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SUMMARY

keeping an eye on the brain
of perinatally HIV-infected children
When the human immunodeficiency virus (HIV) first emerged in the 1980s, infection before, during, or
shortly after birth (perinatal HIV-infection) frequently led to severe developmental delay, brain injury, or
death before the age of two years. The virus causes a decrease of the CD4+ T-cells of the immune system,
leaving the body without adequate defense against other illnesses such as infections, cancers, and brain
inflammation. As of 1996, the combination of at least three antiretroviral drugs (combination antiretroviral
therapy, or cART) has enabled suppression of HIV and reconstitution of CD4+ T-cells in blood. Since then, the
survival and development of HIV-infected children has drastically improved. Nonetheless, perinatally HIVinfected children have poorer cognitive abilities than uninfected children. This thesis focuses on studying
the potential mechanisms that could underlie cognitive impairment and cerebral injury in perinatally HIVinfected children who are adequately treated with cART.
The first part of this thesis serves as a general introduction to pediatric HIV and the associated
neurological and cognitive problems. Chapter 1 describes the history, epidemiology, treatment, and
neurological complications of HIV in children. The second part of the first chapter introduces the NOVICE
study, which aims to characterize cognitive, cerebral, and retinal deficits in HIV-infected children. This
study has shown that despite treatment, perinatally HIV-infected children in the Netherlands have poorer
cognitive functioning than uninfected controls of comparable age, sex, ethnicity and socio-economic status.
Several imaging techniques have also shown widespread cerebral and retinal injury in these children,
including lower brain volume, white matter lesions, reduced white matter integrity, and retinal thinning.
Chapter 2 provides a detailed overview of the characteristics and possible causes of cognitive and cerebral
deficits in HIV-infected children, focusing on clinical, pathophysiological, radiological, biochemical, and
pharmacological aspects.
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Zooming in on the brain
In the second part of this thesis, we have used advanced magnetic resonance imaging (MRI) techniques
to look for measurable changes in the brain of perinatally HIV-infected children as compared to matched
healthy controls. Because the nerve tissue in the retina is in direct contact with the brain via the optic nerve,
we also explored whether thinning of the nerve-containing layers in the retina are related to cerebral injury
in HIV-infected children. First, in chapter 3, we studied the brain of NOVICE participants at a molecular level
using magnetic resonance spectroscopy. This MRI-technique recognizes the signal of several compounds
– metabolites – in brain tissue, that provide detailed information on nerve damage and inflammation. In
the white matter of perinatally HIV-infected children, we measured higher levels of the metabolite choline,
likely indicating an inflammatory response locally within the white matter. This increase in choline levels
was also associated with poorer cognitive functioning in HIV-infected children. Metabolites that reflect
integrity and signal transmission of neurons were comparable between HIV-infected children and controls.
However, HIV-infected children with a history of severe immune suppression showed lower quantities of
these metabolites, which could indicate that nerve damage occurs in an advanced stage of pediatric HIV
disease. In chapter 4, we measured cerebral blood flow (CBF) in gray matter, white matter, and subcortical
regions (basal ganglia and thalamus) of the brain. To this end, we used the new, noninvasive MRI-technique
arterial spin labeling. This technique utilizes the magnet and radiofrequency pulses of the MRI-scanner to
label blood with a measurable signal. Because it avoids the need for intravenous administration of contrast
fluids, this technique is highly suitable for children. In our study, HIV-infected children had higher CBF in
white matter and subcortical regions. This could point to increased energy expenditure in these regions,
for instance as compensation for damage in other brain regions, or due to local inflammation. HIV-infected
children with relatively low gray matter CBF had higher volumes of white matter lesions. This could imply
that vascular dysfunction contributes to the formation of these lesions. Then in chapter 5, we explored
whether MRI abnormalities are related to thinning of the nerve-containing layers in the retina, that were
previously measured in HIV-infected children using optical coherence tomography. While retinal thickness
was not associated with cerebral volume or white matter lesions, we did find associations between poorer
integrity of the white matter and thinning of several neuroretinal layers. This could imply that white matter
and retinal changes share a common underlying mechanism. However, it remains unclear if they reflect
maturation defects, injury acquired later in life, or a combination of both.

The role of the immune system
The third part of this thesis is focused on immune activation, inflammation, and vascular disease, and
their potential influence on cerebral injury and cognitive problems in HIV-infected children. Chapter 6
describes the results of extensive blood and CSF tests evaluating immune activation, inflammation, vascular
dysfunction, coagulation, and nerve damage. As compared to uninfected controls, HIV-infected children
showed higher levels of several inflammatory markers in blood, suggestive of ongoing immune activation
and inflammation despite suppression of HIV. Blood levels of most markers corresponded poorly to CSF
levels. This indicated that immune activation and inflammatory responses likely differ between these two
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chapter 10

compartments. We then showed that immune activation, inflammation, vascular disease and nerve damage
were associated with cerebral injury – particularly in white matter – and poorer cognitive functioning in HIVinfected children. Subsequently, in chapter 7, we explored whether a selection of these markers also related
to retinal thinning. We found that increased immune activation, inflammation, and nerve damage were
associated with thinning of the nerve-containing layers of the retina. As these results implicated ongoing
injury despite long-term antiretroviral treatment, we questioned if the antiretroviral drugs used to treat HIV
were effectively reaching the central nervous system. In chapter 8, we showed that several frequently used
drugs did not reach CSF concentrations that are considered high enough to suppress HIV, irrespective of
age or blood-brain-barrier integrity. Nonetheless, HIV suppression was achieved in the CSF with any of the
prescribed combinations of three or more drugs. Future studies are needed to assess whether drug and HIV
concentrations in CSF reflect those in brain tissue. Additionally, the long-term effects of individual drugs on
brain development and immune activation need to be evaluated in larger studies.

Conclusion
In chapter 9, all findings presented in this thesis are discussed in the context of recent insights and future
perspectives in pediatric (and adult) HIV research. This thesis supports the hypothesis that cognitive
impairments, cerebral injury, and retinal thinning are not solely explained as static defects originating
from a period of untreated HIV-infection in the past. In addition, ongoing damage may persistently occur
despite suppressive antiretroviral treatment, with important roles for immune activation, inflammation, and
vascular disease. This also implies that our current measures of adequate antiretroviral treatment – HIV
suppression and sufficient CD4+ T-cell counts – may not reflect complete protection against the full spectrum
of injury associated with HIV infection. It is therefore of high importance to continue monitoring perinatally
HIV-infected children to increase our understanding of the neurocognitive effects of long-term exposure to
HIV and antiretroviral treatment. To facilitate this, potential new markers that provide a better reflection of
HIV-associated cognitive impairment and brain injury need to be identified. Adjuvant treatment aimed at
reducing immune activation and inflammation may be a next step in improving neurocognitive and immune
development of perinatally HIV-infected children. With their whole lives ahead of them thanks to cART,
perinatally HIV-infected children may benefit from these strategies the most.
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