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ABSTRACT  59 

Retinal vessel changes and retinal whitening, distinctive features of malarial retinopathy, can 60 

be directly observed during routine eye examination in children with P.falciparum cerebral 61 

malaria. We investigated their clinical significance and underlying mechanisms through 62 

linked clinical, clinicopathological and image analysis studies. Orange vessels and severe 63 

foveal whitening (clinical examination, n=817, OR, 95% CI: 2.90, 1.96-4.30; 3.4, 1.8-6.3, 64 

both p<0.001), and arteriolar involvement by intravascular filling defects (angiographic 65 

image analysis, n=260, 2.81, 1.17-6.72, p<0.02) were strongly associated with death. Orange 66 

vessels had dense sequestration of late stage parasitised red cells (histopathology, n=29; 67 

sensitivity 0.97, specificity 0.89) involving 360° of the lumen circumference, with altered 68 

protein expression in blood-retinal barrier cells and marked loss/disruption of pericytes. 69 

Retinal whitening was topographically associated with tissue response to hypoxia. Severe 70 

neurovascular sequestration is visible at the bedside and is a marker of severe disease useful 71 

for diagnosis and management.  72 

  73 
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Introduction 74 

Paediatric cerebral malaria (CM) is a frequently fatal complication of Plasmodium 75 

falciparum malaria that disproportionately afflicts children in sub-Saharan Africa; the WHO 76 

Malaria Report estimated that malaria killed 429,000 people worldwide in 2016, about 70% 77 

of whom were African children under 5 years of age (World Malaria Report 2016). CM is 78 

clinically defined as peripheral parasitaemia with coma not directly attributable to 79 

convulsions, hypoglycaemia, meningitis, or any other identifiable cause (1). This definition is 80 

broad and is likely to over-diagnose a significant proportion of cases. The presence of a 81 

retinopathy known as malarial retinopathy (MR), and described by us with other colleagues 82 

(2-5), increases specificity when included in the diagnostic criteria (6-8). 83 

  Sequestration of parasitised red blood cells (pRBC) in the cerebral neurovasculature is the 84 

key underlying pathophysiological feature in P falciparum CM (9). Unlike in the brain, the 85 

degree and location of neurovascular abnormalities can be observed clinically in the retina 86 

using routinely available ophthalmological techniques (5). Features comprise orange or white 87 

retinal vessels, patchy or confluent retinal whitening and white centred retinal haemorrhages 88 

(Figure 1). Severity of MR predicts the risk of death and duration of coma (4, 10, 11). 89 

  The management of P. falciparum malaria is changing. The incidence has fallen but is 90 

notoriously difficult to enumerate. Clearly malaria is still causing significant numbers of 91 

deaths each year despite widespread use of artesunate-based combination therapies and 92 

moves to improve the early diagnosis of CM in district general hospitals (World Malaria 93 

Report 2016). New diagnostic and therapeutic interventions are being developed and tested. 94 

Our group has developed an automated algorithm platform for the detection of MR from 95 

colour photographs (12). 96 

  We with other colleagues have previously reported descriptive pathological investigations of 97 

the features of MR (13) including clinical associations (14) and suggesting mechanisms. We 98 
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have previously hypothesised that the orange vessels in the retina (13) and the intravascular 99 

material seen on fluorescein angiography may indicate sequestration (15) but definitive 100 

evidence is required. We have previously identified that retinal whitening is caused by 101 

capillary nonperfusion but the relationship of this nonperfusion to sequestration is unclear. 102 

  We studied orange and white vessels and retinal whitening to understand sequestration and 103 

its effects on the retina, and to inform clinical management of CM. We addressed these 104 

complex questions in a large series of children with CM recruited over 15 years all of whom 105 

had retinal examinations (clinical dataset), and in two subgroups, one comprising children 106 

who died and from whom eyes were available for histopathology (clinicopathology dataset) 107 

and a second of children who underwent retinal angiography (image analysis dataset). 108 

Findings from other cohorts and subcohorts from our programme have been reported 109 

previously by our group, addressing other research questions. The further analysis of our 110 

clinical dataset is an extension of our previous association study while all other analyses 111 

presented in this manuscript are new. 112 

  113 
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Results 114 

Correlation of vessel discolouration with disease outcome (clinical dataset) 115 

We investigated the clinical significance of orange vessels seen in children admitted between 116 

1999 and 2014 who had a retinal examination within 24 hours of admission and who were 117 

retinopathy-positive. Representative clinical photographs are in Figure 1. Figure 1 118 

supplement 1, shows the patient allocation of 1684 children admitted to the paediatric 119 

research ward.  120 

  The groups of subjects who did (n=1160) and did not (n=515) have an admission retinal 121 

exam were compared to assess possible selection bias (Supplementary file 1). Subjects who 122 

did not have an admission retinal exam were likely to have a higher serum lactate 123 

concentration (p<0.001) and were more likely to die (p<0.006). They were on average 5 124 

months younger (p<0.001) and 0.2 kg lighter (p<0.01) than those who had retinal 125 

examinations.  126 

  817 subjects had retinopathy positive CM on admission. 137 (16.8%) died with the time 127 

from admission to death less than 24 hours for the majority. In 663 subjects, data were 128 

available recording the time taken to recover consciousness, and of these 200 (30.2%) 129 

reached Blantyre Coma Score (BCS) ≥3/5 within 12 hours, 214 (32.3%) did so between 12 130 

and 24 hours, and 249 (37.6%) took over 24 hours. Missing data were low at <10% for most 131 

variables apart from: blood lactate (~20%), HIV status (15%), disc hyperaemia (12%).  132 

  Unadjusted associations between the presence and severity of clinical ophthalmoscopic 133 

features (Figure 1) and death in n=817 with MR-positive CM, and admission eye 134 

examination, are shown in Table 1. Papilloedema (odds ratio (OR) 2.29, 95% confidence 135 

interval 1.55-3.38, p<0.001) and disc hyperaemia (OR 1.73, 1.15-2.62, p<0.01), both 136 

indicators of brain swelling, were more likely in those who died. White cell count and blood 137 
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HRP2 concentration had statistically significant associations with death, but with very small 138 

effect sizes (OR very close to 1). 139 

  The presence of visible orange vessels on ophthalmoscopy (Figure1 C-D) was significantly 140 

associated with death (OR 2.90, 1.96-4.30, p<0.001) as was severe foveal whitening (>2/3 141 

foveal area; OR 3.40, 1.80-6.30, p<0.001; simple logistic regression; Table 1). When 142 

including potential confounders (age, WCC, HRP2, lactate, papilloedema - see Materials and 143 

Methods) in a multivariable regression model for the presence of the two retinal features with 144 

death, we found similar ORs and significance (orange vessels: OR 2.85, 1.72-4.74, p<0.001, 145 

n=549; foveal whitening: OR 3.57, 1.57-8.13, p=0.002, n=615).   146 

 147 

Clinicopathological characterisation of retinal intravascular material (clinicopathology 148 

dataset) 149 

29 cases from the autopsy archive met the inclusion criteria for our clinicopathological study 150 

of the nature and effects of retinal intravascular material; details of the dataset are given in 151 

Table 2, and records of pre-mortem retinal clinical examination in Table 3. 21 of 29 patients 152 

had MR (Grade 1 n=5, Grade 2 n=16). In all MR-positive cases, intracerebral and intraretinal 153 

sequestration of parasitised red blood cells (pRBC) post-mortem exceeded 23% of capillaries 154 

and venules, consistent with a histological diagnosis of CM (6, 8). Autopsy confirmed a 155 

cause of death different from CM in the eight MR-negative control patients (Grade 0). 12 out 156 

of the 29 autopsy cases were HIV positive. 157 

  We investigated the nature of the intravascular material identifiable clinically and 158 

pathologically, primarily by colour changes in venules and capillaries, in 12 out of 21 MR 159 

positive patients (Figure 2A-B). Intravascular filling defects (IVFD) within the blood column 160 

were identified in retinal venules on all the five cases with fluorescein angiography (FA) 161 

available. Orange and white microvessels (cases=12, vessels=212) were sampled using 162 
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manual microdissection techniques (dotted white lines, Figure 2A), and compared 163 

microscopically to clinically normal vessels (cases=8, vessels=200) in different retinal 164 

segments of the same case or from different specimens across Grade 1 and Grade 2 MR 165 

groups. All orange vessels exhibited pigmented pRBCs sequestered in layers on the 166 

endothelium at the margin of the vessel lumen, with a blood column consisting of uninfected 167 

RBCs in the centre of affected vessels (Figure 2C, Figure 3). These vessels were occasionally 168 

surrounded by extravasated RBCs in the absence of clinically visible haemorrhage. White 169 

vessels (usually distended capillaries) contained primarily extraerythrocytic haemozoin (HZ) 170 

and some remnants of pRBC; non-parasitised RBCs were absent. Fibrin polymers were 171 

detected in retinal capillaries and venules (Figure 3 supplement 1). All vessels that appeared 172 

normal, during clinical and gross examination, lacked these features (Figure 2D).  173 

  H&E analysis of orange intravascular material (n=3 cases) showed aggregates containing 174 

both abundant sequestered pigmented (late stage) pRBCs and non-parasitised RBCs in 175 

venules (Figure 2C, Figure 3 A-B). These clusters of pRBC were not observed in vessels 176 

without FA filling defects from the remaining two MR positive cases for which FA was 177 

available.  178 

  We investigated the relationship between severity/extent of late stage pRBCs and presence 179 

of visible orange discolouration in nine MR-positive cases (n=412 vessels studied; Table 4). 180 

Vessels with sequestered late stage pRBCs involving 360° of the circumference of the vessel 181 

lumen were strongly associated with the presence of orange discoloration (Table 4). 182 

Sensitivity and specificity for orange discoloration as an indicator of this extent of 183 

sequestration were 0.97 (95% confidence interval: 0.94 to 0.99) and 0.89 (0.84 to 0.93) 184 

respectively with positive and negative predictive values of 0.88 (0.83 to 0.92) and 0.98 (0.94 185 

to 0.99). 186 

Tissue effects of retinal neurovascular sequestration   187 
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We studied the effects of pRBC sequestration on cellular vessel wall components in MR-188 

positive and negative cases, in vessels with and without sequestered pRBCs in matched tissue 189 

sections assessing presence/absence of continuous (annular) immunostaining. In both Grades 190 

1 and 2 MR-positive cases intraretinal sequestration was significantly associated with 191 

reduced expression in retinal microvessels of the endothelial cell membrane glycoprotein 192 

CD34, the pericyte structural protein smooth muscle actin (SMA) and the signalling molecule 193 

platelet derived growth factor receptor β (PDGFRβ) (Figure 4, all p<0.005); SMA was only 194 

reported for venules as it does not produce an annular staining pattern in normal capillaries. 195 

The proportions of continuous immunostaining in capillaries and venules, with and without 196 

pRBC sequestration respectively (means  SD), were: CD34, 14  9% and 90  10%; SMA 197 

11  10% and 65  25%; PDGFRβ 19  15% and 77  18% (all p<0.005). These findings are 198 

consistent with marked altered cell function or loss in pericytes and endothelial cells of 199 

vessels with pRBC sequestration. To explore the impact of pericyte dysfunction on vessel 200 

stability, we tested for an association between reduced immunostaining and presence of 201 

retinal haemorrhages. Percentages of vessels with normal PDGFRβ staining were 202 

significantly less in MR positive cases with haemorrhages (18%) than those without (39%; 203 

n= 21, p<0.05).  204 

  Glial cells (principally astrocytes and Müller cells) surrounding venules and capillaries 205 

affected by severe pRBC sequestration were studied in 10 of 21 (48%) MR-positive cases 206 

(Figure 5 A-D). There were statistically significant increases in perivascular astrocyte 207 

intercellular adhesion molecule 1 (ICAM-1) (p=0.003) and Müller cell cytoskeletal 208 

component glial fibrillary acidic protein (GFAP) (p=0.034), markers for early (4-12 hours) 209 

and late (after 24 hours) glial activation respectively (16, 17). No MR-negative cases showed 210 

perivascular ICAM-1 or GFAP immunoreactivity. ICAM-1 tissue staining was also 211 

associated with the presence of discoloured vessels (Figure 4A, all Fisher exact tests p<0.05), 212 
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compared to normal vessels where ICAM-1 was restricted to the endothelium (Figure 5B). 213 

Müller cell GFAP immunoreactivity was observed in 8 of the 21 (38%) cases with MR 214 

(Figure 5C) versus MR negative cases (Figure 5D) where staining was restricted to the first 215 

retinal layer.  216 

Pathogenesis of retinal whitening  217 

To test the hypothesis that retinal whitening is due to hypoxia-induced cellular oedema (18), 218 

we compared the proportions and distribution of the tissue hypoxia and intracellular oedema 219 

markers VEGFR1 and AQP4 respectively (19, 20), in MR-positive and negative cases.  220 

  MR-positive cases showed increased expression of VEGFR1 immunoreactivity in both 221 

central and peripheral retina. VEGFR1 immunostaining was primarily localised in the inner 222 

retina (Figures 6A, B) (ganglion cell (primarily in the macula) and inner nuclear cell bodies 223 

and synapses) and values were positively correlated with increasing severity of whitening for 224 

all these cells (Figure 6C p<0.05, p<0.001) and for macular ganglion cell layer with worse 225 

MR (Figure 6D, p<0.001).  226 

  AQP4 expression levels were generally more intense in MR-positive cases with whitening 227 

(Figure 1B) than those without (Figure 7, Figure 7 supplement 1). High AQP4 staining levels 228 

were found in glial cells, including Műller cells, in the nerve fibre layer (NFL) and outer 229 

plexiform layer (21) in the macula (Figure 7 A, B) and temporal periphery (Figure 7 230 

supplement 1 A, B). Densitometry analysis showed significantly higher AQP4 levels for 231 

macula and temporal periphery (Figures 7C and supplement 1C, ANOVA test, p<0.05 except 232 

moderate whitening). There were statistically significant associations also between AQP4 233 

staining pattern and MR grade (Figures 7D and supplement 1D). In addition to the 234 

association found between tissue whitening, VEGFR1 and AQP4 expression levels, in 44% 235 

and 68% of MR-positive cases (macula and periphery respectively) intravascular thrombi 236 
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were co-localised with retinal whitening (Figure 3 supplement 1A-C; p<0.05 for periphery 237 

only). 238 

Fluorescein angiography and image analysis study of retinal sequestration (image 239 

analysis dataset) 240 

260 subjects with MR-positive CM underwent retinal FA on the day or day after admission 241 

between 2009 and 2014. A representative FA of IVFD is shown in Figure 1B, the dataset in 242 

Figure 8 and the rates and location of IVFD in Table 5). The topographical correlation 243 

between ophthalmoscopic and angiographic features of IVFD is illustrated in Figure 9. IVFD 244 

occurred frequently in the retinal venules (large 80.2%, small 98.0%, post capillary 98.3%). 245 

There was no association between sequestration in post-capillary venules and survival (OR 246 

0.23, 0.054-1.02, p=0.053). Conversely sequestration was infrequent in the arterioles but with 247 

significant associations with death for large arteriole sequestration (OR 2.81, 1.17-6.72, 248 

p<0.02), and non-significant association for precapillary arterioles (OR 2.47, 0.94-6.45, 249 

p=0.065) (see Table 5 and Figure 9). Similar findings were found for time to recovery of 250 

consciousness (binomial regression coefficient, 95% CI): precapillary arterioles (0.32, 0.094-251 

0.55, p<0.01), small arterioles (0.30, 0.093-0.51, p<0.01), large arterioles (0.38, 0.076-0.68, 252 

p<0.02). Sequestration in the capillaries was frequently seen but was ungradeable in 62% of 253 

cases. 254 

Quantitative image analysis of retinal sequestration 255 

The results of our semi-quantitative image analysis to investigate the value of retinal 256 

sequestration to predict disease outcome are shown in Figure 10 including an example of the 257 

output from the algorithm (Figure 10A). Data were available on 251 eyes (1 eye per case) of 258 

whom 33 (13.1%) died. The mean ratio of affected:unaffected vessel was 41.9% in children 259 

who died and 37.8% in survivors. The distribution of ratios across the 251 eyes is shown in 260 

Figure 10B; the amount of IVFD in retinal vessels was higher in the patients who died in our 261 
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study, but the difference did not reach statistical significance (OR 18.05, 0.74-211.33, 262 

p<0.08).  263 
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Discussion 264 

The clinicopathological findings from our unique cohort provide strong evidence that the 265 

orange appearance of retinal vessels in comatose children with a clinical diagnosis of CM is 266 

caused by sequestered late stage pRBCs. Our dataset of clinical outcomes, the largest to date, 267 

and our independently graded angiographic data show that this visible sequestration is 268 

strongly associated with death, with an increased risk with arteriolar involvement. The tissue 269 

effects of sequestration are widespread within the neurovascular unit including novel findings 270 

of severe loss/disruption of pericytes. Retinal whitening, also strongly associated with death, 271 

is associated with features of cytotoxic oedema, consistent with sequestration causing 272 

ischaemia.  273 

  We have used three datasets to investigate if the features seen clinically in the retina 274 

represent sequestration, which is the principal underlying pathophysiological event in P. 275 

falciparum malaria. Our data from 817 children point definitively to the importance of 276 

sequestration seen clinically as visible orange vessels, associated with a 2.71-fold increased 277 

odds of death. Our data add to previous work by us (4) but with greater confidence and with 278 

specific reference to orange vessels rather than all retinal vessel abnormalities.  279 

  The orange colour of the sequestered intravascular material appears to be due to a mix of 280 

sequestered late-stage pRBCs (containing haemozoin) adherent to the endothelium, 281 

surrounding a central narrowed blood column consisting of uninfected RBCs. Our numbers 282 

of cases and controls are typical for this type of pathological study and the numbers of vessels 283 

sampled were high. Our findings add to those reported by some of us previously (13) which 284 

described dehaemoglobinised RBCs in sequestration, by adding new topographical 285 

clinicopathology data. We found that sequestration involving 360° of the circumference of 286 

the vessel lumen was strongly associated with the presence of orange discoloration clinically. 287 

We think orange vessels can be considered as an indication of  severe sequestration and as 288 
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such clinically extremely valuable. This severe sequestration is easily visible with indirect 289 

ophthalmoscopy after pupil dilation. Less severe sequestration may be detectable with the 290 

newly available technology of hand-held optical coherence tomography (OCT) of the retina. 291 

  Retinal capillary involvement, in contrast to orange vessels, appears to be a phenomenon in 292 

CM not associated with death. Clinically this is visible as white vessels and histologically 293 

predominantly as ruptured RBCs and extra-erythrocytic haemozoin, with no intact or non-294 

parasitised RBCs. This feature was associated with non-perfusion on FA.  295 

  Our large fluorescein angiography (FA) study, which extended over eight seasons, shows 296 

that the retinal intravascular material was seen in nearly all MR-positive cases, especially the 297 

post-capillary and small venules (98.3% and 87.9% of gradeable vessels respectively). These 298 

findings are novel, whereas our and others’ earlier data have been descriptive. Our grading 299 

method was unable to reliably identify capillaries, owing to the limitations of imaging in 300 

comatose young children and so we were unable to robustly investigate the capillaries 301 

angiographically. We believe that capillary involvement is typical of pRBC sequestration in 302 

the neurovasculature. Presence of intravascular material in the arterioles was much less likely 303 

(pre-capillary 58.4%, small 43.9%, large 15.3%). However arteriolar intravascular material 304 

was associated with longer recovery times (p<0.01- <0.02) and greater risk of death, with 305 

involvement of the large arterioles conferring a 2.81-fold increased risk of death. It appears 306 

that the involvement of the arteriolar side can be taken as a clinical marker of severity, 307 

indicating a greater extent or load of sequestration. We have previously described the features 308 

of intraretinal material coining the term “intravascular filling defects”. This FA term can now 309 

be replaced by “retinal sequestration”. 310 

  We identified an association between sequestration and profound changes in the cells of the 311 

retinal neurovascular unit. These cells are critical to the preservation of BRB function (22) 312 

and the changes have important parallels in the brain, especially for swelling (23). Reduced 313 
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expression of CD34 in endothelial cells and of SMA and PDGRFβ in pericytes indicates 314 

significant dysfunction of both cell types. Our pericyte data are novel; pericytes have not 315 

been extensively studied in malaria before, with only one study reporting pericyte 316 

vacuolation in adult fatal CM (24). Reduction of SMA immunoreactivity may be related to 317 

two pathological mechanisms: vessel dilatation with altered pericyte function, or pericyte 318 

loss. PDGF-signalling is critical for the survival of endothelium in physiological conditions 319 

(25). Pericytes are highly sensitive to hypoxia (26), especially in brain and retina where they 320 

are most abundant, and when vessels lose or develop abnormal pericytes they become 321 

hyperdilated, show signs of vessel dysfunction, and haemorrhage may occur (27). Within the 322 

MR cases, we found more retinal vessels with abnormal pericyte staining in those cases 323 

presenting with retinal haemorrhages than those cases without. Retina and brain present 324 

similar pathological features in CM, including haemorrhages (28). We found the same 325 

significant loss of pericytic SMA and PDGFRβ in a further small analysis comparing brain 326 

microvessels in the presence of pRBC sequestration (median %, min-max% of vessels with 327 

SMA intact: 15%, 9-20%; PDGFRβ: 13%, 6-24%) with non-parasitaemic vessels (SMA 328 

intact: 92%, 79-100%; PDGFRβ: 96%, 91-100%) (p<0.001 for all) (n = 5; Barrera V et al, 329 

unpublished). These data suggest that retina and brain may have similar dysfunction/loss of 330 

pericytes in fatal paediatric CM. 331 

  We also identified effects on astrocytes and Müller cells indicating wider effects on neural 332 

retinal cells than previously identified. Late reactive (17) GFAP was upregulated, but the 333 

greater effect was seen for the early-responsive (29) perivascular ICAM-1 perhaps reflecting 334 

the short survival time of children with fatal CM. Our group has also previously identified 335 

upregulation of β-amyloid precursor protein as evidence of axonal damage (14). These 336 

neuroglial effects of retinal sequestration are likely to be widespread and include disturbance 337 
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of tight junction regulation causing BRB/BBB breakdown with vasogenic oedema, an 338 

implicated pathway for brain swelling and death (6,30).  339 

  Retinal whitening is a key feature of MR. Our finding of whitening at the fovea conferring a 340 

3.4-fold increased risk of death strengthens our previous findings (4). We have previously 341 

shown that retinal whitening is topographically associated with capillary non-perfusion and is 342 

found in watershed zones of the retina, sites of high metabolic demand (15), suggesting that 343 

tissue hypoxia is a principal pathogenic pathway (14).  344 

  Our immunohistochemistry data provide further evidence that the inner retina is affected by 345 

tissue hypoxia and intracellular oedema. Ganglion cells showed increased expression of 346 

VEGFR1 which, in combination with VEGF, is neuroprotective during ischaemia (31). Glia 347 

in retinal zones where whitening is mainly localised were found to express AQP4, a water 348 

channel protein linked to hypoxic oncotic swelling. This observation is supported by our 349 

previous electrophysiologcal study which showed abnormal B wave implicit time indicating 350 

inner retinal dysfuction in retinal whitening (32). This all supports inner retinal neuronal 351 

ischaemia as opposed to dysfunction of the outer retinal photoreceptors and choroidal 352 

circulation. Further studies with the OCT may shed new light on the retinal whitening. 353 

  We have some conflicting evidence on the importance on capillary non-perfusion (CNP). 354 

There are undoubted tissue effects of sequestration induced hypoxia in the vessel and 355 

extending into the neuroretina causing tissue swelling and opacification. However the 356 

whitening seen in capillaries was not associated with death, and sequestration seen in the 357 

post-capillary venules on FA, a frequent association with CNP, showed a trend for survival. 358 

Sequestration in post-capillary venules is more common than arterioles, and this suggests 359 

these children as a group were not as critically ill as those with sequestration extending 360 

additionally into arterioles.  361 
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  So how can our findings affect the clinic management and future research directions in CM? 362 

The detection of orange vessels on clinical examination has a high sensitivity and specificity 363 

for a severe degree of sequestration which is associated with death. Sequestration detectable 364 

on FA in the arterioles and especially the large arterioles is also predictive of death and 365 

probably indicate a high parasite load. Orange vessels can be seen clinically with the indirect 366 

and direct ophthalmoscope through a dilated pupil by a trained physician (6) but these skills 367 

are mainly available in research or tertiary centres in malaria endemic areas (33). We have 368 

with others recently developed MR detection algorithms offering a potential automated 369 

diagnostic tool for severe malaria in district hospitals (12). Our new clinical markers of 370 

severe disease and poor outcome (visible orange vessels and arteriolar involvement indicating 371 

severe sequestration, and severe foveal whitening) should be a focus for diagnosis and 372 

management. It should be recognised that including children without MR in clinical trials is 373 

likely to reduce their power to detect an effect of an intervention on CM outcomes. 374 

  There is good evidence that the clinicopathological features of CM in retina parallel those 375 

seen in the brain (8, 34): ring shaped haemorrhages (14, 35), pathology of sequestration, 376 

associations between retinal features and death due to neurological pathways. Mendis K and 377 

others (36) have argued that the long-term goal of eliminating malaria remains dependent on 378 

continuing research and the development of new drugs and therapeutic strategies to sustain 379 

control programs. Better identification and treatment of severe malaria will also be needed. 380 

Our findings from manual and semi-automated image analysis provide an indication that 381 

quantification of the load of retinal sequestration is promising as a useful metric in clinical 382 

trials and merits further development to identify a severity cut-off.  383 

  The results we have presented in this paper from our long-term programme of research 384 

strongly support the concept that sequestration can be identified clinically in the retina at the 385 

bedside, and offer important new insights into the widespread effects of sequestration on the 386 
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neural microvasculature and cells of the neurovascular unit. This sequestration can be seen in 387 

clinical practice at a critical time in the management of the comatose child in malaria 388 

endemic areas offering opportunities to study the effects of new therapies, as well as an early 389 

concrete diagnosis and a marker of severe disease. 390 

  391 
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Materials and methods 392 

Key Resources Table. Antibodies used for immunohistochemistry analysis of the clinicopathology dataset 393 
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Antigen Specificity MR Feature Manufacturer 

(clone); RRID¦ 

Host* 

(class) 

Ag retrieval 

† 

Dilution ‡ Chromogen 

§ 

Staining 

quantification 

Ref 

VEGFR1 Retinal cell Retinal whitening 

Tissue effects 

Abcam (Y103); 

AB_778798 

Rb mAb 

(IgG) 

Heat (High 

pH) 

1:2,000, 30 

min RT 

DAB Automated (18) 

Aquaporin 4 

(AQP4) 

Neuroglia Retinal whitening 

Tissue effects  

Intracellular edema 

Abcam 

(EPR7040); 

AB_11143780  

Rb mAb 

(IgG) 

Heat (Low 

pH) 

1:500, 60 

min RT 

AEC Automated (20) 

Glial 

fibrillary 

acidic protein 

(GFAP) 

Neuroglia 

(late 

activation) 

Vessel discolouration 

 

Dako; 

AB_2721928 

Rb pAb Proteinase K 1:2,000, 

o.n. 4°C 

AEC Manual (17) 

ICAM-1 Endothelium 

Neuroglia 

(early 

activation) 

Vessel discolouration 

 

Abcam 

(EP1442Y);  

AB_870702 

Rb mAb 

(IgG) 

Heat (High 

pH) 

1:100, 30 

min RT 

DAB Manual (16) 

CD61 Platelets and 

precursors 

Retinal whitening 

Vessel discolouration 

 

Thermo 

Scientific; 

AB_2721930 

Ms mAb 

(IgG1) 

Heat (High 

pH) 

1:100, 32 

min RT 

DAB or AEC Manual (14) 

CD34 (II) Endothelium Vessel discolouration 

 

Dako (QBEnd-

10); 

AB_2721929 

Ms mAb 

(IgG1k) 

Heat (High 

pH) 

1:100, 30 

min RT 

DAB Manual (18) 

Smooth 

muscle actin 

Pericyte 

(venules only) 

Vessel discolouration 

 

Dako (1A4); 

AB_2721931 

Ms mAb 

(IgG2ak) 

Heat (Low 

pH) 

1:2,000, 

o.n. 4°C 

AEC Manual (22) 
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(SMA) 

Platelet 

derived 

growth factor 

receptor β 

(PDGFRβ) 

Pericyte 

(signalling) 

Vessel discolouration 

 

Abcam (Y92); 

AB_777165 

Rb mAb 

(IgG) 

Heat (Low 

pH) 

1:100, 30 

min RT 

DAB Manual (25) 

¦ RRID: Research Resource Identifiers * Host: Rb=rabbit; Ms=mouse; mAb=monoclonal antibody; pAb=polyclonal antibody. † Ag retrieval: 394 

heat-mediated antigen retrieval was performed in high pH solution (10mM Tris/1mM EDTA, pH 9.0) or low pH solution (trisodium citrate 395 

10mM, pH 6.0). Proteinase K was from Dako (ready-to-use solution). ‡ Dilution and incubation time: RT=room temperature; o.n.=over night. § 396 

Chromogen: AEC: 3-amino-9-ethylcarbazole; DAB=3,3'-diaminobenzidine. Reported references are from main manuscript. 397 
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Study design and setting 398 

A research programme based in Queen Elizabeth Central Hospital (QECH) and the College 399 

of Medicine in Blantyre, Malawi since 1996 provided the setting for the study. A prospective 400 

cohort of children (clinical dataset) was recruited between 1999 and 2014.  A subcohort was 401 

selected for ocular histopathology (clinicopathology dataset, 1999 - 2011) and a second 402 

recruited for retinal photography (image analysis dataset, 2006-2014). 403 

Ethics 404 

The core and specific studies all received approval from the research ethics committee at the 405 

University of Malawi College of Medicine P. 11/07/593, Michigan State University and the 406 

Royal Liverpool and Broadgreen University Hospital Trust n. 3690; research was performed 407 

in accordance with the Declaration of Helsinki. Written consent for the clinical eye 408 

examination was sought in English or in the language of the parent/guardian who gave 409 

permission on the patient’s behalf. If a patient died, additional informed written consent for 410 

autopsy was sought from the parent/guardian (6, 37). 411 

Subjects  412 

Clinical dataset  413 

Children admitted to the Paediatric Research Ward of QECH with coma and suspected CM 414 

who met the definition of CM: presence of coma (Blantyre Coma Score (BCS) < 2) and P. 415 

falciparum parasitaemia, in the absence of any other identifiable cause of coma (including 416 

meningitis, hypoglycaemia, or postictal state of 2 hours) (6). After initial stabilisation by the 417 

admitting paediatrics team, cases had pupils dilated and were examined by binocular indirect 418 

ophthalmoscopy with standardised data recording (5). Demographic, clinical and outcomes 419 

data (survival, death, time to recovery of consciousness (BCS ≥3)) were recorded and 420 

analysed (Table 1) after dual entry as previously described (23). Peripheral parasitaemia, 421 
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haemoglobin levels and HIV-1 serological status were determined as previously described 422 

(6). 423 

Clinicopathology dataset  424 

Clinicopathological cases were identified from an autopsy study performed between 1996 425 

and 2010, which enrolled children who died of CM and parasitaemic children who died of 426 

other causes. Autopsy was performed to international standards within 12 hours of death. 427 

Clinical diagnosis of CM was from post-mortem brain analysis (6). Specimens were obtained 428 

from the archive with: a full clinical eye examination performed during life, available 429 

severity grading of specific MR features, a clinical diagnosis of CM (see above), evidence of 430 

valid consent (see below). Key pathology methods are given here with further details 431 

available in Appendix 1. 432 

  Cases were allocated to three severity groups shown previously to reflect maturation stage 433 

and pigmentation of sequestered pRBC in the retinal capillaries and venules (8):  434 

 Grade 0 - pRBC sequestration 0-20% of retinal microvessels post-mortem (and no extra-435 

erythrocytic HZ deposition in retinal vessels), which also represents the cut-off value in 436 

the brain to confirm CM as the cause of death (6) 437 

 Grade 1 - pRBC sequestration in 20%-60% of retinal microvessels and extra-erythrocytic 438 

HZ in 15% of retinal vessels  439 

 Grade 2 - severe pRBC sequestration (>60% of retinal microvessels) and > 15% contain 440 

extra-erythrocytic HZ (8) 441 

Eye specimens were anonymised, coded and, after fixation in 10% v/v neutral buffered 442 

formalin, processed as previously described (8, 14). Specimens were opened either 443 

horizontally in the pupil-optic nerve (PO) plane.  Retinal pathological features, such as 444 

orange/white vessel discoloration and intravascular material, were photographed and sampled 445 

using punch biopsies before wax embedding. Classification of the retinal zones used to 446 
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compare levels of histological markers with severity of MR features detected during grading 447 

is described in Appendix 2.  448 

  All histopathological observations were performed masked to MR status. Up to 100 449 

sequential sections were cut for each specimen and stained for H&E, Martius-Scarlet-Blue, or 450 

immunohistochemistry. For detection of parasitic stage and elements in retinal vasculature, 451 

H&E stained sections were assessed for presence of pRBCs, and intra- and extra-erythrocytic 452 

HZ (8). Percentages of capillaries and venules parasitised were calculated per MR grade 453 

(means  SD reported): 6  5% (grade 0); 54  12% (grade 1); 87  16% (grade 2). 454 

  Vascular endothelial growth factor receptor 1 (VEGFR1) and aquaporin-4 (AQP4) 455 

immunostaining were quantified by retinal layer, using a densitometry-based automated 456 

analysis method on eight randomly selected fields per section (see Appendix 1). For the 457 

vascular-related antigen markers (see Key Resources Table), the numbers of immunoreactive 458 

retinal vessels or segments were counted manually by one of the authors (VB) and at least 459 

one second independent observer (TF, SM or DG, see acknowledgments). At least 100 460 

capillaries and venules were analysed in each case and an inter-observer error count of less 461 

than 10% considered acceptable, otherwise a third observer assessed the case. 462 

Image analysis dataset 463 

Children deemed by the admitting paediatrician to be sufficiently stabilised clinically 464 

underwent colour photography and FA following previously published protocols (4, 5, 15). 465 

Subjects were excluded if their guardians withdrew consent, if their clinical condition was 466 

deteriorating or rapidly improving to normal consciousness, or if the ophthalmologist was not 467 

available. A trained ophthalmologist graded the FA images against previously published 468 

protocols developed by the Liverpool Ophthalmic Reading Centre (38). Classification of 469 

retinal zones is described in Appendix 2 and used standardised validation procedures. The 470 

following were included: presence/absence, extent and distribution of whitening, vessel 471 
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discoloration (divided into orange and white vessels as per analysis), haemorrhages and 472 

papilloedema. An automated segmentation algorithm was developed (method described 473 

elsewhere (39)) to identify vessels with IVFD, applied to the macular image with best field 474 

definition and clarity from 1 eye of each case and analysed by proportion of vessel affected 475 

by IVFD/proportion not affected.  476 

Statistics 477 

Relationships between clinical dichotomous outcome and studied variables was first analysed 478 

using simple logistic regression. To test for confounding, a multivariable logistic regression 479 

model was fitted within the clinical dataset, adjusting for variables significant at p<0.01 480 

(Table 1) and including age. We did not include variables not fulfilling described by 481 

Greenland et al (40): coma score (part of the causal pathway to death) and retinal 482 

haemorrhages (orange vessels can evolve to haemorrhages due to sequestration affecting 483 

vessel stability). Potential bias due to missing data was investigated by comparison between 484 

subjects examined and not examined. Coma recovery time was truncated at zero and highly 485 

skewed with over dispersion, and so we used truncated negative binomial regression to 486 

estimate unadjusted associations with this outcome. Clinicopathological correlation analyses 487 

utilised data from the last clinical examination before death and one eye per subject. After 488 

quantitative evaluations were completed, specimen codes were broken and results compared 489 

to the clinical data. Continuous scale data were assessed for normal distribution with the 490 

Shapiro-Wilk test. When normality was satisfied, one-way ANOVA (with Bonferroni post-491 

hoc correction) was used to compare continuous scale data across MR severity groups, or 492 

retinal layers. Spearman correlation (with significance at p<0.01) was used to correlate a 493 

continuous scale variable with severity grades for macular and peripheral whitening. Fisher 494 

exact test was used to compare categorical variables (e.g. ICAM-1 or GFAP perivascular 495 

staining, discoloration presence/absence) and p values <0.05 were considered significant after 496 
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adjustment where appropriate for multiple comparisons. SPSS Statistics 22 was used 497 

throughout. 498 

Data availability 499 

The anonymised datasets for this study – clinicopathology dataset (author: Valentina 500 

Barrera), clinical dataset (author: Ian MacCormick) and FA dataset (authors: Ian 501 

MacCormick and Yalin Zheng) – are stored at the University of Liverpool Research Data 502 

Management Archive (datasets archive created on 20/02/2018). Given the confidential nature 503 

of these data (clinical and histology images and clinical examination forms of the patients 504 

(with DOB, date of death, clinical parameters, cause of death), access is subject to reasonable 505 

request through the senior author, Simon P. Harding (sharding@liverpool.ac.uk), and to 506 

approval by the Malawi Malaria Consortium Data Oversight Committee (Terrie E. Taylor 507 

Director, Blantyre Malaria Project (ttmalawi@msu.edu) and SJ Gordon, Director and Chair 508 

Research Strategy Group, MLW Clinical Research Programme). 509 
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Figure legends 639 

Figure 1 Principal features of malarial retinopathy (MR). 640 

A: Montage image showing MR pathological features, including orange vessels (asterisks), 641 

white centred haemorrhages and whitening. B: corresponding fluorescein angiogram showing 642 

capillary nonperfusion (asterisks) mapping to retinal whitening. C-D: Colour fundus image of 643 

retinopathy positive eyes (C, right; D, left eye; eyes were from different cases) showing 644 

orange intravascular material in large (arrowheads), small and postcapillary venules 645 

(asterisks), and capillaries; note retinal whitening also present. 646 

 647 

Figure 1 Supplement 1 Flow chart describing clinical dataset 648 

Figure 2 Vessel changes in malarial retinopathy 649 

A-B: Vessel colour changes (panels A-B) and intravascular filling defects (panel B, 650 

arrowheads) were identified during gross pathology examination (representative images of 651 

superior calotte and PO block from histology cases n. 5 and 7 respectively) N=12. Abnormal 652 

vessels have been sampled during gross pathology examination and analysed separately (see 653 

marked quadrant in panel A). C-D: H&E staining of parasitised venules from MR cases 654 

sampled by punch biopsies from a retinal quadrant with (panel C is showing the same orange 655 

vessel in panel A) and without (panel D, case n. 15) vessel discoloration. C: The margin of 656 

the vessel lumen has a near-complete layer of pigment-containing pRBCs (that stain less 657 

intensely pink than the adjacent non-parasitised RBC) on the endothelium. D: Mild 658 

sequestration of pRBCs which is marked by an arrowhead. Scale bars (50 m, C-D). 659 

 660 

Figure 3 Severe pRBC sequestration in large venules and arterioles in MR with visible vessel 661 

discolouration. A-B: Longitudinal section of large retinal venule from retinal area affected by 662 

intravascular filling defects on fluorescein angiography (histopathology case no. 9) analysed 663 
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by H&E staining (A) and anti-fibrinogen IHC (B). Clusters of pRBC are seen within the 664 

vessel lumen and attached to the wall. C: Cross section of a large retinal arteriole with 665 

moderate pRBC sequestration (case n. 5). Arteriole is surrounded by haemorrhage, probably 666 

of a venular origin as arteriolar vessel wall appeared intact (in multiple sections). Scale bars: 667 

50 m (all panels). 668 

 669 

Figure 3 supplement 1. Detection of thrombi in post-mortem retinal periphery by using a 670 

combination of MSB staining (panels A-B; arrows: intravascular thrombi are stained bright 671 

pink), and anti-CD61 platelet marker immunostaining (panels C, red stained). Scale bars: 50 672 

m. 673 

 674 

Figure 4 Vascular changes in retinal vessels in malarial retinopathy.  675 

A-I: Expression of endothelial CD34 (panel A: case n. 3, inset: case n. 25 and D: box plot), 676 

pericytic SMA (panel B: case n. 12, inset: case n. 27 and E: box plot) and pericytic PDGFRβ 677 

(panel C: case n. 13, inset: case n. 26 and F: box plot) markers. Insets show normal annular 678 

staining in absence of pRBC sequestration, whereas this annular pattern is lost in the 679 

sequestrated vessels seen in A-C. SMA was only reported for venules as it does not produce 680 

an annular staining pattern in normal capillaries: panel E. N=17 for CD34; N=29 for SMA 681 

and PDGFRβ immunostaining. ANOVA was used to compare means. **p<0.005. Scale bars: 682 

20 m (A-C), 5 m (insets). 683 

 684 

Figure 5 Activation of retinal glial cells in malarial retinopathy (MR).  685 

A-B: Anti-ICAM1 staining of MR positive cases with (case n. 16, panel A) and without (case 686 

n. 13, panel B) vessel discolouration. Haematoxylin (blue) counterstain was used. C-D: Anti-687 

GFAP staining of orange-discoloured vessels in punch biopsy from MR positive case n. 5, 688 
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and in MR negative case n. 25. Haematoxylin counterstaining was omitted here. In A and C, 689 

peri-vascular activated astrocytes and Műller cells are marked with arrowheads, and asterisks 690 

label Műller cell bodies. Scale bars: 50 m (all panels). 691 

 692 

Figure 6 Clinicopathological association between retinal whitening in the macula and 693 

increased VEGFR1 expression in malarial retinopathy  694 

A-B: Immunostaining pattern in macula affected by whitening (case no 9) (low (A) and high 695 

(B) magnification; VEGFR1 +ve ganglion cell bodies indicated by arrowheads). C: Cluster 696 

column chart showing densitometrically-assessed intensity of immunoreactivity (“value”) of 697 

VEGFR1 expression plotted by retinal layer against whitening severity, compared to MR –ve 698 

cases. Ganglion cell layer = GCL (blue); inner plexiform layer = IPL (green); inner nuclear 699 

layer = INL (light brown); outer plexiform layer = OPL (purple). D: VEGFR1 levels in the 700 

GCL plotted against MR severity classification groups (grade 0 = none, 1 = mild, 2 701 

moderate/severe). Means ± SD are reported in both charts; ANOVA was used to compare 702 

means (N=26). * p0.05 and **p0.001. Scale bars: 50 m (panel A); 20 m (panel B).  703 

 704 

Figure 7. Clinicopathological association between retinal whitening in the macula and 705 

increased AQP4 expression in malarial retinopathy. A-C: Immunostaining pattern in the 706 

macula with (A-B, case no 13) and without whitening (C, case no 21). Parasitised vessels are 707 

marked by arrows. The vertical linear pattern indicates Műller cell immunoreactivity for 708 

AQP4. D: Cluster column chart showing densitometrically-assessed intensity of 709 

immunoreactivity (“value”) of AQP4 levels measured by IHC in the macula by retinal layers: 710 

nerve fibre layer = NFL (red), ganglion cell layer = GCL (blue), inner plexiform layer = IPL 711 

(green), outer plexiform layer = OPL (purple). E: AQP4 levels in the nerve fibre layer plotted 712 

against MR severity classification groups (grade 0 = none, 1 = mild, 2 moderate/severe). 713 
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Means ± SD are reported in all graphs; ANOVA was used to compare means (N=26). 714 

*p<0.05 and **p<0.001. Scale bars: 50 m (panels C, E, F and G); 10 m (panel D). 715 

 716 

Figure 7 supplement 1. Clinicopathological association between retinal whitening in the 717 

peripheral retina and increased AQP4 expression in malarial retinopathy. A-C: 718 

Immunostaining pattern is shown in MR positive case with whitening (A, case n. 13) and MR 719 

negative case (C, case n. 23). Parasitised vessels are marked by arrows. The vertical linear 720 

pattern indicates Műller cell immunoreactivity for AQP4. D: Cluster column chart showing 721 

densitometrically-assessed intensity of immunoreactivity (“value”) of AQP4 levels measured 722 

by IHC in the peripheral retina by retinal layers: nerve fibre layer = NFL (red); ganglion cell 723 

layer = GCL (blue); inner plexiform layer = IPL (green); outer plexiform layer = OPL 724 

(purple). E: AQP4 levels in the nerve fibre layer plotted against MR severity classification 725 

groups (grade 0 = none, 1 = mild, 2 moderate/severe). For details on grading zones see 726 

Appendix 2. Means ± SD are reported in all graphs; ANOVA was used to compare means 727 

(N=26). * p0.05 and **p0.001. Scale bars: 50 m (panels A-B). 728 

 729 

Figure 8 Flow chart describing fluorescein angiography dataset 730 

 731 

Figure 9 Visible sequestration in the retinal neurovasculature  732 

A-D: Orange intravascular material is seen in the retinal venule (A, C) which co-localises to 733 

the intravascular filling defects on fluorescein angiography (D) (see arrows). Chart (B) shows 734 

the frequency of visible sequestration in 6 microvessel types in 259 subjects with retinopathy 735 

+ve CM and the odds ratios of death within the admission.  736 

 737 



38 

 

Figure 10  Semiautomated quantitative analysis of sequestration by length of vessel 738 

involved. A. Example image of semiautomated system to show vessels involved by 739 

sequestration (red). B. Chart showing distribution of proportion of detected vessel affected by 740 

sequestration related to survival in 251 eyes (1 eye per case).  741 
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Variable name Units Died Survived Association with death 

Numerical characteristics  Numerical characteristics  OR 95%CI p 

Demographics 

Age 

(median, IQR) 

months 
35 23-59 136 39 27-58.75 680 0.99 0.00-1.00 0.43 

Weight  

(median, IQR) 

kg  
11 9-15 137 12 10-15 680 0.97 0.93-1.02 0.22 

Height 

(median, IQR) 

cm  
89 79-103 135 92 83-103 671 0.99 0.98-1.00 0.15 

Sex  

(%) 

boy  48.9  66 50.29  680 1.06 0.73-1.53 0.77 

girl  51.1  69 49.71      

Clinical 

Coma score 

(%) 

0 23.3  32 9.85  67 3.57 2.13-5.88 <0.001 

1 41.6  57 37.7  256 2.13 1.28-3.57 0.003 

2 35.0  48 52.5  357 reference 

Respiratory distress 

(%) 

Present  48.9  67 39.0  265 
1.5 1.04-2.17 0.03 

Absent 51.1  70 61.0  415 

Convulsions at 

admission (%) 

Present  12.4  17 14.9  98 
0.83 0.45-1.44 0.51 

Absent 87.6  120 85.4  574 

Temperature 

(median, IQR) 

degrees C  
38.7 37.8-39.5 137 38.9 38-39.7 680 0.89 0.77-1.03 0.12 

Systolic BP 

(median, IQR) 

mmHg  
100 90-110 127 100 90-110 652 0.99 0.99-1.01 0.63 

Pulse 

(median, IQR) 

beats/min  
156 136.5-170.5 137 152 136.75-169 678 1.0 0.99-1.01 0.98 

Duration of coma 

(median, IQR) 

Hours  
7 4-18 110 7 4-17 558 0.99 0.98-1.01 0.29 

Duration of fever 

(median, IQR) 

Hours  
48 33.25-72 130 60 43.25-72 652 0.99 0.99-1.00 0.09 

Hypoglycaemia on 

ward (%) 

Present 14.6  20 7.81  53 
2.02 1.16-3.5 0.012 

Absent 85.4  117 92.1  626 

Laboratory 

Parasitaemia 

(median, IQR) 

#cells  
79052 16695-357000 134 68076 11700-298000 649 1.0 0.99-1.00 0.27 
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Variable name Units Died Survived Association with death 

White cell count 

(median, IQR) 

#cells  
11300 6925-18225 120 9200 6600-13725 630 1.0 1.00-1.00 0.004 

Haematocrit 

(median, IQR) 

%  
19.5 15-24.75 136 20 15.8-25 673 0.99 0.97-1.02 0.69 

Lactate 

(median, IQR) 

mmol/L  
8.75 5.38-12.78 92 5.3 3.2-9.9 519 1.11 1.06-1.16 <0.001 

HRP2  

(median, IQR) 

ng/ml 
8838.5 4435.5-15102.3 120 5765 2471.5-10031 609 1.0 1.00-1.00 0.004 

HIV 

(%) 

Positive 22.5  29 14.9  88 
1.66 1.03-2.66 0.036 

Negative  77.5  100 85.1  503 

Ophthalmoscopy 

Retinal haemorrhage 

(%)  

>50 16.0  22 4.7  32 3.4 1.78-6.5 <0.001 

21 to 50 11.0  15 6.50  44 1.69 0.85-3.34 0.14 

6 to 20 13.1  18 19.0  129 0.69 0.38-1.27 0.23 

1 to 5 32.9  45 42.9  291 0.76 0.48-1.23 0.27 

None 27.0  37 27.0  183 reference 

Macular whitening  

(%) 

>1 23.9  32 14.8  100 2.31 1.16-4.59 0.017 

1/3 to 1 28.4  38 25.1  170 1.61 0.83-3.12 0.16 

<1/3 37.3  50 45.2  306 1.18 0.63-2.22 0.61 

None  10.5  14 14.9  101 reference 

Foveal whitening 

(% of foveal zone) 

 

>2/3  23.3  31 11.5  78 3.39 1.83-6.26 <0.001 

1/3 to 2/3  18.1  24 15.2  103 1.99 1.05-3.74 0.03 

<1/3  42.8  57 46.8  316 1.54 0.90-2.62 0.11 

none 15.8  21 26.5  179 reference 

Temporal whitening 

(%)  

3 10.0  13 12.9  87 0.83 0.41-1.66 0.60 

2 24.6  32 18.4  124 1.43 0.83-2.47 0.20 

1 41.5  54 43.1  290 1.03 0.64-1.67 0.89 

none 23.9  31 25.6  172 reference 

Orange vessels, 

temporal quadrant (%)  

present 44.6  58 21.7  145 
2.9 1.96-4.3 <0.001 

absent 55.4  72 78.3  523 

White vessels, 

temporal quadrant (%) 

present 25.4  33 24.3  162 
1.06 0.69-1.64 0.78 

absent 74.6  97 75.8  506 

White capillaries present 26.9  35 33.1  221 0.75 0.49-1.13 0.17 
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Variable name Units Died Survived Association with death 

(%) absent 73.1  95 66.9  447 

Papilloedema  

(%) 

present 39.0  53 21.8  148 
2.29 1.55-3.38 <0.001 

absent 61.0  83 78.2  530 

Disc hyperaemia 

(%) 

present 48.7  54 35.3  212 
1.73 1.15-2.61 0.008 

absent 51.4  57 64.7  388 

 742 

Table 1 Associations with death in 817 subjects with admission retinal exam and retinopathy positive paediatric cerebral malaria, 137 of which 743 

died and 680 survived. Retinal features are presented for the worse eye. Estimates are from unadjusted logistic regression. p≤ 0.01 is bold. 744 

 745 

  746 

Clinicopathological 

investigation (per MR feature) 

Number of 

cases analysed 

Number of retinal 

layers analysed 

Number of vessels 

counted 

Vessel changes (H&E; GFAP; FGN; ICAM-1) 

PO block analysis 27 -- 100 

Calotte analysis 6 -- 100 

Punch biopsies 4 -- 50 

Retinal whitening (VEGFR1; AQP4) 

Macular analysis 20 4 -- 

Peripheral retinal analysis 21 4 -- 

    

 747 

Table 2. Summary of clinicopathology dataset748 
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Case 

n. 

MR
a 

Grade 

Eye
b 

Vessel changes       

   (Q)
c 

Vessels
d 

Localization
e 

Haem
f 

Macular 

whitening 

Central retinal 

whitening 

(overall score)
g 

Peripheral 

whitening 

(score) 

Whitening: 

retinal 

quadrants 

Papill- 

oedema
h
 

(score) 

1 2 RE 4 Q Ven+Cap All quadrants >50 1/3-1 DA 4 3 4 Q 2 

2 2 RE 4 Q Ven+Cap All quadrants 1-5 1 DA 6 3 4 Q 2 

3 2 LE 4 Q Ven All quadrants 1-5 1 DA 6 1.75 4 Q 2 

4 2 RE 4 Q Ven All quadrants >50 1/3-1 DA 5 1.5 T+N 0 

5 2 RE 3 Q Ven+Cap T+N+S 1-5 1 DA 6 2.7 T+N+S 0 

6 2 RE 2 Q Ven T+S >50 <1/3 DA 2 0.75 T+S 2 

7 2 LE None None 0 6-20 1 DA 6 0.25 T 2 

8 2 RE None None 0 0 1 DA 6 2 4 Q 2 

9 2 LE 4 Q Ven+Cap All quadrants 0 1 DA 6 1 4 Q 0 

10 2 LE None None 0 21-50 1/3-1 DA 4 1.5 4 Q 0 

11 2 LE 3 Q NA NA 0 1 DA 4 2 4 Q 0 

12 2 LE None None 0 6-20 1/3-1 DA 4 0 0 2 

13 2 LE None None 0 1-5 1 DA 6 1 4 Q 0 

14 2 RE NA NA NA 1-5 1/3-1 DA 4 NA NA 2 

15 2 LE 3 Q Ven+Cap T+N+S 1-5 <1/3 DA 2 0.7 T+N+S 0 

16 2 LE 3 Q Ven T+N+S 1-5 <1/3 DA 2 0.5 I+N 0 

17 1 RE 1 Q None 0 0 <1/3 DA 2 1 T+S 2 

18 1 RE 1 Q Cap T 0 <1/3 DA 2 1 4Q 0 

19 1 RE None None 0 1-5 <1/3 DA 2 1 T+N 0 

20 1 LE None None 0 1-5 <1/3 DA 2 0 NA 0 

21 1 LE None None 0 None None 0 0.25 0 0 

22 0 RE None None 0 None None 0 0 0 0 

23 0 LE None None 0 None None 0 0 0 0 

24 0 RE None None 0 None None 0 0 0 0 

25 0 LE None None 0 None None 0 0 0 0 
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26 0 LE None None 0 None None 0 0 0 0 

27 0 RE None None 0 None None 0 0 0 0 

28 0 LE None None 0 None None 0 0 0 0 

29 0 RE None None 0 >50 None 0  0 0 0 
a
MR=malarial retinopathy. Grade was defined based on percentage of retinal vessels with sequestration (4) as explained in Methods. Last 749 

peripheral parasitaemia (expressed as asexual pRBCs/l blood), geometric means reported) was: 42,200 (Grade 0), 43,212 (Grade 1) and 9,357 750 

(Grade 2).  
b
Eye: RE = right eye; LE = left eye vessel changes: 

c
(Q)=number of retinal quadrants affected. 

d
Vessels: Ven=venules; 751 

Cap=capillaries. 
e
Localisation of vessel changes: I=inferior; N=Nasal; S=superior; T=temporal. 

f
Hem=no. of retinal hemorrhages. Extent of 752 

whitening is shown for macula in disc areas (DA). 
g
Central whitening (overall score)=sum of macular and foveal whitening scores assigned as : 753 

1 = 1/3DA or FA, 2 = 1/3-1DA or 1/3-2/3FA, 3 = >1DA or >2/3FA. 
h
Papilloedema is the swelling of optic disc that is caused by increased 754 

intracranial pressure. The significance of papilloedema in cerebral malaria is not clear; however it is the strongest risk factor for poor outcome 755 

among comatose children with clinical cerebral malaria. 756 

Table 3. Retinal pathological features and scores for 29 study subjects in the clinicopathology dataset757 
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 758 

  Orange discolouration 

  + - 

Severe 

sequestration 

+ 188 5 

- 24 195 

 759 

Table 4. Relationship between severe sequestration (pigmented/late parasitised RBCs sequestered around 360°of the lumen circumference) and 760 

orange discoloration visible clinically and on gross pathology in 412 venules (diameter 10-50μm) from 9 cases. 761 

 762 

  763 
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Retinal vessel Sequestration 
Died* Survived* Association with death 

n % total n % total OR 95%CI p 

           

large venules 

 

present 26 86.7 
30 

172 79.3 
217 1.70 0.56-5.12 0.35 

absent 4 13.3 45 20.7 

small venules 
present 29 96.7 

30 
211 98.1 

215 0.88 0.71-1.09 0.23 
absent 1 3.33 4 1.86 

post-capillary 

venules 

present 25 96.2 
26 

201 98.5 
204 0.37 0.04-3.70 0.4 

absent 1 3.85 3 1.47 

pre-capillary 

arterioles  

present 19 76.0 
25 

109 56.2 
194 2.47 0.94-6.45 0.065 

absent 6 24.0 85 43.8 

small arterioles 
present 15 51.7 

29 
93 42.9 

217 1.43 0.66-3.11 0.37 
absent 14 48.3 124 57.1 

large arterioles 
present 9 30.0 

30 
29 13.2 

219 2.81 1.17-6.72 0.02 
absent 21 70.0 190 86.8 

 764 

Table 5 Frequency of intravascular filling defects (worse eye) on fluorescein angiography manual grading by involvement of retinal vessel in 765 

259 children with MR positive disease and FA within 24 hours of admission and unadjusted association with  death (n=35) and coma recovery of 766 

consciousness (BCS ≥3; n=225).  767 
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Summary of material provided in the appendix 768 

Appendix 1 Supplementary pathology methods 769 

Appendix 2 Classification of retinal zones in grading of malarial retinopathy 770 

Supplementary file 1 Comparison of children without and with admission retinal exam data 771 

  772 
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Appendix 1 773 

Supplementary pathology methods 774 

Pupil-optic (PO) nerve wax blocks were cut into sections, and H&E stained to identify retinal 775 

areas for topographical correlation and subsequent histopathology (Appendix 1 Figure 1).  776 

 777 

Appendix 1 Figure 1 Orientation and topographical association in whole eye histology 778 

blocks (A) and in eye sections (B), used to perform correlation studies between fundal images 779 

and histology 780 

 781 

Histology photographs were taken from randomly selected fields in each retinal area (macula, 782 

nasal posterior, nasal and temporal periphery) in sequential sections stained for 783 
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immunohistochemistry markers, and used to measure marker intensity (see VEGFR1 and 784 

AQP4 analyses)   785 

  The macula is clearly identifiable histologically, due to a higher density of ganglion cell 786 

nuclei compared to other retinal areas (see section below). Optic nerve head and optic disc 787 

were used as matching references in histological and clinical photographs respectively. The 788 

retinal area on the nasal side of the optic nerve head (nasal posterior, also defined as near 789 

periphery; Appendix 2 Figure 1 panel B) corresponding to retinal zone 1 in the periphery 790 

(Appendix 2). Nasal and temporal anterior areas were considered matches for zone 2-3.  791 

Gross pathology 792 

Eyes were examined macroscopically in 70% v/v ethanol with a dissecting microscope and 793 

orange/white discoloration of retinal vessels, intravascular material and retinal haemorrhages 794 

were recorded photographically. Punch biopsies (N=4, see Table 2, main manuscript) were 795 

performed post-mortem to obtain individual retinal lesions. Calottes were also used to sample 796 

individual retinal features, after sectioning into small tissue strips (N=7).  797 

Tissue samples were dehydrated and embedded in paraffin wax. Sections, 3-4µm thick, were 798 

cut with a manual rotary microtome for staining.  799 

Immunohistochemistry and microscopic pathology 800 

Sections were deparaffinised, rehydrated and stained with standard hematoxylin-eosin (H&E) 801 

or with the indirect immunoperoxidase technique (see Key Resources Table for antigen 802 

retrieval treatment and list of antibodies). Endogenous peroxidases and non-specific binding 803 

were blocked by treating rehydrated sections with 0.3% v/v hydrogen peroxide (15 minutes; 804 

Dako) and 20% v/v goat serum (Sigma Aldrich) respectively. Ready-to-use Dako 805 

EnVision
TM

+ System-HRP was used for immunostaining (Key Resources Table). Anti-806 

rabbit-HRP and anti-mouse-HRP secondary antibodies were incubated for 30 minutes. 807 

Negative and positive control experiments were run in parallel using, respectively, isotype 808 



49 

 

control antibodies on retinal samples or tonsil. Other ocular tissues, such as optic nerve, 809 

choroid and ciliary body, were used as internal positive or negative controls. Microscopic 810 

investigations were carried out with an Olympus BX60 system microscope. Images were 811 

taken with an Olympus DP71 microscopic digital camera and cell imaging software 812 

(Olympus). 813 

Retinal layers 814 

The retina is customarily divided into ten layers identifiable on H&E stained light 815 

microscopy (Appendix 1 Figure 2).  816 

 817 

Appendix 1 Figure 2: Panel A: retinal structure on light microscopy (H&E staining). Panel 818 

B shows the specific feature of >1 cell thickness in the ganglion cell layer, used to identify 819 

the macula.  820 

 821 

Retinal layers from inner to outer are: inner limiting membrane, nerve fibre layer (NFL), 822 

ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer 823 

plexiform layer, outer nuclear layer (ONL), outer limiting membrane, photoreceptor outer 824 

segments (rod and cone), retinal pigment epithelium. The retinal neurovasculature is localised 825 

in the GCL and INL, with a capillary network in each and it forms the inner blood retinal 826 
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barrier (BRB) comprising endothelial tight junctions and maintained by additional 827 

perivascular cells (astrocytes, Müller cells and pericytes. RPE tight junctions form the outer 828 

BRB. The macula is identified in histological sections by the presence of more than 1 829 

ganglion cell nucleus in the GCL (Appendix 1 Figure 2B).  830 

Immunohistochemistry (IHC) 831 

The antibodies used to investigate the tissue effects of intravascular material are listed in Key 832 

Resources Table. IHC staining was quantified per retinal layer in each image by Image J 833 

1.49v (NIH, http://rsb.info.nih.gov/ij/). RGB images were converted to grey scale images 834 

without changing brightness or contrast, and regions of immunolabelling were selected by 835 

density thresholding. Low and high thresholds were selected by comparison of the staining 836 

intensity on similar sections from MR negative cases, and the thresholds were kept constant 837 

between cases for each marker using internal standards. Data were reported as area of 838 

microphotographs covered by the immunolabelling, normalised against the background (eye 839 

vitreous intensity). 840 

  841 
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Appendix 2 842 

Classification of retinal zones in grading of malarial retinopathy  843 

Definitions of retinal zones for grading of clinical photographs and for the topographical 844 

clinicopathological study are shown in the Figure below. 845 

 846 

 847 

Appendix 2 Figure 1 848 

Retinal zones used for clinical grading. 849 

 850 

Macula: defined as the zone of retina within a circle centred on the centre of the fovea, which 851 

is the central retinal area with highest photoreceptor density. Macular boundaries are defined 852 

by vessels arcades. 853 

Peripheral retina: defined as all retinal tissue lying outside the macular borders, divided into 854 

quadrants (temporal, superior, nasal, inferior) which are all graded separately during 855 

ophthalmoscopy. Gradeable peripheral retina was measured using zones (zones 1-3). 856 
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Retinal whitening was graded separately from the MR grade, yielding four severity grades. 857 

In order to assess the extent of macular involvement in whitening, macular zones of 858 

involvement were compacted into a notional circle using the optic disc as the nominal 859 

equivalent of a disc area (DA). Macular whitening severity grades are: none, < 1/3 DA, 1/3-1 860 

DA and > 1 DA.  861 

Peripheral whitening was also graded into 4 categories: none, Grade 1, Grade 2 and Grade 3 862 

for each retinal quadrant, with a summation score to allow for the possibility of one or more 863 

quadrants being unobservable. 864 

  865 
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Supplementary file 1 866 

Comparison of children without (515) and with (1160) admission retinal exam data. Groups were compared using univariate 867 

logistic regression. Values of p are highlighted if ≤ 0.01. *p-value calculated by Kruskal-Wallis test instead of logistic 868 

regression. 869 

Variable name Units Children without 

admission eye exam 

Children with admission 

eye exam 

Odds of no retinal exam 

Numerical 

characteristics 

n Numerical 

characteristics 

n OR 95%CI p 

Demographics 

Age  

(median, IQR) 

months 34 22-55 514 39 25-60 1158 1.01 1.00-1.01 <0.001 

Weight  

 

kg 11.8 9.4-14.2 515 12 10-15 1160 1.03 1.01-1.06 0.005 

Height  

 

cm 89 78-100 503 91 81-103 1141 1.01 1.00-1.02 0.001 

Sex  

(%) 

boy 49.7  256 48.7  563    

girl 50.3  259 51.3  594 1.04 0.85-1.28 0.69 

Clinical 

Coma score 0 16.1  83 12.7  148    

1 42.9  221 39.7  461 1.17 0.86-1.60 0.37 
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Variable name Units Children without 

admission eye exam 

Children with admission 

eye exam 

Odds of no retinal exam 

Numerical 

characteristics 

n Numerical 

characteristics 

n OR 95%CI p 

(%) 2 41.0  211 47.5  551 1.46 1.07-2.00 0.017 

Respiratory 

distress (%) 

absent 58.5  299 61.6  714    

present 41.5  212 38.4  445 0.88 0.71-1.09 0.23 

Convulsions at 

admission (%) 

absent 83.5  429 82.9  954    

present 16.5  85 17.1  197 1.04 0.79-1.38 0.78 

Laboratory 

Parasitaemia 

(median, IQR) 

#cells 78396 15330-

227000 

500 68012 11250-

278000 

1108 1 0.99-1.00 0.10 

White cell count 

 

#cells 9800 6800- 470 9700 6800- 1058 0.99 0.99-1.00 0.69 

Haematocrit  

(median, IQR) 

% 22 16-28 511 22 17-28 1150 1 0.99-1.02 0.50 

Lactate  

(median, IQR) 

mmol/L 7 3.4-12.1 321 5.6 3.2-9.4 821 0.95 0.92-0.98 <0.001 

HRP2  

(median, IQR) 

ng/ml 6915 3312-

12102 

152 5855 2360-

10434 

774 0.99 0.99-1.00 0.06 

HIV  

(%) 

negative 84.3  360 84.5  850    

positive 15.7  67 15.5  156 0.99 0.72-1.35 0.93 

Outcomes   
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Variable name Units Children without 

admission eye exam 

Children with admission 

eye exam 

Odds of no retinal exam 

Numerical 

characteristics 

n Numerical 

characteristics 

n OR 95%CI p 

Recovery 

status (%) 

full 68.5  353 75.7  878    

sequelae 10.7  55 8.5  99 0.72 0.51-1.03 0.07 

died 20.8  107 15.8  183 0.69 0.53-0.90 0.006 

Time to 

consciousness 

hours 16 8-40 396 16 8-36 952 0.99 0.99-1.00 0.75 

Time to death hours 8 3-24 107 17 6-31 183   0.001* 

 870 

 871 

 872 
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