter volume, 

poorer white matter integrity9, and reduced retinal thickness.10 The relationship between cerebral injury and 

indicators of early life HIV severity are confirmed by other study groups,11–14 and suggest that the cognitive 

and structural cerebral deficits that we see today (at least partly) originate from a period of uncontrolled HIV-

infection early in life. While longitudinal data in perinatally HIV-infected children is extremely scarce, studies 

focusing on HIV-infected adults provide some support for injury as a result of the legacy effect, with slowed 

or possibly halted progression of existing cerebral and cognitive deficits after initiation of cART.15–18 

Despite the knowledge that untreated HIV can quickly progress to encephalopathy and AIDS 

in infancy, only half of the children born to HIV-infected mothers worldwide currently receive adequate 

diagnostic screening and follow-up, and less than half of HIV-infected children under the age of 15 years are 

receiving treatment as of 2015.19 Improving the access to diagnostic testing of children born to HIV-infected 

mothers, and increasing the availability of treatment initiation following HIV diagnosis regardless of CD4+ 

T-cell count,19 are key steps to reduce these harmful effects in this critical period of life. Further evidence for a 

legacy effect is derived from uninfected children who were exposed to HIV (and cART) in utero. These children 

generally perform better than HIV-infected children, but poorer as compared to unexposed controls.20–22 

Maternal immunological disturbances are known to affect both the nervous and immune systems of their 

children, and may cause long-lasting cerebral injury and abnormal immune responses in later life.2 This 

warrants a better understanding of the mechanisms by which the immunological consequences of maternal 

HIV infection affect an unborn child, and underlines that treatment of pregnant HIV-infected women should 

be further improved and possibly extended beyond cART. It also stresses the importance of preventing HIV 

infection in women of child-bearing age, which may be the only way to optimally prevent long-term HIV-

associated effects on the immune and brain development of their children.

It is less clear to which degree HIV itself still contributes to ongoing CNS injury in the setting of long-

term cART. Plasma or CSF HIV VL measurements and CD4+ T-cell count at NOVICE study inclusion were not 

associated with neurometabolite alterations (chapter 3), or cerebral blood flow (chapter 4). Similarly, having 

detectable CSF HIV RNA did not distinguish between different stages of HIV-associated neurocognitive 

disease (HAND) in adults.23 In our study, we cannot exclude the presence of low level viremia, i.e. below the 

limit of quantification (40 or 150 copies/milliliter in blood, and 150 or 400 copies/milliliter in CSF for the 

assays used during the NOVICE study period). However, even with ultrasensitive assays able to detect as few 

as two copies/milliliter, CSF HIV VL was often undetectable or unable to predict cognitive decline in cART-
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treated adults.24,25 HIV VL in CSF or blood and circulating CD4+ T-cell counts may thus not be appropriate 

markers of CNS pathology once cART is initiated. 

The brain can serve as a reservoir of replication-competent HIV, which may be established within 

days after infection and prior to initiation of cART.26 Latently infected brain macrophages, microglia, and 

astrocytes may still express and secrete viral proteins and other neurotoxic substances, potentially leading 

to ongoing damage to the CNS despite undetectable HIV in blood and CSF (chapter 2). However, currently 

no technique exists that can detect the presence of HIV or expression of its proteins within the brain tissue in 

vivo. In chapter 5, we show that neuroretinal abnormalities partly appear to parallel white matter diffusivity 

changes within the brain. The retina may serve as an additional, more accessible site to study the (ongoing) 

effects of HIV on neuronal tissue, for instance with in vivo localization imaging techniques.

Treatment-related factors 

The protective effects of cART on the CNS have been demonstrated by a ten-fold decrease in prevalence 

of HIV encephalopathy from >20% to approximately 2%.27,28 Nonetheless, concerns about toxicity of 

antiretrovirals (ARVs) have existed since the approval of zidovudine as the first ARV drug in 1986. Especially 

the non-nucleoside reverse-transcriptase inhibitor efavirenz is known for its side-effects on the CNS, such 

as dizziness, headaches, vivid dreams and psychiatric complaints.29 Further, exposure to specific ARVs such 

as abacavir and protease inhibitors are thought to be associated with an increased prevalence of metabolic 

disturbances that may increase cardiovascular risk, including dyslipidemia and insulin resistance.30–32 

However, a large trial in adults shows that CD4-guided initiation and interruption of treatment, a strategy 

intended to minimize ARV toxicity, was in fact associated with increased risk of morbidity and mortality of 

non-communicable origin, including cardiovascular, renal, and hepatic disease.33 This risk was ascribed to 

the increased HIV VL and decreased CD4+ T-cell counts seen with interrupted treatment, which was confirmed 

by a risk reduction after adjusting for these factors. This clear evidence that the protective effects of cART 

outweigh potential toxicity has greatly contributed to the current treatment guidelines advising early and 

continuous cART.34

With the recommendation of indefinite treatment comes the prospect of lifelong treatment 

adherence, a well-known challenge in many chronically ill adolescent populations.35–38 Proposed adherence 

barriers specific to HIV-infected adolescents include stigma and shame, limited availability of suitable ARV 

drug formulations, heavy pill burden, education level (of patients and caregivers), risk-taking behavior, 

and lack of expertise in targeted support for this age group and their caregivers in HIV status disclosure 

and cART management.39,40 The cognitive and psychiatric problems associated with HIV may be additional 

contributing factors.41 Poor adherence to treatment could lead to suboptimal ARV exposure, which may lead 

to viral rebound, selection of virus resistant against specific ARVs, and increased immune activation.42,43 

Differences in CNS penetration effectiveness between ARVs are hypothesized to also play a role, but this 

relationship was not confirmed in a paediatric study.44

 In chapter 8, we detected no cases of viral escape among the cART-treated children in our 

cohort, despite the fact that not all antiretroviral drugs reached CSF concentrations considered sufficient 

to effectively inhibit viral suppression. First, this could be explained by sufficient CSF concentrations of the 
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combination of ARVs. It should be noted that the CSF inhibitory concentrations did not take other ARVs 

into account, and may differ when applied in combination with other regimens. Further, CSF concentrations 

remain a limited proxy for the pharmacokinetics of ARVs in brain tissue. In terms of potential neurotoxicity, 

it could be considered reassuring that none of the cognitive, cerebral, and retinal deficits in NOVICE study 

were related to treatment-related factors, such as age at treatment initiation or duration of treatment 

(chapter 4 and 5).8–10 On the other hand, we were unable to investigate the effects of individual ARVs or 

classes within our cohort. With these limitations, it remains unknown whether some ARVs or classes are 

more neuroprotective than others.42 Additionally, new more potent and less toxic antiretroviral drugs are 

continually being developed and approved, and their long-term toxicity as of yet remains unknown. Overall, 

our findings indicate that even adequate treatment adherence and sustained virological suppression does 

not provide full protection from neurocognitive deficits in paediatric HIV.

Immune activation

Apart from direct viral and ARV toxicity, mounting evidence underlines the presence of ongoing immune 

activation and inflammation during chronic, cART-treated HIV infection. Even when cART is initiated in acute 

infection and leads to virological suppression and reconstitution of CD4+ T-cells, immune activation does 

not fully normalize.45,46 Microbial translocation from the gut following depletion of mucosal CD4+ T-cells 

during early HIV infection has been proposed as an important trigger. This leads to increased systemic levels 

of the microbial product lipopolysaccharide, a potent activator of the immune response, which is only partly 

mitigated by cART.47,48 Additionally, latent HIV within the CNS may cause localized activation and dysfunction 

of microglial cells in brain tissue.49

In chapter 6, we show that HIV-infected children in our cohort have higher circulating plasma levels 

of several immune activation and inflammatory markers: monocyte chemoattractant protein-1 (MCP-1, also 

known as CCL-2), C-reactive protein (CRP), interferon-gamma (IFN-γ), and IFN-γ-inducible protein-10 (IP-10). 

However, none of these plasma markers directly correlated with brain injury. It remains unknown whether 

these (or other) plasma markers exert an influence on immune activation and inflammation beyond the 

blood-brain barrier.  There are reasons to assume that HIV-associated immune activation and inflammation 

within the CNS differ from those in blood, including the predominant innate response involving CNS-specific 

cells such as microglia and astrocytes (chapter 2), lower ARV concentrations (chapter 8), and the possible 

presence of latent HIV within the brain tissue. The difference in immune activation and inflammation within 

the CNS and blood was further underlined in chapter 6 by the limited concordance between plasma and CSF 

levels of biomarkers. This may in part explain why different biomarkers in each compartment were associated 

with cerebral and cognitive outcomes. To elucidate the role of immune activation and inflammation in 

HIV-associated CNS injury, the interplay between the different (developing) immune responses in both 

compartments and their effects on the brain over time needs to be unraveled further.

It could be postulated that elevated systemic MCP-1 levels in HIV-infected children are an indicator 

of migration of monocytes across the blood-brain-barrier, especially of CD14+CD16+ monocytes with increased 

susceptibility to HIV-infection and sensitivity to MCP-1.50 Invading the brain as perivascular macrophages, 

they may induce an inflammatory response in the brain tissue.51 The presence of neuroinflammation is 
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supported by the increased choline-to-creatine ratio (Cho:Cre) in white matter (WM; chapter 3), indicative 

of glial proliferation, and the association between higher CSF IL-6 and lower WM volume, which in turn was 

related to microstructural WM injury (chapter 6). The latter finding suggests a negative effect of increased 

neuroinflammation on cerebral outcomes, but should be assessed longitudinally to confirm this hypothesis. 

As shown in chapter 6, even though HIV-infected children did not express higher plasma levels 

of monocyte activation markers sCD14 and sCD163 as compared to controls, higher plasma sCD14 was 

associated with microstructural white matter injury (as reflected by increased diffusivity), and higher plasma 

sCD163 with higher serum neurofilament light-chain (NFL). Notably, these associations were retained 

after taking into account HIV viral load, nadir CD4+ T-cell counts, and other immunological and vascular 

biomarkers that were analyzed. In adults, plasma sCD14 also showed stronger associations with poorer 

cognitive performance as compared to HIV VL or CD4+ T-cell counts.52 Higher plasma levels of sCD163 have 

been associated with cognitive impairment53 as well as post-mortem evidence of synaptodendritic injury 

in adults.54 In other cohorts of HIV-infected children, plasma sCD14 (but not sCD163) has been associated 

with poorer cognitive performance.55,56 These findings merit further exploration of the relevance of systemic 

monocyte activation markers in paediatric HIV-associated CNS disease. As sCD14 is a bacterial LPS receptor, 

microbial translocation is considered a potential driver for systemic monocyte activation in treated HIV 

infection47,57, and should be evaluated alongside markers of monocyte activation in longitudinal settings.

Interpreting the relationship between immunological markers and brain injury is complicated 

by the context of responses of the immune system as a double-edged sword (chapter 2). This denotes 

the possible contradicting effects between protective immune responses, that are designed to eliminate 

pathogens and induce tissue repair, and ongoing activation by HIV and gut microbial translocation products, 

that may result in (collateral) damage.58 MCP-1 is an example of how a single marker can be associated 

with contradicting effects. It has been shown to mediate (potentially harmful) transmigration of HIV-infected 

leucocytes across the brain barrier, but also to protect neurons from viral protein-mediated toxicity via 

competitive binding to neuronal receptors in vitro.59,60 IFN-y and IP-10 have also been associated with both 

protective and deleterious effects58. As these processes depend on circumstances that may differ in vivo 

as compared to in vitro, such as receptor expression profiles and host genetic factors, it is critical to study 

these markers in relation to neurocognitive outcomes over time in larger patient populations to be able to 

distinguish neuroprotective from neurotoxic responses.

Vascular disease

Perinatally HIV-infected children and adolescents display early signs of vascular disease despite treatment, 

including increased soluble markers of endothelial activation and inflammation61–64, decreased flow-

mediated dilatation65, and increased carotid intima media thickness.66 These changes may reflect early 

atherosclerosis, which increases the risk of myocardial infarction and cerebrovascular stroke as these 

children survive into adulthood, and may be relevant to monitor longitudinally.67,68 In chapter 6, we showed 

that HIV infected children in our cohort have increased levels of CRP, a marker known to be associated 

with increased cerebrovascular risk. Our findings were not indicative of a procoagulant state, as levels of 

coagulation markers including D-dimers, prothrombin fragment 1+2, thrombin-antithrombin complex III, 
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and von Willebrand factor in HIV-infected children were comparable to controls. Other markers may be 

more specific to reflect subtle changes in coagulation or endothelial function in HIV-infected children, 

such as decreased protein S activity and increased levels of fibrinogen.62,69 Other aspects to consider when 

evaluating endothelial dysfunction are disorders related to (apo)lipoproteins, which are a known risk factor 

for atherosclerosis and were associated with WM damage in paediatric HIV.70,71 We plan to assess these lipid 

profiles in the NOVICE cohort in the near future.

The association between D-dimer and lower WM CBF, which was in turn closely related to GM CBF, 

suggests that vascular endothelial dysfunction may relate to perfusion changes. In chapter 4, we established 

that lower GM CBF was associated with higher volume of white matter lesions (WML) in HIV-infected children. 

These findings could reflect small vessel pathology, where vascular changes lead to perfusion decreases 

and localized deficits, eventually resulting in cerebral injury visible as WML.72,73 The fact that only GM CBF 

and not WM CBF was associated with WML may be explained by the higher signal-to-noise ratio of GM CBF, 

which enables detection of more subtle fluctuations in GM as compared to WM. It remains unexplained why 

lower GM CBF was related to WML only in HIV-infected children but not in controls, even though GM CBF was 

similar between groups and WM CBF was higher in HIV-infected children. Additional factors may be at play 

that could increase sensitivity to perfusion changes in the HIV-infected group, or that contribute to WML 

formation via other pathways. 

In chapter 4, we postulated that higher CBF in WM and subcortical regions may be an indicator of 

brain inflammation, or reflect a compensatory mechanism for meeting an increased demand due to HIV-

related injury in other brain regions. This was not supported by our findings in chapter 6, as increased CBF 

was not associated with the markers of increased inflammation, cerebral injury or cognitive dysfunction 

included in our network analyses. While the relation between higher GM CBF and serum neurofilament 

light (NFL) might indicate that increased perfusion is not beneficial, there were no similar associations with 

CSF markers of neuronal damage. Additionally, CBF was not associated with cerebral atrophy as another 

potential indicator of neuronal loss, and higher GM CBF was associated with better (not poorer) visuomotor 

performance. The exact mechanisms by which regional CBF is increased in children with HIV, and the 

consequences of these changes, thus remain unclear. In addition to longitudinal monitoring of resting 

state CBF, activation patterns such as assessed by magnetoencephalography or functional MRI can provide 

valuable information on the (patho)physiology and functional consequences of perfusion changes.74–76 

Neuronal dysfunction and injury

In the NOVICE cohort, cortical atrophy and decreased neuroretinal thickness were suggestive of neuronal 

injury. In this thesis, we showed that higher CSF levels of the neuronal damage marker neurofilament 

heavy-chain (NFH) were associated with poorer cognitive functioning in HIV-infected children (chapter 

6), and CSF total Tau protein with neuroretinal thinning (chapter 7). These associations carefully suggest 

neuronal damage could underlie cognitive impairment and retinal thinning. However, neuronal markers 

N-acetylaspartate-to-creatine ratio (NAA:Cre) and glutamate (Glu:Cre), measured as ratio to creatine using 

magnetic resonance spectroscopy (MRS), as well as serum NFL were comparable between HIV-infected and 

controls groups (chapter 3). This may imply that structural axonal damage occurs to a lesser degree in HIV-
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infected children as compared to adults, in whom reductions of NAA:Cre and increases in CSF NFL have been 

reported in association with HAND severity,77–79 but several research gaps remain. First, we were unable to 

evaluate whether neuronal damage markers in CSF were increased in HIV-infected children as compared to 

controls, as we had no CSF available of the latter group. Second, due to the cross-sectional nature of our 

data, it remains unclear whether an increase of neuronal markers in CSF may be cause or consequence of 

retinal and cerebral injury. 

An additional possible mechanism contributing to cortical and neuroretinal thinning specifically 

in perinatally HIV-infected children could be an altered development, rather than (axonal) degeneration, of 

neurons. In the first two years of life, the amount of dendrites and synaptic connections grows substantially, 

resulting in an increase of both WM and GM volume.80,81 HIV may affect maturation of neural progenitor cells, 

and exposure of neurons to both HIV and ARVs can reduce dendritic arborization without apoptosis.82–84 If 

these processes occur during brain development, it would be feasible that cortical and retinal thickness 

remain reduced as a consequence, with less abundant release of neurofilaments and other structural 

components of neurons in blood or CSF. Consistent with this theory, thinning of retinal layers that contain 

dendrites (ganglion cell layer and inner plexiform layer85) showed fairly consistent associations with 

increased inflammation and white matter diffusivity (chapters 5 and 7). Axonal injury on the other hand, was 

not indicated by optical coherence tomography or diffusion tensor imaging, as neither retinal nerve fibre 

layer thickness nor axial diffusivity was decreased.9,10,86 

In age- and sex-adjusted analyses, decreased cerebral volume and increased white matter diffusivity 

were associated with poorer cognitive outcomes, most notably in the processing speed and working memory 

domains.9 These associations were not confirmed when conditioned for other neuroimaging variables and 

soluble biomarkers in the network analyses presented in chapter 6. In these networks, increased plasma 

IL-6 and CSF NFH were directly associated with poorer cognitive functioning. One could hypothesize that 

inflammation and microstructural neuronal injury lead to functional neurocognitive impairments that 

precede macrostructural MRI abnormalities. However, as these sub-studies rely on cross-sectional data, this 

hypothesis should be further studied longitudinally.

Limitations

The NOVICE study is one of few to combine extensive neuropsychological, neuroimaging, and immunological 

evaluations in HIV-infected children and uninfected controls of comparable age, gender, ethnicity, and 

socio-economic status. Nonetheless, the interpretation of the findings presented in this thesis is subject to 

several limitations. First and foremost, they are based on cross-sectional analyses in a relatively small group 

of children. This results in limited statistical power and precludes drawing conclusions in terms of causality. 

Findings should therefore be interpreted as exploratory and hypothesis-generating. This also hampers 

distinction between effects of HIV and (individual) ARV drugs, as most children currently are exposed to both, 

and we lack sample size to stratify based on cART regimens. Second, we did not have complete information 

on early life circumstances of immigrant and adopted children, which represented a larger proportion of 

the HIV-infected group. Factors such as premature birth, malnutrition, and socio-economic status may be of 

influence on brain development and constitute important confounders in our study.86–89 Third, due to ethical 
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considerations, no CSF was available for healthy controls. We were thus unable to compare intrathecal 

markers of immune activation, inflammation, endothelial dysfunction, and neuronal damage between HIV-

infected and uninfected children. And lastly, studies of the brain are limited by a lack of available in vivo 

measurements of brain tissue. The CSF remains a close but imperfect proxy for brain tissue, and while MRS 

measures metabolites present within brain tissue, these serve as indirect markers that may be attributable 

to several different underlying processes.90 Continued efforts are needed to identify (a combination of) 

reliable, specific markers to monitor CNS injury in HIV-infected children.

Conclusions and future directions 

Altogether, this thesis aimed to explore the microstructural and immunological aspects of cognitive, cerebral, 

and neuroretinal deficits in perinatally HIV-infected children. While a contribution from early unsuppressed 

HIV infection appears undisputable, we propose ongoing roles for immune activation, inflammation, and 

vascular dysfunction in mediating the observed cerebral and neuroretinal deficits in perinatally HIV-infected 

children on long term cART. As the presented studies are cross-sectional, correlative, and exploratory, these 

hypotheses need to be confirmed in larger, longitudinal studies.

In light of these new findings, many questions remain unanswered. First, the findings from the 

NOVICE study suggest that both a legacy effect and ongoing immune activation may be involved in the 

pathogenesis of the current cerebral, neuroretinal, and cognitive deficits in paediatric HIV. However, it 

remains unknown to what degree these deficits reflect damage sustained in utero, during early life with 

untreated HIV, or while treated, due to ongoing neuroinflammation or direct HIV/cART toxicity. Further insight 

could be obtained by prospectively assessing immunological and neurological status of mother-child pairs 

including HIV-infected, HIV-exposed but uninfected, and HIV-unexposed children. A better understanding of 

the time course of the cognitive and cerebral deficits we see in present day could help to identify the optimal 

window(s) for intervention. Second, our findings are consistent with the notion that CNS penetration of ARVs 

or sustained virological suppression in CSF do not predict cognitive impairment, but it remains unknown 

whether certain ARVs or drug classes are more neuroprotective (or neurotoxic) than others. Third, we found 

signs of ongoing immune activation, vascular dysfunction, and neuroinflammation in HIV-infected children. 

Soluble markers of immune activation and inflammation showed stronger relationships with cerebral and 

cognitive outcomes than HIV VL or nadir CD4+ T-cell count, and were suggestive of a role for monocyte 

activation. Further research needs to identify potential drivers (including gut microbial translocation) of 

HIV-associated systemic, intrathecal, and brain immune activation, and to increase our understanding of 

the interplay between immune responses in these compartments. Such drivers may serve as potential 

therapeutic targets. 

Whether immune activation and inflammation indeed cause the structural and functional 

cerebral deficits associated with paediatric HIV requires confirmation in a longitudinal setting, as we plan 

to assess with the NOVICE cohort. However, as mentioned, direct markers of brain tissue inflammation 

are lacking, restricting our current approach to detect neuroinflammation to the assessment of soluble or 

cellular markers in CSF, and indirect MRS markers of brain tissue inflammation. Here, cerebral organoids 

may become a feasible option to study the effects of HIV, ARVs, and inflammation on the CNS. The proof 
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of principle for using these 3D brain models to study the pathogenesis of neurotropic viruses was recently 

demonstrated with Zika virus infection of brain organoids.91 Moreover, growth of cerebral organoids may 

mimic brain development to some extent, and hence allow us to distinguish developmental defects from 

neurodegenerative processes.92 

The benefits of immediate cART are well-established, and with the new treatment guidelines in 

effect, an increasing number of perinatally HIV-infected children is expected to timely start with cART. While 

improving availability of diagnostic testing, suitable paediatric ARV formulations, and targeted adherence 

support are crucial to improve neurocognitive function of these children, the findings presented in this 

thesis suggest that it takes more than suppressive cART to attenuate the systemic and cerebral effects of 

perinatal HIV infection. This has important implications for long-term monitoring, as HIV VL and CD4+ T-cell 

counts appear less useful in this setting. It also provides opportunities to evaluate adjuvant treatment, 

aimed at mitigating residual immune activation and thereby reducing neuroinflammation, cardiovascular 

risk, and further cerebral injury in perinatally HIV-infected children. With their whole lives ahead of them, 

these children may reap the largest benefits of improved understanding and treatment of the consequences 

of long-term exposure to HIV and cART. Finally, the extent of the cognitive, cerebral, and retinal deficits 

found in perinatally HIV-infected children despite cART underline the importance of preventing mother-to-

child-transmission of HIV, and ultimately of HIV infection in women of child-bearing age, to eradicate the 

detrimental effects of HIV on the next generation.
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