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Reduced white matter maturation in the central auditory system of children living with HIV
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Introduction: School-aged children experience crucial developmental changes in white matter (WM) in adolescence. The human immunodeficiency virus (HIV) affects neurodevelopment. Children living with perinatally acquired HIV (CPHIVs) demonstrate hearing and neurocognitive impairments when compared to their uninfected peers (CHUUs), but investigations into the central auditory system (CAS) WM integrity are lacking. The integration of the CAS and other brain areas is facilitated by WM fibers whose integrity may be affected in the presence of HIV, contributing to neurocognitive impairments.

Methods: We used diffusion tensor imaging (DTI) tractography to map the microstructural integrity of WM between CAS regions, including the lateral lemniscus and acoustic radiation, as well as between CAS regions and non-auditory regions of 11-year-old CPHIVs. We further employed a DTI-based graph theoretical framework to investigate the nodal strength and efficiency of the CAS and other brain regions in the structural brain network of the same population. Finally, we investigated associations between WM microstructural integrity outcomes and neurocognitive outcomes related to auditory and language processing. We hypothesized that compared to the CHUU group, the CPHIV group would have lower microstructural in the CAS and related regions.

Results: Our analyses showed higher mean diffusivity (MD), a marker of axonal maturation, in the lateral lemniscus and acoustic radiations, as well as WM between the CAS and non-auditory regions predominantly in frontotemporal areas. Most affected WM connections also showed higher axial and radial diffusivity (AD and RD, respectively). There were no differences in the nodal properties of the CAS regions between groups. The MD of frontotemporal and subcortical WM-connected CAS regions, including the inferior longitudinal fasciculus, inferior fronto-occipital fasciculus, and internal capsule showed negative associations with sequential processing in the CPHIV group but not in the CHUU group.

Discussion: The current results point to reduced axonal maturation in WM, marked by higher MD, AD, and RD, within and from the CAS. Furthermore, alterations in WM integrity were associated with sequential processing, a neurocognitive marker of auditory working memory. Our results provide insights into the microstructural integrity of the CAS and related WM in the presence of HIV and link these alterations to auditory working memory.
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Introduction

Despite evidence of altered auditory and language processing in children perinatally infected with HIV (CPHIV), the structural integrity of white matter (WM) fibers involved in auditory neural signaling has not been investigated in this population (Chao et al., 2012; Torre et al., 2012, 2015; Rice et al., 2013; Maro et al., 2017). Throughout childhood, WM maturational changes facilitate more efficient communication between central auditory system (CAS) regions, leading to a highly organized structural network (Huang H. et al., 2015; Bourne et al., 2016). Investigating the integrity of the CAS pathway, from the cochlear nucleus (CN) and superior olivary complex (SOC) in the brainstem to the inferior colliculus (IC) in the midbrain to the medial geniculate nucleus (MGN) in the thalamus and into the primary auditory cortex (PAC) in the superior temporal lobe in children living with HIV may provide insight into observed auditory processing complications (Torre et al., 2012, 2015). Furthermore, investigating the integrity of auditory WM to non-auditory regions may lead to a greater understanding of the language-processing delays that have been reported in these populations (Rice et al., 2013).

One of the most reliable and non-invasive tools used to measure microstructural properties as markers of WM integrity is diffusion tensor imaging (DTI; Basser et al., 1994; Basser and Pierpaoli, 1996). The main DTI parameters include fractional anisotropy (FA) and axial diffusivity (AD), markers of axonal integrity, as well as mean diffusivity (MD), and radial diffusivity (RD), which reflect axonal maturation (Feldman et al., 2010). In recent years, DTI has been combined with graph theoretical frameworks to characterize tissue structural connectivity in the context of whole-brain structural networks (Fornito et al., 2016). The combination allows several network metrics to be calculated that reflect either structural segregation, as evidenced by separate clusters of highly connected nodes, or structural integration, characterized by efficient information transfer within networks.

Hearing loss in children and adolescents has been linked to lower FA in acoustic radiation, a set of WM fibers connecting the MGN to the PAC (Miao et al., 2013; Huang L. et al., 2015; Wu et al., 2016), with improved microstructural integrity, as reflected by higher FA, evident in both the PAC and acoustic radiation of children with cochlear implants (Chang et al., 2012). In addition, FA changes in the MGN, the PAC, and acoustic radiation demonstrate a strong positive correlation with language scores, suggesting a link between the microstructural changes of these regions and language development (Huang H. et al., 2015). Using a graph theoretical network, a recent study in school-aged children with auditory processing disorder reported lower betweenness centrality (how often a region is between other nodes, thus acting as a bridge or intermediary for communication between nodes in the structural network) of the inferior precentral gyrus, a region that interacts with the CAS for efficient communication (Alvand et al., 2022). Altogether, these studies show that hearing impairments not only affect CAS regions but the regions that they are anatomically linked to as well.

In CPHIVs, several imaging studies have reported alterations in brain regions related to or involved in auditory and language processing. Reduced FA and/or higher MD, in the superior/inferior longitudinal fasciculus (S/ILF), the inferior fronto-occipital fasciculus (IFOF), and the uncinate fasciculus (UF), has been reported in CPHIVs compared to age-matched controls (Li et al., 2015; Ackermann et al., 2016; Jankiewicz et al., 2017; Hoare et al., 2018; Madzime et al., 2021). Even fibers connecting subcortical auditory areas to the cortex, including the corpus callosum (CC) and the internal capsule, demonstrate microstructural and volumetric alterations in CPHIV (Ackermann et al., 2016; Randall et al., 2017; Hoare et al., 2018).

Although graph-theory-based studies in CPHIVs are limited, Li et al. (2018) reported a difference in the regional profiles of brain regions in adolescents living with HIV compared to controls. In the CPHIV group, hub regions were predominantly in sensorimotor and temporal areas, and the inferior temporal gyrus (ITG) and middle temporal gyrus (MTG) showed fewer structural connections (so-called nodal degree), pointing to organizational changes in auditory-related areas. Yadav et al. (2017) also reported changes in the regional profile of auditory-related regions including lower and higher betweenness centrality of the middle frontal regions and the fusiform, respectively. In adults living with HIV, weaker brain network structural segregation and integration have been reported (Baker et al., 2017; Bell et al., 2018). These differences were associated with immune health markers and seem to persist even in the presence of combination antiretroviral therapy (cART) (Bell et al., 2018). A recent study reported reduced structural integration (so-called nodal efficiency) of the occipital lobe and limbic cortex, as well as better structural segregation (so-called clustering coefficient) of the frontal, insula, and thalamus in adults living with HIV compared to controls (Aili et al., 2022).

We used DTI-based tractography and graph theory measures to assess WM microstructural integrity and structural organization in both the intra-auditory and inter-auditory structural networks of a cohort of 11-year-olds. We hypothesized that CPHIVs would have reduced WM integrity, marked by lower FA and higher MD, compared to children who are HIV unexposed and uninfected (CHUUs) in tracts between CAS regions, as well as tracts connecting CAS regions to the whole brain. Given previous findings of altered structural organization in auditory-related regions in CPHIV, we further hypothesized that CAS regions would have reduced strength and efficiency in CPHIV compared to CHUU in both intra- and inter-auditory networks. The children in this cohort have been followed with neuroimaging and neurocognitive testing since age 5. To investigate the potential contribution of HIV-related WM abnormalities to auditory outcomes, we examined associations with neurocognitive measures related to aspects of auditory and language abilities.



Methods


Study cohort

The participants were 87 children aged 11–12 years (59 CPHIVs, 28 CHUUs) who completed structural and DTI scans. The children living with HIV were recruited from the randomized Children with HIV Early Antiretroviral Therapy (CHER) trial and have been monitored since birth at the Family Center for Research with Ubuntu (FamCRU), Tygerberg Children's Hospital, in Cape Town, South Africa (Violari et al., 2008; Cotton et al., 2014). At the time of the study, all the CPHIVs were on antiretroviral therapy (ART). The uninfected children, who have also been followed longitudinally at FAMCRU, were recruited from a parallel vaccine study conducted at the same time as the CHER trial in the same community (Madhi et al., 2010). The study protocol was approved by the human research ethics committees of the Universities of Cape Town and Stellenbosch. Parents or guardians provided written informed consent, and children provided oral assent. Children were first familiarized with the scanning procedures on a mock scanner.



T1-weighted structural and DTI acquisition

Imaging was done using a 3 Tesla Siemens Skyra Magnetic Resonance Imaging (MRI) scanner (Erlangen, Germany) at the Cape Universities Body Imaging Centre (CUBIC) of the University of Cape Town. The children underwent high-resolution (1 × 1 × 1 mm3) T1-weighted (T1w) structural MRI (6 min) using a multi-echo magnetization prepared rapid gradient echo sequence with repetition time (TR) = 2,530 ms, echo times (TEs) = 1.69/3.54/5.39/7.24 ms, inversion time (TI) 1,100 ms, flip angle = 7°, and FOV = 224 × 224 × 176 mm3, and two whole-brain DTI acquisitions with the phase encoding direction inverted to correct for echo planar imaging (EPI)–related distortions at air–tissue interfaces (7 min each). Acquisition parameters for diffusion were TR/TE 11,100/92 ms, 84 slices, 2 × 2 × 2 mm3, Field of View (FOV) = 244 × 244 × 168 mm3, 30 non-collinear diffusion directions, b = 1,000 s/mm2, and 5 non-diffusion-weighted (b0) acquisitions.



Image preprocessing

The process described here was done for each subject. Both T1w structural and DTI data were converted from DICOMs to NIFtI readable format. Subsequently, we created a T2-weighted (T2w) anatomical image imitation of the T1w structural image. For this step, we used the fat_proc_imit2w_from_t1w function from the Analysis of Functional Neuroimages (AFNI) software package (Cox, 1996). The T2w volume would serve as the structural reference for DTI processing. DTI data were processed using the Tolerably Obsessive Registration and Tensor Optimization Indolent Software Ensemble (TORTOISE) version 3.2 (Pierpaoli et al., 2009). We began by visually inspecting the DTI data (in both anterior–posterior, AP, and posterior–anterior, PA, directions) and manually removing all distorted volumes or volumes with drop-out slices. Subjects with < 15 diffusion-weighted (DW) volumes and 1 b0 volume remaining were excluded from further analyses. With the T2w volume as the reference, motion, eddy, and EPI distortions were corrected using TORTOISE's DIFFPREP and DRBUDDI functions. Subsequently, we used the fat_proc_dwi_to_dt function to estimate diffusion tensors and DTI parameters (FA, MD, etc.).



Gray matter regions of interest

In this study, we were interested in examining WM integrity in pathways within and to the auditory network. To define intra-auditory network pathways, we used four bilateral manually traced gray matter (GM) regions that form part of the CAS as seeds. These included a region at the junction between the brainstem pons and the medulla that consists of the CN/SOC complex, the IC, the MGN, and the PAC. We used AFNI's 3dNwarpApply (AFNI, 2014) to co-register the DTI and structural T1w data and map regions of interest (ROIs) to DTI space.

The inter-network pathways were obtained using a set of automatically segmented ROIs of the whole brain merged with the manually traced auditory pathway ROIs. We used Connectome Mapper (CMP) 3 (v3.0.0-RC4) to automatically segment the brain and produce multi-resolution (N = 5) morphological subject atlases (Daducci et al., 2012; Tourbier et al., 2022). In the current study, we used the lowest scale, comprising 126 subcortical and cortical segmentations. A list of all ROIs in the atlas and their abbreviations are given in Appendix A. We combined the automatically segmented ROIs with the manually traced auditory ROIs using 3dcalc (Figure 1). Where the manually traced ROIs overlapped with the automatically segmented ROIs, we excluded the entire automatically segmented ROI and maintained the manually traced ROI. In this way, a whole-brain atlas was created for each subject (Figure 1).
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FIGURE 1
 Figure showing sagittal, axial, and coronal views of manually traced regions of interest (ROIs) for intra-auditory pathway analysis (top row), automatically segmented whole-brain ROIs (middle row), and combined ROIs (bottom row) to form one atlas for inter-auditory network pathway analysis.




DTI-based tractography

Prior to performing tractography, all ROIs in our whole brain set were inflated by 1 mm using 3dROIMaker to ensure they would extend into WM. Because our initial tractography using the manually traced seeds did not produce key auditory tracts, we further inflated the manually segmented auditory seeds in 1-mm increments until key tracts were generated. Key auditory tracts were successfully reconstructed after inflation by 4 mm.

Tractography was performed using the Functional and Tractographic Connectivity Analysis Toolbox (FATCAT, version 1.1; Taylor and Saad, 2013) in AFNI. The 3dTrackID function was used to perform full probabilistic tractography (Taylor et al., 2015). The algorithm options included FA ≥ 0.2, angle ≤ 50°, length ≥ 10 mm, number of starting seeds per voxel per Monte Carlo iteration ≥ 5, number of Monte Carlo iterations = 1,000. The 3dTrackID outputs are N × N adjacency matrices for each DTI measure (FA, MD, AD, RD) of the means and the standard deviations of the WM pathways connecting pairs of ROIs; N is the number of ROIs. Other outputs include the fractional number of tracks/streamlines (fNT), defined as the ratio of the number of streamlines in a WM bundle to the total number of streamlines in the whole brain, and the physical volume (PV) of a tracked WM bundle in mm3.



Structural network definition

3dTrackID was used to extract a fNT matrix for every subject. The nodes of these matrices include all the ROIs for which WM connections to other ROIs exist, and the matrix elements are the fNT values for each pair-wise connection. To maintain the same number of ROIs for all subjects in the sample, we identified ROIs that were common to the fNT matrices of all subjects and created individual subject connectivity matrices based on this reduced set of ROIs. Because the number of common ROIs was 71, each subject's structural network was defined by a 71 × 71 (Figure 2) connectivity matrix. The fNT matrices were not thresholded as fNT represents the probability that a WM connection exists between a pair of nodes. Furthermore, thresholding structural network matrices has been reported to have no statistical effect in the estimation of network measures (Colon-Perez et al., 2016; Civier et al., 2019).
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FIGURE 2
 Structural network of a random control subject. (A) Full 71 × 71 structural connectivity matrix. (B) Reduced matrix showing only columns with auditory regions of interest. PAC, primary auditory cortex; MGN, medial geniculate nucleus; IC, inferior colliculus; SOC/CN, superior olivary complex/cochlear nucleus; L/R_parstr, parstriangularis; L/R_pars, parsorbitalis; L/R_parso, parsopercularis; L/R_rMFC, rostral middle-frontal cortex; L/R_SFC, superior frontal cortex; L/R_cMFC, caudal middle-frontal cortex; L/R_precentral, precentral gyrus; L/R_paracentral, paracentral gyrus; L/R_rACC, rostral anterior cingulate cortex; L/R_cACC, caudal anterior cingulate cortex; L/R_PCC, posterior cingulate cortex; L/R_Isth, isthmus; L/R_postcentral, postcentral gyrus; L/R_SPC, superior parietal cortex; L/R_IPC, inferior parietal cortex; L/R_pericalc, pericalcarine; L/R_LOC, lateral occipital cortex; L/R_lingual, lingual gyrus; L/R_bankssts, banks of superior temporal sulcus; L/R_Anterior, anterior thalamic nucleus; L/R_Medio_Dorsal, medio-dorsal thalamic nucleus; L/R_VLD, ventral latero-dorsal thalamic nucleus; L/R_CLLPM_Pulvinar, central latero-lateral posterior medial pulvinar; L/R_V_Anterior, ventral anterior thalamic nucleus; L/R_Hippo, hippocampus; L/R_Hippo_Pres, hippocampus presubiculum; L/R_Hippo_CA1,3,4, hippocampus cornu ammonis 1,3,4; L/R_Hippo_Mol_layer_HP, hippocampus molecular layer; L/R_Hippo_Tail, hippocampus tail; L/R, left/right.




Statistical analyses and visualization

After defining WM connectivity matrices for each subject, spurious WM connections were identified. Spurious WM connections were defined as connections not present in at least 95% of the children. For the remaining connections, FA, AD, RD, MD, fNT, and PV were extracted.

Graph nodal measures were computed for each subject's structural network using the iGraph (v 1.3.1) and brainGraph (v 3.0) packages in R (v 4.1.3) and based on fNT values. Nodal parameters computed included degree, a measure of how many connections a node has; strength, a measure of the density of connections to the node; transitivity, a measure of densely connected groups of nodes; nodal efficiency, a measure of the efficiency of communication between a node and all the other nodes in the network; and local efficiency, a measure of the efficiency of the graph formed in the absence of the node as an indication of the node's level of fault tolerance (Fornito et al., 2016).

Then, for each DTI parameter and nodal measure identified, outliers by connection or node, respectively, were identified. Outliers were defined as values more than 1.5 times the interquartile range (IQR) above or below the upper and lower quartiles, respectively. We subsequently ran linear models for the set of connections and nodes to compare groups, CPHIV vs. CHUU. If including the outliers in the group comparison resulted in a different result than when not included, we excluded the outliers from the analysis. In addition, although both males and females experience significant WM maturation during adolescence, sex differences in trajectory rates have been reported (Simmonds et al., 2014; Gur and Gur, 2016). Sex was therefore included as a confounding variable in all models. Intracranial volume (ICV) was included to control for head size differences, and we examined handedness as a potential confounder. We corrected for multiple comparisons using the false discovery rate (FDR) method. We chose an FDR q-value of 0.05 as indicating significance.

The iGraph package in R was used to visualize our results. Additionally, we used Freesurfer (v7.2) to visualize the implicated WM connections. As far as possible we attempted to identify the implicated WM connections in the context of known and established WM connections. To do this, we employed the Johns Hopkins University International Consortium for Brain Mapping (JHU ICBM) tracts (https://neurovault.org/images/1400/) and labels (https://neurovault.org/images/1401/) as WM atlases. After identifying the WM connections that showed significant differences between groups, we used 3dTrackID to generate masks of the probabilistic representation of each affected WM connection in one random control subject. We then registered the WM atlases to the subject space and identified the possible WM tract by finding the largest overlap between the identified WM connection and the WM atlas.


Associations between measures of structural network integrity and cognitive outcomes

We refer to the DTI parameters (FA or MD, AD and RD) and graph measures (degree, strength, transitivity, and nodal and local efficiency) as structural integrity outcomes in this section. We examined the association between structural integrity outcomes and a subset of neurocognitive measures directly and indirectly related to auditory and language function. Tests included the Kaufman Assessment Battery for Children–Second Edition (KABC-II; Kaufman and Kaufman, 2014) in the current cohort and at the same age. Although this battery was developed and standardized in the United States, there is evidence of its utility cross-culturally (Van Wyhe et al., 2017). The KABC neurocognitive measures included in our analyses were Number Recall (pure auditory); Word Order (visual and short-term memory); Learning, Atlantis, Atlantis Delayed, Rebus, Rebus Delayed, and Delayed Recall (long-term storage and retrieval); Story completion (visuospatial); Sequential Processing (auditory working memory); Mental Processing (global cognitive score); and Non-Verbal Index. Additionally, we included a test of verbal or phonematic fluency (Strauss et al., 2010) called Animal Naming, in which children must generate words within a given category.

To investigate the associations, we ran a Pearson correlation between structural integrity outcomes and neurocognitive scores. Where a variable was not normally distributed (Shapiro–Wilk p < 0.05), we investigated the relationship via a Spearman correlation statistical test as it is resistant to outliers. In addition, we investigated the interaction between groups and neurocognitive scores with microstructural integrity. We corrected for multiple comparisons using the FDR method and considered FDR q < 0.05 as our significance level.



Associations between structural integrity outcomes and immune health markers

Within the CPHIV group, we examined associations of structural integrity outcomes with immune health markers. Correlation tests were either Pearson or Spearman depending on the normality of the immune health markers. We investigated early immune health (CD4% at study enrollment, age 6–8 weeks), immune health of participants at the time of the 11-year scan, and treatment-related health markers [age at cART initiation and first viral load (VL) suppression]. We corrected for multiple comparisons using the FDR method and considered FDR q < 0.05 as our significance level.




Investigating the robustness of results

Due to the imbalance in the group sample sizes (59 CPHIVs vs. 22 CHUUs), we investigated the robustness of the results by running the same-group comparisons on 10 random CPHIV samples equivalent to the final CHUU sample. We ran the comparisons between FA, MD, AD, and RD.




Results

We excluded 6 (3 CPHIVs and 3 CHUUs) subjects due to motion artifacts present in more than half of the DW volumes. On average each participant had 28 ± 3 DW volumes and 3 ± 1 b0s and there were no significant group differences. Further, we excluded data from 10 (7 CPHIVs and 3 CHUUs) children who had less than half of the average number of connections in the sample. We therefore present results for 22 CHUUs and 49 CPHIVs. Sample demographics are given in Table 1. Notably, groups did not differ in age. Among CPHIVs, roughly two-thirds had initiated ART before age 12 weeks and 96% were virally suppressed at the time of the scan.


TABLE 1 Sample characteristics of CPHIVs and CHUUs (N = 71).
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DTI-based tractography results: WM microstructural integrity

We found a total of 498 WM connections present in at least 95% of the children. Of these WM connections, 18 were within the auditory network (intra-auditory pathways), 109 were from/to the auditory network (inter-auditory pathways), and the rest were between non-auditory regions (other intra- and inter-network pathways). Because the focus of this study is auditory processing, we only examined structural integrity in intra- and inter-auditory pathways. In the intra-auditory pathway, these connections were between 4 bilateral ROIs, and in the inter-auditory pathway between these same 4 bilateral ROIs and 45 whole brain ROIs.

We found no significant group differences in FA in any WM connections investigated. Among the 18 intra-auditory WM connections, 15 connections demonstrated higher MD in CPHIVs compared to CHUUs (Figure 3). Of these, 8 connections had higher AD and RD, 3 had higher AD only, and 4 had higher RD only. One WM connection (L SOC/CN to R MGN) demonstrated higher AD and RD but no MD increase. None of the intra-auditory connections demonstrated group differences in fNT or PV.


[image: Figure 3]
FIGURE 3
 Intra-auditory pathway. Spheres are the four bilateral auditory regions of interest (ROIs); gray links represent diffusion tensor image (DTI) measures for white matter (WM) connections between pairs of ROIs. DTI measures include fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), radial diffusivity (RD), the fractional number of tracks/streamlines (fNT), and physical volume (PV). Red links indicate WM connections showing higher values for the relevant DTI measure in CPHIVs compared to CHUUs. ROIs are sized according to the number of connections to the region. PAC, primary auditory cortex; MGN, medial geniculate nucleus; IC, inferior colliculus; SOC/CN, superior olivary complex/cochlear nucleus; R, right; L, left.


Among the inter-auditory WM connections, we found 84 connections with higher MD in CPHIVs than CHUUs, 56 connections with higher AD, 64 with higher RD, 4 with higher fNT, 13 with lower fNT, and 1 connection with lower PV (Figure 4). Summary statistics for all 127 auditory WM connections across DTI parameters can be found in Appendix B.
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FIGURE 4
 Inter-auditory pathway. Forty-five non-auditory regions of interest (ROIs) exhibited white matter (WM) connections (indicated by gray links) to the four bilateral auditory ROIs. Red links indicate WM connections where CPHIVs have higher values on the measure shown than CHUUs, while blue links indicate WM connections where CPHIVs have lower values than CHUUs. ROIs are sized according to the number of links to the ROI. The ROIs are organized relatively uniformly from the left and right starting at the CN/SOC (cochlear nucleus/superior olivary complex) in the middle bottom of the sphere (purple) and moving on either side to the IC (inferior colliculus, orange), other midbrain ROIs (orange), basal ganglia ROIs (purple), the MGN (medial geniculate nucleus, blue), thalamic nuclei (brown), the PAC (primary auditory cortex, yellow), temporal lobe ROIs (gray), occipital lobe ROIs (royal blue), parietal lobe ROIs (pastel green), and frontal lobe ROIs (red). L/R_parstr, parstriangularis; L/R_ pars, parsorbitalis; L/R_parso, parsopercularis; L/R_rMFC, rostral middle-frontal cortex; L/R_SFC, superior frontal cortex; L/R_cMFC, caudal middle-frontal cortex; L/R_precentral, precentral gyrus, L/R_paracentral, paracentral gyrus; L/R_rACC, rostral anterior cingulate cortex; L/R_cACC, caudal anterior cingulate cortex; L/R_PCC, posterior cingulate cortex; L/R_Isth, isthmus; L/R_postcentral, postcentral gyrus; L/R_SPC, superior parietal cortex; L/R_IPC, inferior parietal cortex; L/R_pericalc, pericalcarine; L/R_LOC, lateral occipital cortex; L/R_lingual, lingual gyrus; L/R_bankssts, banks of superior temporal sulcus; L/R_PAC, primary auditory cortex; L/R_Anterior, anterior thalamic nucleus; L/R_Medio_Dorsal, medio-dorsal thalamic nucleus; L/R_MGN, medial geniculate nucleus; L/R_VLD, ventral latero-dorsal thalamic nucleus; L/R_CLLPM_Pulvinar, central latero-lateral posterior medial pulvinar; L/R_V_Anterior, ventral anterior thalamic nucleus; L/R_Hippo, hippocampus; L/R_Hippo_Pres, hippocampus presubiculum; L/R_Hippo_CA1,3,4, hippocampus cornu ammonis 1,3,4; L/R_Hippo_Mol_layer_HP, hippocampus molecular layer; L/R_Hippo_Tail, hippocampus tail; L/R_IC, inferior colliculus; L/R_SOC_CN, cochlear nucleus/superior olivary complex; L/R, left/right.




Graph theory results: structural network organization

None of the auditory ROIs demonstrated differences in nodal measures between the CHUU and CPHIV groups. However, the CPHIV group showed lower strength in non-auditory ROIs, including the right anterior thalamic nucleus, the right mediodorsal thalamic nucleus, the right ventral anterior thalamic nucleus, and the left lateral orbitofrontal cortex (lOFC). The CPHIV group also showed higher transitivity in the left accumbens compared to the CHUU group (Table 2). Summary statistics for all nodes between groups can be found in Appendix C.


TABLE 2 ROIs showing differences in nodal measures between CHUUs and CPHIVs.
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Associations between structural integrity outcomes and cognitive measures

There were no significant HIV differences in auditory and language-related outcomes. Unadjusted results find CPHIVs with lower mean scores in the Learning domain compared to CHUUs (p = 0.03; Table 1).

Increasing MD was associated (FDR q < 0.05) with poorer sequential processing in six WM connections in CPHIVs but not CHUUs (Figure 5). Notably, all six of these WM connections were among those showing higher MD in CPHIVs than CHUUs in our inter-auditory tractography analysis and were identified as belonging to the right and left retrolenticular part of the internal capsule, the left IFOF, and the left ILF. There were no significant group interactions in all tracts except the connection between the left MGN and left ITC (internal capsule; Figure 5). All six WM connections showed a negative association between MD and sequential processing in the whole sample (Spearman rhos between −0.32 and −0.37, all ps < 0.007). The probabilistic representations of the connections that were to the left PAC are shown in Figure 6 for four random subjects. We found no significant associations between other structural integrity outcomes and neurocognitive scores.
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FIGURE 5
 White matter (WM) connections where increasing mean diffusivity (MD) was associated with poorer sequential processing in CPHIVs but not in CHUUs. Two WM connections belonged to fibers of the left retrolenticular part of the internal capsule (RPIC; magenta): (L) Primary auditory cortex to (L) amygdala, (L) medial geniculate nucleus to (L) inferior temporal cortex and one connection belonged to the right RPIC (magenta): (R) primary auditory cortex to (R). One connection belonged to fibers of the (L) inferior fronto-occipital fasciculus (purple): (L) primary auditory cortex to (L) lateral orbitofrontal cortex; two WM connections belonged to fibers of the (L) inferior longitudinal fasciculus (yellow): (L) primary auditory cortex to (L) inferior temporal cortex, (L) primary auditory cortex to (L) temporal pole. To identify the WM fibers that each connection likely belongs to, we identified the areas of the WM atlases, JHU ICBM tracts (https://neurovault.org/images/1400/) and labels (https://neurovault.org/images/1401/), where there was most overlap with the probabilistic representation of each WM connection. The second and third rows are R/L, or right/left.
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FIGURE 6
 Oblique views of probabilistic tractography white matter streamlines for four random subjects. The streamlines connect the left primary auditory cortex (magenta) to the left amygdala (purple), left lateral orbitofrontal cortex (cyan), and left inferior temporal cortex (blue). The WM streamlines are colored according to the spatial orientation of the WM fibers: red is left to right, green is anterior to posterior, and blue is inferior to superior.



Associations between structural integrity outcomes and immune health markers

We found no significant associations between structural integrity outcomes and immune health makers after correcting for multiple comparisons.




Investigating the robustness of results

With the final CHUU sample being N = 22, we ran 10 comparisons per DTI parameter, using 10 random samples. There were no differences in FA for all 10 group comparisons. The analysis found that the majority of connections with HIV-related differences in MD, AD, and RD persisted. Table 3 summarizes the comparison between each sampling and the main analysis between 49 CPHIVs and 22 CHUUs. We report that the same HIV group differences showed up as significant 89%, 73%, and 82% times, respectively, in the random samples. Figure 7 shows the connections that came up as significant in the main analysis as well as the results from the comparisons between the CHUU group and 10 random samples. Despite variability between each comparison, connections along the auditory pathway were significantly different across all comparisons and parameters.


TABLE 3 Total connections reported as significant in each modality vs. the total number of connections reported as significant in 10 random samples of 22 CPHIVs.
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FIGURE 7
 White matter connections showing group differences in the reported sample (top row) vs. connections showing differences in 10 samples.


Additionally, connections to non-auditory regions, particularly to frontotemporal regions, basal ganglia, and thalamic regions were significantly different across all comparisons (Figure 7). The comparison with the least number of significant connections across parameters (Sample 2 in Table 3) demonstrated higher MD, RD, and AD between auditory regions as well as between the same non-auditory regions. The means and standard deviations of connections across all 10 CPHIV samples are similar to the main analysis (Appendix D).




Discussion

The current study investigated the structural integrity of the CAS in relation to HIV infection in preadolescence. Our main interest was studying WM within the CAS, and our analysis identified reduced axonal maturation axonal maturation within the auditory pathway. In addition, we identified many connections between auditory and non-auditory regions also with HIV-related reduced WM maturation. We further identified altered nodal profiles in the thalamus, which plays an important role in linking the CAS with other brain functions. Taken together, these results suggest children living with HIV who start treatment early demonstrate delayed WM maturation within the central auditory system, as well as between the auditory system and the rest of the brain.

In CPHIVs, we found 6 inter-auditory WM connections in which MD increases were related to poorer auditory working memory ability. However, only one connection demonstrated a significant HIV group interaction. As a result, we are not able to confidently link these to HIV-related changes in WM at age 11 years in this cohort. Future longitudinal work is needed to understand the functional consequences of the reported alterations in WM in the CAS.


HIV-related WM disruptions within auditory tracts

Higher MD throughout the auditory pathway suggests a risk of disrupted auditory signaling from the level of the brainstem to the cortex in the presence of HIV. The auditory pathway, including the lateral lemniscus fibers located between the CN/SOC and the IC, as well as the acoustic radiations located between the MGN and PAC, also demonstrate altered structural integrity in children with hearing impairments (Wu et al., 2009; Huang H. et al., 2015), and therefore, our results could be related to auditory function. Even though the current cohort did not have differences in hearing sensitivity tests performed on brainstem response, future work is needed to ascertain whether differences in the CAS relate to other peripheral auditory functions. In addition, longitudinal analyses would provide a better understanding of the nature of the disruptions, if they represent delayed maturation or HIV-related damage.



HIV-related WM disruptions between auditory and non-auditory areas

Higher MD in CPHIVs compared to CHUUs was persistent in tracts between auditory and non-auditory seeds, which included predominantly temporal and frontal lobe regions. The majority of affected WM demonstrated higher AD and RD in the CPHIV group, with almost no differences in fNT or PV, the putative markers of the density of axons in probabilistic WM connections. These accompanying parameters may provide insight about the underlying neurobiology. Simultaneous increases in MD, AD, and RD, such as is seen here in CPHIVs, have been linked to chronic diseases associated with intensive axonal loss (Lin et al., 2016; Winklewski et al., 2018). Axonal loss is characterized by increased spaces within and between axons, resulting in increased isotropic diffusion that enhances both AD and RD. WM tracts with increased AD and MD may be related to decreased intra-axonal water diffusivity. AD and MD are typically inversely related in healthy tissue (Altaye et al., 2013; Simmonds et al., 2014; Uda et al., 2015) making the underlying neurobiological architecture unclear. A similar pattern has been seen in neurodegenerative diseases that cause a combination of inflammation, neuronal atrophy, and changes in tissue WM microstructure (Sbardella et al., 2013). By comparison, tracts demonstrating increased RD and MD, without changes, in AD may be due to increased restriction of diffusion arising from the axonal loss possibly caused by inflammation (Kim et al., 2007; Xie et al., 2010). Axonal damage and markers of inflammation in a WM voxel have been previously reported in this cohort at age 11 years using proton magnetic resonance spectroscopy (Graham et al., 2020). Because the preadolescent brain is undergoing crucial synaptic pruning and myelination to increase neuronal efficiency (Deoni et al., 2015; Sakai, 2020), the observed WM changes may be a consequence of either delayed development or persistent HIV-related damage.

A number of the WM connections showed lower fNT and higher MD in the CPHIV group compared to the CHUU group, which may be an indication of complications in synaptic pruning in these fibers. These WM connections were predominantly to basal ganglia and thalamic nuclei. The internal capsule, which houses many thalamo-basal ganglia WM fibers, has been previously reported to show altered structural integrity in CPHIV (Sarma et al., 2014; Zhan et al., 2017; Hoare et al., 2018). In addition, we observed reduced nodal strength of the anterior, mediodorsal, and ventral anterior thalamic nuclei. Nodal strength demonstrates the density of the connections to a node (Rubinov and Sporns, 2010), and alterations in the structural nodal topology of the thalamus in the presence of HIV have been reported previously in older individuals (Bell et al., 2018; Aili et al., 2022). These results point to a possible link between our observed WM microstructural alterations and the strength of these thalamic nuclei within the structural network.



Current study results in relation to this cohort at earlier ages

The results presented are from a cohort followed with neuroimaging since age 5. While previous work has not focused on the auditory system, our results contribute to the narrative of HIV-related changes presented at earlier ages. In particular, the regions we reported on connected to auditory regions have been identified at earlier ages and with other modalities. Affected WM connections to frontal GM areas, particularly to the lOFC, IFG (pars opercularis, pars triangularis, and pars orbitalis) and superior frontal gyrus, have been reported previously in the same cohort at age 7 (Madzime et al., 2021). At the same age, reduced functional connectivity to the IFG was identified (Toich et al., 2018). WM fibers from cortical and subcortical auditory regions to the IFG likely belong to the arcuate/uncinate fasciculus and the internal capsule (Maffei et al., 2015), both of which have been reported at previous ages in the same cohort at 5 and 7 years (Ackermann et al., 2016; Jankiewicz et al., 2017). In addition, Nwosu et al. (2021) also reported lower cortical thickness of frontal and temporo-insular regions at age 7 in these children. These results show similar areas are being reported across different ages and modalities but in the same cohort.

Nodal transitivity of the nucleus accumbens was higher in the CPHIV group compared to the CHUU group. Transitivity shows the connectedness among the nodes that anatomically link with the nucleus accumbens and thus the clustering or nodal segregation of the nodes that link to it. During neurodevelopment, nodal structural segregation in the structural brain network decreases as global integration increases (Bourne et al., 2016). Within the current cohort at age 5, we reported larger nucleus accumbens volumes in CPHIVs (Randall et al., 2017), suggesting earlier disruptions may contribute to the current results. The nucleus accumbens has also been reported to show altered subcortical volumes in other CPHIV cohorts (Yadav et al., 2017). The WM tract between this region and the left PAC additionally showed higher MD, AD, and fNT. MD and AD differences not only point to possible complications in WM myelination, but higher fNT also suggests possible delays in synaptic pruning of the fibers constituting this tract. Indeed, these microstructural alterations may contribute to higher transitivity.

Along with the putamen and caudate nucleus, the nucleus accumbens is an input nucleus in the basal ganglia. We reported several connections with higher MD from auditory structures such as the PAC that also included the putamen and the caudate. Previous work in the cohort has reported alterations to the putamen and the caudate, including putamen volumetric alterations at 5 and 7 years (Randall et al., 2017; Nwosu et al., 2018), as well as altered metabolism at age 9 in a voxel that included the caudate and the putamen (Robertson et al., 2018). There is growing interest in basal ganglia circuitry in relation to hearing and language processing, with evidence forming for an auditory cortico-striatal loop (Geiser et al., 2012; Lim et al., 2014). Our results suggest HIV vulnerabilities to basal ganglia nuclei throughout childhood in this cohort may affect communication from the CAS to the other parts of the cortex.

Identifying HIV-related WM alterations related to the central auditory system helps establish the viral effects on specific hearing-related parts of the brain. However, without links to functional measures of the auditory system, it is difficult to understand the consequences of these changes. Toward this goal, we investigated associations between structural integrity and neurocognitive functions that recruit the CAS. Among CPHIVs we found MD of six WM connections (IFOF, ILF, and internal capsule) was negatively associated with sequential processing (Figure 5). Sequential processing is a test of auditory working memory and is a summation of the subtests Word Order, Number Recall, and Hand Movement. These tasks recruit auditory–visual brain regions with hand movement (Kraus and Slater, 2015; Middlebrooks et al., 2016; Herbet et al., 2018). One connection between the left MGN and left ITC (internal capsule, Figure 5)—demonstrated a significant group interaction suggesting HIV infection may contribute to the variance of sequential processing abilities in this particular connection. Significantly lower scores in this domain were shown at younger ages of 7 and 9 (van Wyhe et al., 2021), and this finding may be related to earlier HIV effects.

However, caution must be taken in drawing a similar conclusion among the other associations. Even though the relationships were only significant in CPHIVs, there is a similarity of slopes across CPHIVs as well as CHUUs. As such, it is not possible to attribute these associations to HIV infection. The implicated WM connections are worth noting for future work in this cohort as it suggests the microstructural integrity of these tracts is related to auditory working memory across CPHIVs and potentially CHUUs.




Future work

The current results warrant follow-up analyses at later ages. As group differences in sequential processing at earlier ages have been reported, longitudinal analyses that include both earlier and later time points are warranted. These analyses may provide a better understanding of the development of the CAS in the presence of HIV as well as its relationship with sequential processing measures. In addition, linking WM matter changes to functional MRI data may provide additional insight into functional consequences related to both the CAS and other networks. Finally, exploring the current results in relation to hearing outcomes is needed to answer the question of how altered WM may contribute to hearing abilities/deficits in this group of children.



Conclusion

To our knowledge, this study is the first to investigate the microstructural integrity of the CAS and its interactions with other brain regions in CPHIVs. Our results show reduced WM maturation of the CAS as well as between the CAS and other brain regions. The altered network topology of hub regions that are structurally linked to auditory regions further suggests communication between the CAS and other parts of the brain is disrupted by HIV infection in children on treatment. Furthermore, microstructural alterations were associated with auditory working memory abilities. Taken together, our results suggest a microstructural vulnerability of the CAS WM and its structural links to language, motor, and visual processing regions in the presence of HIV. In addition, they are a first step in investigating the relationship between the CAS and the peripheral auditory system.



Limitations

Even though manually tracing the auditory ROIs helped isolate WM specifically involved in acoustic processing, the reconstructions were variable among subjects.

The acoustic radiations are challenging to track because they are small, oriented transversally, and located in an area with a high density of crossing fibers. The classic DTI-based tensor model determines one main fiber orientation in each voxel and WM fibers belonging to the acoustic radiations may not necessarily be the largest contributing fibers to the fiber orientation in the voxels (Maffei et al., 2019).

In the structural network, we defined pair-wise connectivity as the fractional number of tracks (fNT)—a fraction obtained by dividing the number of streamlines that make up a WM bundle by the total number of reconstructed WM streamlines in the whole brain. Although this is a normalized proxy of bundle thickness it does not consider the anatomical variation in WM bundles in the brain resulting in some bundles being deemed as extremely small (abnormal) when they indeed, are normally smaller and propagate from small ROIs.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving humans were approved by the Human Research Ethics Committees of the Universities of Cape Town and Stellenbosch. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants' legal guardians/next of kin.



Author contributions

JM: Formal analysis, Methodology, Visualization, Writing – original draft. MJ: Conceptualization, Funding acquisition, Methodology, Resources, Supervision, Writing – review & editing. EM: Funding acquisition, Writing – review & editing. PT: Funding acquisition, Writing – review & editing. BL: Writing – review & editing, Funding acquisition. AK: Writing – review & editing, Conceptualization. MH: Supervision, Writing – original draft, Conceptualization, Methodology.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Institute on Deafness And Other Communication Disorders of the National Institutes of Health under Award Number R01DC015984; South African Medical Research Council (SAMRC); South African National Research Foundation (NRF) Grants CPR20110614000019421 and CPRR150723129691; and the NRF/DST South African Research Chairs Initiative; Support for the CHER study, which provided the infrastructure for the neurodevelopmental study, was provided by the US National Institute of Allergy and Infectious Diseases through the CIPRA network, Grant U19 AI53217; the Departments of Health of the Western Cape and Gauteng, South Africa; and GlaxoSmithKline/Viiv Healthcare. Additional support was provided with Federal funds from the National Institute of Allergy and Infectious Diseases, National Institutes of Health, United States Department of Health and Human Services, under Contract No. HHSN272200800014C.



Acknowledgments

The authors thank the participants and their parents for being willing to take part in this study, research assistants for their expertise in supporting the children during neuroimaging, and the radiographers at CUBIC. The authors would also like to thank neuroanatomist, Dr. Abdulmumin Ibrahim, for the manual tracing of the anatomical regions used in this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnimg.2024.1341607/full#supplementary-material



References

 Ackermann, C., Andronikou, S., Saleh, M. G., Laughton, B., Alhamud, A. A., van der Kouwe, A., et al. (2016). Early antiretroviral therapy in HIV-infected children is associated with diffuse white matter structural abnormality and corpus callosum sparing. AJNR 37, 2363–2369. doi: 10.3174/ajnr.A4921

 AFNI (2014). AFNI program: 3dNwarpApply. Available online at: https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dNwarpApply.html (accessed February 10, 2022).

 Aili, X., Wang, W., Zhang, A., Jiao, Z., Li, X., Rao, B., et al. (2022). Rich-club analysis of structural brain network alterations in HIV positive patients with fully suppressed plasma viral loads. Front. Neurol. 13:825177. doi: 10.3389/fneur.2022.825177

 Altaye, Y., Rajagopal, A., Holland, S. K., Ii, D. A. H., Cancelliere, W. A., Mangano, F. T., et al. (2013). Infancy through adolescence DTI values in key white matter tracts from DTI values in key white matter tracts from infancy through adolescence. Am. J. Neuroradiol. 34, 1443–1449. doi: 10.3174/ajnr.A3350

 Alvand, A., Kuruvilla-Mathew, A., Roberts, R. P., Pedersen, M., Kirk, I. J., and Purdy, S. C. (2022). Altered structural connectome of children with auditory processing disorder: a diffusion MRI study. MedRxiv 2022.11.03.22281918. doi: 10.1101/2022.11.03.22281918

 Baker, L. M., Cooley, S. A., Cabeen, R. P., Laidlaw, D. H., Joska, J. A., Hoare, J., et al. (2017). Topological organization of whole-brain white matter in HIV infection. Brain Connect. 7:115. doi: 10.1089/brain.2016.0457

 Basser, P. J., Mattiello, J., and Le Bihan, D. (1994). MR diffusion tensor spectroscopy and imaging. Biophys. J. 66, 259–267. doi: 10.1016/S0006-3495(94)80775-1

 Basser, P. J., and Pierpaoli, C. (1996). Microstructural and physiological features of tissues elucidated by quantitative-diffusion-tensor MRI. J. Magn. Reson. Series B 111, 209–219. doi: 10.1006/jmrb.1996.0086

 Bell, R. P., Barnes, L. L., Towe, S. L., Chen, N., kuei Song, A. W., and Meade, C. S. (2018). Structural connectome differences in HIV infection: brain network segregation associated with nadir CD4 cell count. J. NeuroVirol. 24, 454–463. doi: 10.1007/s13365-018-0634-4

 Bourne, J. A., Alonso-Nanclares, L., Yang, Z., He, Y., Cao, M., Huang, H., et al. (2016). Toward developmental connectomics of the human brain. Front. Neuroan. 10:25. doi: 10.3389/fnana.2016.00025

 Chang, Y., Lee, H. R., Paik, J. S., Lee, K. Y., and Lee, S. H. (2012). Voxel-wise analysis of diffusion tensor imaging for clinical outcome of cochlear implantation: retrospective study. Clin. Exper. Otorhinolaryngol. 5, S37–S42. doi: 10.3342/ceo.2012.5.S1.S37

 Chao, C. K., Czechowicz, J. A., Messner, A. H., Alarcoń, J., Roca, L. K., Larragán Rodriguez, M. M., et al. (2012). High prevalence of hearing impairment in HIV-infected Peruvian children. Otolaryngol. Head Neck Surg. 146, 259–265. doi: 10.1177/0194599811429271

 Civier, O., Smith, R. E., Yeh, C. H., Connelly, A., and Calamante, F. (2019). Is removal of weak connections necessary for graph-theoretical analysis of dense weighted structural connectomes from diffusion MRI? NeuroImage 194, 68–81. doi: 10.1016/j.neuroimage.2019.02.039

 Colon-Perez, L. M., Couret, M., Triplett, W., Price, C. C., and Mareci, T. H. (2016). Small worldness in dense and weighted connectomes. Front. Phys. 4:14. doi: 10.3389/fphy.2016.00014

 Cotton, M. F., Violari, A., Otwombe, K., Panchia, R., Dobbels, E., Rabie, H., et al. (2014). Early limited antiretroviral therapy is superior to deferred therapy in HIV-infected South African infants: results from the CHER (Children with HIV Early antiRetroviral) Randomized Trial. Lancet 382, 1555–1563. doi: 10.1016/S0140-6736(13)61409-9

 Cox, R. W. (1996). AFNI: software for analysis and visualization of functional magnetic resonance neuroimages. Comput. Biomed. Res. Int. J. 29, 162–173. doi: 10.1006/cbmr.1996.0014

 Daducci, A., Gerhard, S., Griffa, A., Lemkaddem, A., Cammoun, L., Gigandet, X., et al. (2012). The connectome mapper: an open-source processing pipeline to map connectomes with MRI. PLoS ONE 7:e48121. doi: 10.1371/journal.pone.0048121

 Deoni, S. C. L., Dean, D. C., Remer, J., Dirks, H., and O'Muircheartaigh, J. (2015). Cortical maturation and myelination in healthy toddlers and young children. NeuroImage 115, 147–161. doi: 10.1016/j.neuroimage.2015.04.058

 Feldman, H. M., Yeatman, J. D., Lee, E. S., Barde, L. H., and Gaman-Bean, S. (2010). Diffusion tensor imaging: a review for pediatric researchers and clinicians. J. Dev. Behav. Pediatr. 31, 346–356. doi: 10.1097/DBP.0b013e3181dcaa8b

 Fornito, A., Zalesky, A., and Bullmore, E. T. (2016). Fundamentals of Brain Network Analysis. London: Academic press.

 Geiser, E., Notter, M., and Gabrieli, J. D. E. (2012). Behavioral/systems/cognitive a corticostriatal neural system enhances auditory perception through temporal context processing. J. Neurosci. 32, 6177–6182. doi: 10.1523/JNEUROSCI.5153-11.2012

 Graham, A. S., Holmes, M. J., Little, F., Dobbels, E., Cotton, M. F., Laughton, B., et al. (2020). MRS suggests multi-regional inflammation and white matter axonal damage at 11 years following perinatal HIV infection. NeuroImage 28:102505. doi: 10.1016/j.nicl.2020.102505

 Gur, R. E., and Gur, R. C. (2016). Sex differences in brain and behavior in adolescence: findings from the Philadelphia Neurodevelopmental Cohort. Neurosci. Biobehav. Rev. 70:159. doi: 10.1016/j.neubiorev.2016.07.035

 Herbet, G., Zemmoura, I., and Duffau, H. (2018). Functional anatomy of the inferior longitudinal fasciculus: from historical reports to current hypotheses. Front. Neuroan. 12:77. doi: 10.3389/fnana.2018.00077

 Hoare, J., Fouche, J.-P., Phillips, N., Joska, J. A., Myer, L., Zar, H. J., et al. (2018). Structural brain changes in perinatally HIV infected young adolescents in South Africa HHS Public Access. AIDS 32, 2707–2718. doi: 10.1097/QAD.0000000000002024

 Huang, H., Shu, N., Mishra, V., Jeon, T., Chalak, L., Wang, Z. J., et al. (2015). Development of human brain structural networks through infancy and childhood. Cerebral Cortex 25, 1389–1404. doi: 10.1093/cercor/bht335

 Huang, L., Zheng, W., Wu, C., Wei, X., Wu, X., Wang, Y., et al. (2015). Diffusion tensor imaging of the auditory neural pathway for clinical outcome of cochlear implantation in pediatric congenital sensorineural hearing loss patients. PLoS ONE 10:e0140643. doi: 10.1371/journal.pone.0140643

 Jankiewicz, M., Holmes, M. J., Taylor, P. A., Cotton, M. F., Laughton, B., van der Kouwe, A. J. W., et al. (2017). White matter abnormalities in children with HIV infection and exposure. Front. Neuroanat. 11:88. doi: 10.3389/fnana.2017.00088

 Kaufman, A. S., and Kaufman, N. L. (2014). “Kaufman assessment battery for children, Second Edition,” in Encyclopedia of Special Education (John Wiley and Sons, Inc.). doi: 10.1002/9781118660584.ese1324

 Kim, J. H., Loy, D. N., Liang, H.-F., Trinkaus, K., Schmidt, R. E., and Song, S.-K. (2007). Noninvasive diffusion tensor imaging of evolving white matter pathology in a mouse model of acute spinal cord injury. Magn. Reson. Med. 58, 253–260. doi: 10.1002/mrm.21316

 Kraus, N., and Slater, J. (2015). “Music and language: relations and disconnections,” in Handbook of Clinical Neurology, Vol. 129, 207–222. doi: 10.1016/B978-0-444-62630-1.00012-3

 Li, J., Gao, L., Wen, Z., Zhang, J., Wang, P., Tu, N., et al. (2018). Structural covariance of gray matter volume in HIV vertically infected adolescents. Sci. Rep. 8:1182. doi: 10.1038/s41598-018-19290-5

 Li, J., Wu, G., Wen, Z., Zhang, J., Lei, H., Gui, X., et al. (2015). White matter development is potentially influenced in adolescents with vertically transmitted HIV infections: a tract-based spatial statistics study. Am. J. Neuroradiol. 36, 2163–2169. doi: 10.3174/ajnr.A4417

 Lim, S.-J., Fiez, J. A., and Holt, L. L. (2014). How may the basal ganglia contribute to auditory categorization and speech perception? Front. Neurosci. 8:230. doi: 10.3389/fnins.2014.00230

 Lin, M., He, H., Schifitto, G., and Zhong, J. (2016). Simulation of changes in diffusion related to different pathologies at cellular level after traumatic brain injury. Magn. Reson. Med. 76:290. doi: 10.1002/mrm.25816

 Madhi, S. A., Adrian, P., Cotton, M. F., McIntyre, J. A., Jean-Philippe, P., Meadows, S., et al. (2010). Effect of HIV infection status and anti-retroviral treatment on quantitative and qualitative antibody responses to pneumococcal conjugate vaccine in infants. J. Infect. Dis. 202, 355–361. doi: 10.1086/653704

 Madzime, J., Holmes, M., Cotton, M. F., Laughton, B., van der Kouwe, A. J. W., Meintjes, E. M., et al. (2021). Altered white matter tracts in the somatosensory, salience, motor, and default mode networks in 7-year-old children living with human immunodeficiency virus: a tractographic analysis. Brain Connect. 12, 302–319. doi: 10.1089/brain.2020.0948

 Maffei, C., Sarubbo, S., and Jovicich, J. (2019). A missing connection: a review of the macrostructural anatomy and tractography of the acoustic radiation. Front. Neuroanat. 13:27. doi: 10.3389/fnana.2019.00027

 Maffei, C., Soria, G., Prats-Galino, A., and Catani, M. (2015). Imaging white-matter pathways of the auditory system with diffusion imaging tractography. Handb. Clin. Neurol. 129, 277–288. doi: 10.1016/B978-0-444-62630-1.00016-0

 Maro, I., Fellows, A., Clavier, O., Gui, J., Rieke, C., Wilbur, J., et al. (2017). Auditory impairments in HIV-infected children. Physiol. Behav. 176, 139–148. doi: 10.1097/AUD.0000000000000276

 Miao, W., Li, J., Tang, M., Xian, J., Li, W., Liu, Z., et al. (2013). Altered white matter integrity in adolescents with prelingual deafness: a high-resolution tract-based spatial statistics imaging study. Am. J. Neuroradiol. 34, 1264–1270. doi: 10.3174/ajnr.A3370

 Middlebrooks, E. H., Yagmurlu, K., Szaflarski, J. P., Rahman, M., and Bozkurt, B. (2016). A contemporary framework of language processing in the human brain in the context of preoperative and intraoperative language mapping. Neuroradiology 59, 69–87. doi: 10.1007/s00234-016-1772-0

 Nwosu, E. C., Holmes, M. J., Cotton, M. F., Dobbels, E., Little, F., Laughton, B., et al. (2021). Cortical structural changes related to early antiretroviral therapy (ART) interruption in perinatally HIV-infected children at 5 years of age. IBRO Neurosci. Rep. 10, 161–170. doi: 10.1016/j.ibneur.2021.02.001

 Nwosu, E. C., Robertson, F. C., Holmes, M. J., Cotton, M. F., Dobbels, E., Little, F., et al. (2018). Altered brain morphometry in 7-year old HIV-infected children on early ART. Metab. Brain Dis. 33, 523–535. doi: 10.1007/s11011-017-0162-6

 Pierpaoli, C., Walker, L., Irfanogula, M. O., Barnett, A., Basser, P., Chang, L. C., et al. (2009). “TORTOISE: an integrated software package for processing of diffusion MRI data,” in ISMRM 18th Annual Meeting (Stockholm), 51.

 Randall, S. R., Warton, C. M. R., Holmes, M. J., Cotton, M. F., Laughton, B., van der Kouwe, A. J. W., et al. (2017). Larger subcortical gray matter structures and smaller corpora callosa at age 5 years in HIV infected children on early ART. Front. Neuroanat. 11:95. doi: 10.3389/fnana.2017.00095

 Rice, M. L., Buchanan, A. L., Siberry, G. K., Kathleen, M., Zeldow, B., Frederick, T., et al. (2013). Language impairment in children perinatally infected with HIV compared to children who were hiv-exposed and uninfected mabel. J. Dev. Behav. Pediatr. 33, 112–123. doi: 10.1097/DBP.0b013e318241ed23

 Robertson, F. C., Holmes, M. J., Cotton, M. F., Dobbels, E., Little, F., Laughton, B., et al. (2018). Perinatal HIV infection or exposure is associated with low n-acetylaspartate and glutamate in basal ganglia at age 9 but not 7 years. Front. Hum. Neurosci. 12:145. doi: 10.3389/fnhum.2018.00145

 Rubinov, M., and Sporns, O. (2010). Complex network measures of brain connectivity: uses and interpretations. NeuroImage 52, 1059–1069. doi: 10.1016/j.neuroimage.2009.10.003

 Sakai, J. (2020). How synaptic pruning shapes neural wiring during development and, possibly, in disease. Proc. Natl. Acad. Sci. USA 117, 16096–16099. doi: 10.1073/pnas.2010281117

 Sarma, M. K., Nagarajan, R., Keller, M. A., Kumar, R., Nielsen-Saines, K., Michalik, D. E., et al. (2014). Regional brain gray and white matter changes in perinatally HIV-infected adolescents. NeuroImage 4:29. doi: 10.1016/j.nicl.2013.10.012

 Sbardella, E., Tona, F., Petsas, N., and Pantano, P. (2013). DTI measurements in multiple sclerosis: evaluation of brain damage and clinical implications. Mult. Scler. Int. 2013:671730. doi: 10.1155/2013/671730

 Simmonds, D. J., Hallquist, M. N., Asato, M., and Luna, B. (2014). Developmental stages and sex differences of white matter and behavioral development through adolescence: a longitudinal diffusion tensor imaging (DTI) study. NeuroImage 92:356. doi: 10.1016/j.neuroimage.2013.12.044

 Strauss, E., Sherman, E. M. S., and Spreen, O. (2010). E. Strauss, E. M. S. Sherman, and O. Spreen, a compendium of neuropsychological tests: administration, norms, and commentary. Appl. Neuropsychol. 14, 62–63. doi: 10.1080/09084280701280502

 Taylor, P., Chen, G., Cox, R., and Saad, Z. (2015). Open environment for multimodal interactive connectivity visualization and analysis. Brain Connect. 6, 109–121. doi: 10.1089/brain.2015.0363

 Taylor P. A, and Saad, Z. S. (2013). FATCAT: (an efficient) functional and tractographic connectivity analysis toolbox. Brain Connect. 3, 523–535. doi: 10.1089/brain.2013.0154

 Toich, J. T. F., Taylor, P. A., Holmes, M. J., Gohel, S., Cotton, M. F., Dobbels, E., et al. (2018). Functional connectivity alterations between networks and associations with infant immune health within networks in HIV infected children on early treatment: a study at 7 years. Front. Hum. Neurosci. 11:635. doi: 10.3389/fnhum.2017.00635

 Torre, P., Yao, T. J., Zeldow, B., Williams, P., Hoffman, H. J., and Siberry, G. K. (2015). Distortion product otoacoustic emission data in perinatally HIV-infected and HIV-exposed but uninfected children and adolescents in the pediatric HIV/AIDS cohort study. Pediatr. Infect. Dis. J. 34:276. doi: 10.1097/INF.0000000000000598

 Torre, P., Zeldow, B., Hoffman, H. J., Buchanan, A., Siberry, G. K., Rice, M., et al. (2012). Hearing loss in perinatally HIV-infected and HIV-exposed but uninfected children and adolescents. Pediatr. Infect. Dis. J. 31, 835–841. doi: 10.1097/INF.0b013e31825b9524

 Tourbier, S., Rue-Queralt, J., Glomb, K., Aleman-Gomez, Y., Mullier, E., Griffa, A., et al. (2022). Connectome mapper 3: a flexible and open-source pipeline software for multiscale multimodal human connectome mapping. J. Open Source Softw. 7:4248. doi: 10.21105/joss.04248

 Uda, S., Matsui, M., Tanaka, C., Uematsu, A., Miura, K., Kawana, I., et al. (2015). Normal development of human brain white matter from infancy to early adulthood: a diffusion tensor imaging study. Dev. Neurosci. 37, 182–194. doi: 10.1159/000373885

 van Wyhe, K. S., Laughton, B., Cotton, M. F., Meintjes, E. M., van der Kouwe, A. J. W., Boivin, M. J., et al. (2021). Cognitive outcomes at ages seven and nine years in South African children from the children with HIV early antiretroviral (CHER) trial: a longitudinal investigation. J. Int. AIDS Soc. 24:e25734. doi: 10.1002/jia2.25734

 Van Wyhe, K. S., Van De Water, T., Boivin, M. J., Cotton, M. F., and Thomas, K. G. F. (2017). Cross-cultural assessment of HIV-associated cognitive impairment using the Kaufman assessment battery for children: a systematic review. J. Int. AIDS Soc. 20:21412. doi: 10.7448/IAS.20.1.21412

 Violari, A., Cotton, M. F., Gibb, D. M., Babiker, A. G., Steyn, J., Madhi, S. A., et al. (2008). Early antiretroviral therapy and mortality among HIV-infected infants. New Engl. J. Med. 359, 2233–2244. doi: 10.1056/NEJMoa0800971

 Winklewski, P. J., Sabisz, A., Naumczyk, P., Jodzio, K., Szurowska, E., and Szarmach, A. (2018). Understanding the physiopathology behind axial and radial diffusivity changes-what do we know? Front. Neurol. 9:92. doi: 10.3389/fneur.2018.00092

 Wu, C., huang, L., tan, H., wang, Y., zheng, H., kong, L., et al. (2016). Diffusion tensor imaging and MR spectroscopy of microstructural alterations and metabolite concentration changes in the auditory neural pathway of pediatric congenital sensorineural hearing loss patients. Brain Res. 1639, 228–234. doi: 10.1016/j.brainres.2014.12.025

 Wu, C. M., Ng, S. H., Wang, J. J., and Liu, T. C. (2009). Diffusion tensor imaging of the subcortical auditory tract in subjects with congenital cochlear nerve deficiency. Am. J. Neuroradiol. 30, 1773–1777. doi: 10.3174/ajnr.A1681

 Xie, M., Tobin, J. E., Budde, M. D., Chen, C. I., Trinkaus, K., Cross, A. H., et al. (2010). Rostro-caudal analysis of corpus callosum demyelination and axon damage across disease stages refines diffusion tensor imaging correlations with pathological features. J. Neuropathol. Exper. Neurol. 69:704. doi: 10.1097/NEN.0b013e3181e3de90

 Yadav, S. K., Gupta, R. K., Garg, R. K., Venkatesh, V., Gupta, P. K., Singh, A. K., et al. (2017). Altered structural brain changes and neurocognitive performance in pediatric HIV. NeuroImage 14:316. doi: 10.1016/j.nicl.2017.01.032

 Zhan, Y., Buckey, J. C., Fellows, A. M., and Shi, Y. (2017). Magnetic resonance imaging evidence for human immunodeficiency virus effects on central auditory processing: a review. J. AIDS Clin. Res. 8:708. doi: 10.4172/2155-6113.1000708

Copyright
 © 2024 Madzime, Jankiewicz, Meintjes, Torre, Laughton, van der Kouwe and Holmes. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Reduced white matter maturation in the central auditory system of children living with HIV



		Introduction



		Methods



		Study cohort



		T1-weighted structural and DTI acquisition



		Image preprocessing



		Gray matter regions of interest



		DTI-based tractography



		Structural network definition



		Statistical analyses and visualization



		Associations between measures of structural network integrity and cognitive outcomes



		Associations between structural integrity outcomes and immune health markers









		Investigating the robustness of results







		Results



		DTI-based tractography results: WM microstructural integrity



		Graph theory results: structural network organization



		Associations between structural integrity outcomes and cognitive measures



		Associations between structural integrity outcomes and immune health markers









		Investigating the robustness of results







		Discussion



		HIV-related WM disruptions within auditory tracts



		HIV-related WM disruptions between auditory and non-auditory areas



		Current study results in relation to this cohort at earlier ages







		Future work



		Conclusion



		Limitations



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/fnimg-03-1341607-t003.jpg
ain ana 99 % 68 % %
1 91 92 63 93 72 94
2 82 83 19 28 50 65
3 84 85 41 60 60 78
4 86 87 52 76 56 73
5 91 92 65 96 70 91
6 85 86 37 71 52 68
7 92 93 49 72 70 91
8 86 87 43 63 62 81
9 93 94 62 91 69 90
10 92 93 62 91 68 88

The % columns show the percentage of tracts in the random sample results that are the same
as the ones found in the main analysis. CPHIV, children prenatally infected and living with
HIV; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity.
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ROI, region of interest; CHUUs, children who are HIV unexposed and uninfected; CPHIVs, children perinatally infected and living with HIV; R, right; L, left; IOFC, lateral orbitofrontal cortex.
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Demographics
N 22 49
Sex: Female N (%) 8 (36%) 28 (57%) 0.27
Age at scan: Mean + SD (yr) 11.65 £ 0.25 11.62 +0.28 0.58
Clinical measures at baseline (age 6-8 weeks)
CD4 count (cells/mm?) (Mean = SD) 1842.76 = 861.40
CD4% (Mean % SD) 34.65£9.61
High VL (>750,000) N (%) 28(57)
Low VL (400-750,000) N (%) 21(43)
Suppressed VL (<400) N (%) 0(0)
Clinical measures at scan
CD4 count (cells/mm?) (Mean = SD) 913.63 £ 403.74
CD4% (Mean =% SD) 38.64 £7.32
High VL (>750,000) N (%) 0(0)
Low VL (400-750,000) N (%) 2(4)
Suppressed VL (<400) N (%) 47 (96)
Treatment-related measures
Age at ART initiation (weeks; mean = SD) 16.03 £ 1425
ART initiation before age 12 weeks, N (%) 34(69)
Age at ART interruption (weeks; N = 26'; mean % SD) 77.82 £28.38
Duration of ART interruption (weeks; N = 26'; mean % SD) 82.48 & 106.33
Language-related measures
Sequential processing (Median % IQR) 82.13 £ 14.63 76.17 £9.21 0.67 0.73
Number recall (Mean %= SD) 7.41£2.54 682213 0.22 046
Word order (Mean % SD) 642242 529+ 1.84 0.53 0.63
Learning (Mean % SD) 9191+ 1324 8820+ 13.83 0.03 035
Atlantis (Median % IQR) 1024211 9204234 0.29 047
Atlantis delayed (Median % IQR) 9.20 £ 1.68 9.18£226 0.25 0.46
Rebus (Mean = SD) 6.5%£3.22 6.16 £2.66 0.08 0.35
Rebus delayed (Mean = SD) 6.86 +2.82 6.02£2.61 0.81 0.81
Story completion (Mean = SD) 7454325 727 £245 0.24 0.46
Delayed recall (Median % IQR) 88.55+ 1073 8517 £ 1231 0.41 053
Animal naming (Mean £ SD) 1137 £4.19 10.31 £3.20 0.20 0.46
Non-verbal index (Median % IQR) 80.11£ 1521 85131020 0.35 051
Mental processing (Mean = SD) 82+ 13.77 79.94 % 9.44 0.06 035

Where a variable was not normally distributed (Shapiro-Wilk p < 0.03), we summarize with the median and the IQR.

CPHIVs, children perinatally infected and living with HIV; CHUUs, children who are HIV unexposed and uninfected; FDR, false discovery rate; VL, viral load; ART, antiretroviral therapy;
IQR, interquartile range. ' 23 subjects were not interrupted and received ART continuously. p-values less than 0.05 are bold.
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