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Introduction: Mortality in pediatric cerebral malaria (CM) in low- and middle-
income countries (LMICs) is associated with brain swelling on magnetic
resonance imaging (MRI); however, MRI is unavailable in most LMICs. Optic
nerve sheath diameter (ONSD) measurement is an inexpensive method of
detecting increased intracranial pressure compared with the invasive opening
pressure (OP). Our primary objective was to determine if increased ONSD
correlated with brain swelling on MRI in pediatric CM. Our secondary objective
was to determine if increased ONSD correlated with increased OP and/or
poor neurological outcome in pediatric CM. We hypothesized that increased
ONSD would correlate with brain swelling on MRI and increased OP and that
ONSD would be higher in survivors with sequelae and non-survivors.
Methods: We performed a retrospective chart review of children aged 0–12 years
in Blantyre, Malawi, from 2013 to 2022 with CM as defined by the World Health
Organization. Brain swelling on admission MRI was characterized by brain
volume scores (BVS); severe swelling was scored as 7–8, mild-to-moderate as
4–6, normal as 3. The admission ONSD was measured via ultrasound; it was
defined as abnormal if it was >4.5 mm in children >1 year and >4 mm in
children <1 year. Favorable outcome was defined as a normal neurological
exam on discharge in survivors. The primary and secondary objectives were
evaluated using Spearman’s correlation; and the demographics were compared
using chi-square and the Kruskal–Wallis test (Stata, College Station, TX, USA).
Results: Median age of the 207-patients cohort was 50 months [interquartile
range (IQR) 35–75]; 49% (n= 102) were female. Of those, 73% (n= 152) had a
favorable outcome, and 14% (n= 30) died. Twenty-nine (14%) had a normal
BVS, 134 (65%) had mild-to-moderate swelling, and 44 (21%) had severe
swelling. ONSD was elevated in 86% (n= 178) of patients, while 12% of patients
had increased OP. There was a weakly positive correlation between BVS and
ONSD (r=0.14, p=0.05). The median ONSD was not significantly different
compared by discharge outcome (p=0.11) or by BVS (p=0.18).
Conclusion: ONSD was not a reliable tool to correlate with BVS, neurological
outcome, or OP in children with CM. Future studies to identify alternative
methods of early identification of CM patients at highest risk for morbidity and
mortality are urgently needed.
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Introduction

Malaria is a parasite-borne disease caused by the protozoan

Plasmodium, transmitted to humans through the saliva of

Anopheles mosquitos. The most severe form of the disease is

caused by Plasmodium falciparum and is estimated to cause

hundreds of thousands of deaths annually, the majority of which

occur in sub-Saharan Africa. Children are a particularly

vulnerable population due to a lack of acquired immunity, and

are more susceptible to developing severe malarial anemia and

cerebral malaria (CM), the most severe form of falciparum

malaria (1, 2).

In CM, the most likely mechanism of morbidity and mortality

is due to the progressively increasing brain volume that leads to

intracranial hypertension, cerebral herniation, and ultimately

death. Erythrocytes infected with P. falciparum lose their usual

deformability and have increased cytoadherence to vascular

endothelial cells, leading to sequestration and microvascular

occlusion throughout the systemic circulation (3). An association

has been demonstrated between increased brain volume on

magnetic resonance imaging (MRI) and fatal outcomes from CM

in Malawian children (4). Unfortunately, most hospitals in

malaria-endemic regions do not have access to MRI, therefore

proving impractical for most local practitioners. In the search for

more cost-effective, readily available alternatives, optic nerve

sheath diameter (ONSD) measurement, a point-of-care method

to detect increased intracranial pressure (ICP) non-invasively in

pediatrics, may be helpful (5–13).

Optic nerve sheath diameter utilizes a low-cost, well-

established, and widely available technology. The optic nerve is

readily visualized using a linear ultrasound probe applied to a

closed eyelid in the transverse view (5). In pediatrics, increased

ONSD has been associated with increased ICP in

ventriculoperitoneal shunt failure, idiopathic intracranial

hypertension, diabetic ketoacidosis, and traumatic brain injury

(6–9). The published results of ONSD measurement in CM have

inconsistently demonstrated an association with depth of coma

and/or long-term neurological outcome (13–16). We developed

our primary objective of determining if abnormally elevated

admission ONSD correlates with an increased brain volume score

(BVS) on MRI and our secondary objectives of examining if

elevated ONSD correlates with an elevated opening pressure

(OP) on lumbar puncture and a poor outcome at hospital

discharge. We hypothesized that those patients with increased

ONSD on admission would have increased brain swelling on

admission brain MRI, an increased OP, and/or would be more

likely to have a new neurological deficit or die.
Methods

This was a retrospective observational study performed via

chart review of CM patients admitted to the pediatric research

ward at the Queen Elizabeth Central Hospital in Blantyre,

Malawi, over a period of 10 years. We analyzed children
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6 months–12 years of age who presented with CM from 2013 to

2022. The inclusion criteria required physical and laboratory

exam consistent with CM as defined by the World Health

Organization [Blantyre coma score ≤2 (on a scale from 0 to 5

with lower scores demonstrating decreased consciousness);

parasitemia with P. falciparum; with no other reasonable

explanation for coma] (17). The exclusion criteria included age

greater than 12 years and other comorbidities, such as trauma,

suspected non-malarial infection, or pregnancy. Children with

pre-existing developmental delay or neurological conditions were

not excluded. Demographic data and pre-illness caregiver

questionnaire, admission fundoscopy for malarial retinopathy,

admission brain swelling as defined by the BVS on MRI,

admission ONSD, and neurological outcomes at discharge were

collected. ONSD measurement and brain MRI were obtained on

the same day in a sequential fashion.

The brain volume score on MRI is a numerical value assigned

by two radiologists blinded to the patients’ clinical status based on

the appearance of the cerebral hemispheres, ranging from 1 to 8,

and was part of the routine workup of CM patients admitted to

the research ward. Discordant reads were resolved by the

addition of a third neuroradiologist read to serve as consensus. A

score of 1 indicated marked atrophy and a score of 2 was

consistent with mild atrophy. A score of 3 was assigned to those

with a normal brain volume. A score of 4 showed slightly

increased volume, 5 showed mildly increased volume, 6 showed

moderately increased volume, 7 showed substantially increased

volume with diffuse sulcal and cisternal effacement without

herniation, and 8 showed effacement of the sulci and cisterns

with evidence of herniation (4). We further subdivided this as

atrophy (BVS 1–2), normal (BVS 3), mild-to-moderate swelling

(BVS 4–6), and severe swelling (BVS 7–8). From 2013 to 2019,

MRI scans were performed on the 0.35-T Signa Ovation Excite

MRI scanner (General Electric). From 2021 onward, MRI was

performed on the 64 mT Hyperfine Swoop Portable MRI scanner.

Optic nerve sheath was measured on admission via portable

ultrasonography using the B-mode technique by one of three

trained clinicians and was also part of the routine admission

workup of CM patients admitted to the research ward

(Figures 1, 2). A GE Logiq e portable ultrasound was utilized

to obtain ONSD. This measurement was obtained shortly after the

patient’s arrival to the ward, along with the performance of a

lumbar puncture for sample collection, and preceded the MRI;

thus, clinicians obtaining ONSD measurements were blinded to

the MRI findings. Both eyes had a thick layer of ultrasound gel

placed over them and were maintained in a closed position. The

transverse linear probe was then used to isolate the optic nerve

using an anterior transbulbar approach. The sheath, containing

dura, arachnoid, pia, and the nerve itself, was measured ∼3 mm

posterior to the retina. The measurements were obtained

bilaterally and a minimum of three values on each eye were

averaged to obtain a single value for each patient. A score

≥4.5 mm in children >1 year and >4 mm in children <1 year was

defined as abnormal (18). In patients who underwent lumbar

puncture, OP was measured utilizing a manometer, with data

collected in mm H2O; values greater than 270 mm H2O were
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FIGURE 1

B-mode technique of bedside ultrasound operation to visualize
optic nerve sheath and measure diameter.

FIGURE 2

Ultrasound image of retina, optic nerve, and optic nerve sheath.
Image obtained using B-mode technique; measurement made
approximately 3 mm posterior to retina (measurement “A”). The
anechoic “strip” in this region is the optic nerve. A hypoechoic
sheath is visible immediately lateral to the optic nerve,
representing the ideal location to take the ONSD measurement,
represented by measurement “B”. Please note this is a
representative image obtained from a pediatric patient outside of
our study from a Butterfly IQ+ device which was not used in our
patient population.

TABLE 1 Patient demographics, admissions, and outcomes data.

N = 207
Age (months), median [IQR (25th–75th)] 50 (35–75)

Female, n (%) 102 (49)

Retinopathy positive, n (%) 164 (79)

Seizures prior to admission, n (%) 152 (73)

Elevated opening pressure on LP, n (%), n = 157 19 (12)

Raees et al. 10.3389/fped.2024.1295254
defined as elevated, chosen based on previously published reference

values (19). Favorable outcome in survivors was defined as a grossly

normal neurological exam on discharge.

Spearman’s correlation was used given the non-parametric data

set to compare a continuous variable (ONSD) to an ordinal

variable (BVS). Patients were also divided into groups based on

BVS [normal, mild-to-moderate (BVS 4–6), and severe (7–8)]

and median ONSD value and median OP value were compared

using the Kruskal–Wallis test. Following this, patients were

grouped by hospital discharge outcome (survivors, survivors with

sequelae, and non-survivors) and median ONSD value and

median OP value were compared using chi-square test. The

statistics were completed using Stata (College Station, TX). Only

univariable testing was performed. The parent study (NIH #

1U01AI126610, registered with clinicaltrials.gov NCT03300648)

for which these data were collected was approved by the

Michigan State University IRB (IRB# 16-876M) and the Malawi

College of Medicine Research & Ethics Committee (P.09/16/

2024); written informed consent was provide by parents or

guardians prior to collection of any data.

Brain volume score, n (%)
Normal (BVS 3) 29 (14)

Mild-to-moderate swelling (BVS 4–6) 134 (65)

Severe swelling (BVS 7–8) 44 (21)

Elevated ONSD, n (%) 178 (86)

Discharge outcome, n (%)
Survived without sequelae 152 (73)

Survived with sequelae 25 (12)

Died 30 (15)

This table contains information on patients’ demographic and historical data and

details of diagnostic workup along with discharge outcome. Variable sample

sizes are the result of missing data.
Results

Demographic, admission, and outcomes data can be found in

Table 1. For the 207 patients, the median age was 50 months

[interquartile range (IQR) 35–75] with an even gender split (49%

females, n = 102). More than three quarters (79%, n = 164) of our

cohort had malarial retinopathy, a characteristic finding

consisting of retinal whitening, vessel changes, and retinal
Frontiers in Pediatrics 03 frontiersin.org

https://doi.org/10.3389/fped.2024.1295254
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


TABLE 2 Optic nerve sheath diameter and opening pressure by brain
volume score group.

Normal BVS
(3), n = 29

Mild-to-
moderate

swelling (BVS
4–6), n = 134

Severe
swelling
(BVS 7–8),
n = 44

p-value

Median
ONSD in
mm (IQR)

5.1 (4.7–5.4) 5.1 (4.7–5.4) 5.3 (4.9–5.6) 0.18

Median
OP in mm
H2O (IQR)

157.5 (135–200) 170 (125–220) 185 (140–260) 0.18

This table compares the median ONSD and median OP among each of these

groups (normal, mild-to-moderate, and severe BVS).

TABLE 3 Optic nerve sheath diameter and opening pressure by discharge
outcome.

Survivors,
n = 152

Survivors with
sequelae,
n = 25

Non-
survivors,
n = 30

p-value

Median
ONSD in
mm (IQR)

5.2 (4.8–5.5) 4.9 (4.5–5.4) 5.15 (4.8–5.7) 0.11

Median OP
in mm H2O
(IQR)

170 (130–220) 150 (120–240) 190 (170–230) 0.10

This table compares the median ONSD and median OP among each of these

groups (survivors, survivors with sequelae, non-survivors).

Raees et al. 10.3389/fped.2024.1295254
hemorrhages seen in most children with cerebral malaria (20).

Almost three quarters (73%, n = 152) of the patients had a history

of seizures at some point since onset of illness. Approximately

86% (n = 178) had brain swelling on MRI—65% with mild-to-

moderate, while 21% had severe. ONSD was elevated in 86% (n =

178) of patients, while opening pressure via lumbar puncture was

elevated in 12% in those on whom it was performed (n = 19/157).

Most patients (73%) survived without grossly abnormal sequelae.

Similar proportions of patients died and had gross neurological

abnormalities on discharge. As is consistent with our previously

published data, there was a positive correlation between BVS and

poor neurological outcome (r = 0.274, p < 0.01).

When stratified by BVS group, ONSDwas elevated in 79% (n = 23)

of the normal group, 87% (n = 117) of themild-to-moderate group, and

86% (n = 38) of the severe group; this was not statistically significant

between groups (p = 0.79). Opening pressure was elevated in 4%

(n = 1/24) of normal, 13% (n = 12/95) of mild-to-moderate, and 16%

(n = 6/38) of the severely affected patients; this was also not

statistically significant between groups (p = 0.22). There was a weakly

positive correlation between BVS and ONSD (r = 0.14, p = 0.05,

Figure 3) and but not between ONSD and cerebrospinal fluid (CSF)

opening pressure(r = 0.138, p = 0.085). Median ONSD and median

OP were not significantly different between BVS groups (p = 0.18

and p = 0.18) as shown in Table 2. Median ONSD was not

significantly different between discharge outcome group (p = 0.11),

nor was median OP (p = 0.10) as is seen in Table 3. Median ONSD

was not significantly different between age groups most likely to have

a fontanelle (26 months or younger) compared with those who

would not (older than 26 months, p = 0.38), nor was it significantly

different between those who had a history of seizure prior to

presentation compared with those who had not (p = 0.749).
Discussion

Cerebral malaria remains an important cause of morbidity and

mortality in children. Autopsy studies of children with CM
FIGURE 3

Scatter plot comparing BVS values (on x-axis) and ONSD in
centimeters (on y-axis).
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demonstrate sequestration of parasites in cerebral capillaries. In

addition, there is frequently evidence of gross brain swelling with

associated necrosis (21). This is most consistent with parasite-

induced erythrocyte obstruction of the cerebral microvasculature

leading to cerebral edema, herniation, and ultimately death in

these patients. Our work in CM in Malawian children has

demonstrated that those with increased brain swelling on MRI at

presentation are at highest risk of death (4); this finding was

reproduced in our patient cohort as well.

In regions with limitations in access to medical diagnostics and

therapeutics, such as many of those where malaria is endemic, the

ability to risk stratify these patients would be incredibly valuable.

While the association of the MRI findings of these patients with

outcomes has allowed for strides to be made in identifying the

pathophysiology of CM, it is not a practical prognostic tool to

implement in malaria-endemic regions subject to thoughtful

distribution of limited resources. Thus, a low-cost, non-invasive

tool that can serve as a surrogate for MRI has been sought;

ONSD measurement has been suggested as this alternative.

The optic nerve is a direct connection to the central nervous

system that can be easily visualized by even novice medical

practitioners. The optic nerve sits in a sheath that contains the

optic dura, pia, and subarachnoid space. The optic subarachnoid

space is anatomically contiguous with the intracranial

subarachnoid space—hence, marked increases in the intracranial

pressure would be transmitted to the optic subarachnoid space,

increasing the amount of fluid around the optic nerve and

therefore increasing the ONSD (7). ONSD is increased in cases

of ventriculoperitoneal shunt malfunction, diabetic ketoacidosis,
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and acute liver failure presumed secondary to increased intracranial

pressure (5, 7, 8).

ONSD measurement in our CM patients did not correlate with

brain volume scores based on brain swelling on MRI, nor did it

correlate with outcome. Furthermore, the lack of correlation with

increased opening pressure as measured by manometry during

lumbar puncture in these patients suggests that the ONSD does

not accurately reflect ICP in our patients. In our population,

nearly all patients had elevated ONSD per published norms, even

with up to 15% (n = 32) of children possibly having an open

fontanelle to serve as a “pop off” for increased pressure. Notably,

ONSD findings in this cohort are markedly different from a

previously studied group of Malawian children with CM in

Blantyre by Beare et al. in 2012; in the study by Beare et al.,

ONSD enlargement was less prevalent than increased opening

pressure via lumbar puncture (49% vs. 95%) and neurological

sequelae were more commonly seen in children with increased

ONSD (16). This study had a smaller patient population, which

may have contributed to the conclusions drawn. In addition,

markedly different cutoffs were used to define increased opening

pressure via lumbar puncture. Most notably, however, the

median opening pressure obtained on lumbar puncture in those

with an elevated ONSD is strikingly lower in our study when

compared with that of Beare et al. (170 vs. 220 mm), reflecting a

decrease in the prevalence of increased ICP on admission in our

patient population.

One possible explanation for our findings could be that the

increased intracranial pressure occurs in an intermittent or “spike”

fashion as it does in disease states such as traumatic brain injury; a

study performed in Kenyan children with CM showed an episodic

nature to ICP elevations as captured by an invasive monitor (22). In

that case, it is possible that at the time of admission, ONSD was

persistently elevated, reflecting a previous “spike” in ICP (e.g., brief

elevation due to seizure or fever), even if the ICP had since

normalized, resulting in a normal opening pressure via lumbar

puncture. The persistence of ONSD expansion beyond resolution of

increased ICP has been demonstrated in traumatic brain injury in

the adult population, limiting ONSD’s use in the acute phase (23).

In addition, only one method of measuring ONSD was employed in

this study that has limitations in its imaging ability of small

structures, an example of which is the optic nerve (24). It is possible

that with the introduction of a second, possibly more accurate

technique, such as A-scan ultrasonography, the prevalence of

increased ONSD would be lower in our patient population.

This study has several important limitations. Despite being a

large sample size compared with other studies of CM, our sample

size remains relatively small when compared with larger studies

completed in adults or in more common disease states, limiting

statistical power. Multivariable testing was not completed. In

addition, single ONSD measurement inclusion on admission

without further measurements to correlate with changes in exam

and serial MRI results also limit our results. Multiple operators of

the ONSD ultrasound measurement were included in this study,

leading to possible differences in technique and lack of

standardization contributing to results. Furthermore, the particular

ONSD technique described in this study, while the most
Frontiers in Pediatrics 05
commonly replicated in point-of-care studies due to its ease in

performance with the most simple equipment setup, has innate

limitations, including the inability to assess gaze direction because

of closed eyelids and potential artifact from the choice of probe

and sensitivity settings, as is evidenced by the wide range of

suggested reference values (23).
Conclusions

ONSD as measured by the B-scan technique was not a reliable

tool to identify increased brain swelling as detected on MRI in

children with CM, nor did it correlate with OP findings or

hospital discharge outcomes. Future studies utilizing point-of-

care ultrasound may find closer associations between MRI

findings and ONSD with the use of more accurate techniques.

Further work to identify an alternative method of early

identification of children with CM that are at high risk for

morbidity and mortality is urgently needed.
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