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Abstract 

Background:  Cerebral malaria (CM) results in significant paediatric death and neurodisability in sub-Saharan Africa. 
Several different alterations to typical Transcranial Doppler Ultrasound (TCD) flow velocities and waveforms in CM 
have been described, but mechanistic contributors to these abnormalities are unknown. If identified, targeted, TCD-
guided adjunctive therapy in CM may improve outcomes.

Methods:  This was a prospective, observational study of children 6 months to 12 years with CM in Blantyre, Malawi 
recruited between January 2018 and June 2021. Medical history, physical examination, laboratory analysis, electroen-
cephalogram, and magnetic resonance imaging were undertaken on presentation. Admission TCD results determined 
phenotypic grouping following a priori definitions. Evaluation of the relationship between haemodynamic, metabolic, 
or intracranial perturbations that lead to these observed phenotypes in other diseases was undertaken. Neurologi-
cal outcomes at hospital discharge were evaluated using the Paediatric Cerebral Performance Categorization (PCPC) 
score.

Results:  One hundred seventy-four patients were enrolled. Seven (4%) had a normal TCD examination, 57 (33%) 
met criteria for hyperaemia, 50 (29%) for low flow, 14 (8%) for microvascular obstruction, 11 (6%) for vasospasm, and 
35 (20%) for isolated posterior circulation high flow. A lower cardiac index (CI) and higher systemic vascular resistive 
index (SVRI) were present in those with low flow than other groups (p < 0.003), though these values are normal for age 
(CI 4.4 [3.7,5] l/min/m2, SVRI 1552 [1197,1961] dscm-5m2). Other parameters were largely not significantly different 
between phenotypes. Overall, 118 children (68%) had a good neurological outcome. Twenty-three (13%) died, and 
33 (19%) had neurological deficits. Outcomes were best for participants with hyperaemia and isolated posterior high 
flow (PCPC 1–2 in 77 and 89% respectively). Participants with low flow had the least likelihood of a good outcome 
(PCPC 1–2 in 42%) (p < 0.001). Cerebral autoregulation was significantly better in children with good outcome (tran-
sient hyperemic response ratio (THRR) 1.12 [1.04,1.2]) compared to a poor outcome (THRR 1.05 [0.98,1.02], p = 0.05).

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

Malaria Journal

*Correspondence:  Nicole.obrien@nationwidechildrens.org

1 Department of Pediatrics, Division of Critical Care Medicine, Nationwide 
Children’s Hospital, The Ohio State University, 700 Children’s Drive, Columbus, 
OH 43502, USA
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-8826-8671
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12936-022-04163-0&domain=pdf


Page 2 of 13O’Brien et al. Malaria Journal          (2022) 21:196 

Background
There were an estimated 241 million malaria cases and 
627,000 deaths worldwide in 2020 [1].

The burden is heaviest in sub-Saharan Africa, where 
94% of the deaths occur, primarily in children younger 
than 5  years of age. Cerebral malaria (CM) is a severe 
manifestation of the disease with case fatality rates of 
15–40%, even with effective treatment [2–4]. Deficits 
in gross motor or sensory function, cognition, behavior, 
and/or subsequent epilepsy occur in more than 50% of 
survivors [5, 6]. As such, CM is a leading cause of death 
and disability in African children [3]. While magnetic 
resonance imaging has provided improved understand-
ing of the anatomic abnormalities that occur in paediatric 
CM, pathohysiological contributors to these neurora-
diologic findings remain less clear [2, 7, 8]. In order to 
develop efficacious adjunctive therapeutic approaches 
that improve outcomes in CM, mechanisms of neurologi-
cal injury must determined.

Transcranial Doppler Ultrasound (TCD) is a portable, 
non-invasive method to assess the cerebral blood flow 
velocities (CBFVs) and haemodynamics in the major 
cerebral vessels [9–14]. TCD derived CBFVs and mor-
phologic waveforms are determined by the mean arte-
rial pressure, the tone and patency of the systemic and 
cerebral vessels, and the intracranial and central venous 
pressures [15–21]. Alterations to any of these factors 
results in distinct changes to measured TCD parameters 
and waveform morphology (Table 1). Thus, TCD is used 
as a point of care tool to determine specific mechanisms 
of focal or global cerebral dysfunction in several clinical 
scenarios [22–29]. Therefore, TCD may also be of aid in 
determining mechanisms of neurological injury in CM.

Five different patterns of abnormal TCD flow veloci-
ties and waveforms have been observed in children with 
CM in the Democratic Republic of the Congo [30]. Serial 
assessments showed that the admission phenotype was 
generally sustained until the patient recovered or died. 
TCD phenotypes were also associated with distinct risks 
of neurological morbidity or mortality. Evaluation of the 
association between mechanisms that commonly lead to 
these observed phenotypes in non-CM illness was not 
done.

This prospective, observational study was performed to 
evaluate the presence and frequency of each TCD phe-
notype in Malawian children with CM. Additionally, the 

associations of common pathophysiological mechanisms 
known to contribute to each phenotype in other disease 
states were assessed. If mechanisms are determined, 
TCD may be used as a bedside tool to direct, in real-time, 
individualized mechanism-specific adjunctive therapy in 
CM.

Methods
Malawi is a low-income country in sub-Saharan Africa 
with a population of approximately 18 million people, 
including over three million children under 5  years of 
age. Queen Elizabeth Central Hospital (QECH) is a 1250-
bed public tertiary hospital in Blantyre, Malawi, with a 
catchment area of approximately six million people in the 
southern part of the country. This prospective, observa-
tional study was performed from January 2018 to June 
2021 at QECH in conjunction with the “Treating Brain 
Swelling in Paediatric Cerebral Malaria” clinical trial 
(5U01AI126610-02, ClinicalTrials.gov NCT03300648). 
The study was approved by the ethics committee at 
Michigan State University and at the University of 
Malawi College of Medicine Research Ethics Committee 
(COMREC). All subjects’ guardians provided verbal and 
written informed consent.

Children 6  months to 12  years of age who met the 
World Health Organization case definition of cerebral 
malaria (Plasmodium falciparum parasitaemia, Blantyre 
Coma Score (BCS) ≤ 2, and no other discernable cause 
of encephalopathy) were approached for enrollment [1]. 
Direct and indirect ocular fundoscopy was performed at 
admission, and patients were subgrouped as retinopathy 
positive or negative based on the presence or absence 
of characteristic retinal findings previously reported 
in CM [31]. Children with sickle cell disease (known or 
suspected) were excluded, given the high frequency of 
abnormal TCD examinations in this population. Like-
wise, given the unknown impact of severe malnutrition 
(mid-upper arm circumference < 11  cm) or advanced 
HIV disease (known HIV positive status with severe 
wasting) on TCD examinations, these children also were 
excluded.

Demographic data, vital signs, and physical examina-
tion findings were collected. Finger-prick samples were 
analysed to determine parasite species and density, 
packed-cell volume, and blood glucose and lactate con-
centrations (Aviva Accu-Check, Zurich, Switzerland and 

Conclusions:  Common pathophysiological mechanisms leading to TCD phenotypes in non-malarial illness are not 
causative in children with CM. Alternative mechanistic contributors, including mechanical factors of the cerebrovascu-
lature and biologically active regulators of vascular tone should be explored.
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Arkray Lactate Pro 2, Kyoto, Japan). Finger-prick sam-
ples were also obtained for blood gas analysis (Abbot 
iSTAT, Chicago, Illinois, USA). Venous blood was drawn 
to obtain a complete blood count and electrolyte analy-
sis (Coulter Counter; Beckman Coulter, Brea, California, 
USA). Parasite counts, packed-cell volume, glucose, and 
lactate concentrations were evaluated every six hours 
until the BCS was 5 or for 72  h, whichever came later. 
An admission lumbar puncture was performed, open-
ing pressure measured, and the cerebrospinal fluid was 
analysed [32, 33]. All patients underwent an admission 
electroencephalogram (EEG)(Ceegraph digital machine, 
BioLogic, Natus Medical Incorporated, Pleasanton, Cali-
fornia, USA) with a modified 10–20 system to evaluate 
for non-convulsive status epilepticus. EEGs were clini-
cally reviewed by a neurologist with fellowship training 
in EEG to evaluate for seizures/subclinical status epilep-
ticus. When imaging capabilities were available (2018–
2019 and March-June 2021), participants underwent a 
brain magnetic resonance imaging (MRI)(0.35-T Signa 

Ovation Excite, General Electric, Boston, Massachu-
setts or 0.064-T Hyperfine Swoop® Guilford, Connecti-
cut, USA) to evaluate the brain volume [2]. MRIs were 
systematically reviewed by radiologists experienced in 
radiographic findings of children with CM. All patients 
underwent daily, non-invasive, evaluation of their sys-
temic haemodynamics including cardiac output, cardiac 
index (CI), stroke volume, stroke volume index (SVI), 
and systemic vascular resistance using a handheld port-
able ultrasound device (Butterfly IQ, Guilford, CT, USA). 
CI was calculated as = Heart rate x SVI and SVI as = End 
diastolic volume – End systolic volume. Optic nerve 
sheath diameter was also measured daily (Butterfly IQ, 
Guilford, CT, USA).

All patients received intravenous artesunate accord-
ing to national guidelines. Patients received 20 mL/kg of 
whole blood if admission packed cell volume was < 15% 
or > 15% but with signs of intolerance (defined as respira-
tory distress or haemodynamic compromise with capil-
lary refill time > 2 s, weak pulse, and/or cool extremities). 

Table 1  Physiological or pathological factors that contribute to Transcranial Doppler Ultrasound (TCD) flow velocity or waveform 
alterations

TCD 
phenotype  

Example of TCD 
image 

Loca
on of cerebrovascular change  
that typically leads to this phenotype 

Known or possible physiological or pathological 
contributors

Normal

● N/A

   Hyperaemia

● Increased cardiac output/ 
      mean arterial pressure     
       -Fluid overload 
       -Hypertension (essen�al, medica�on induced, other)     

● Decreased cerebrovascular tone 
       or resistance to flow 

-Anaemia 
    -Hypercapnia 
    -Hypoxia 
    -Fever 
    -Seizures  

          -Impaired autoregula�on

   Low Flow

● Decreased cardiac output/   
    mean arterial pressure    
     -Shock 
      -Dehydra�on 
      -Hypotension (medica�on induced, other)  

● Increased cerebrovascular tone 
    or resistance to flow 

        -Vasospasm (secondary to trauma, subarachnoid hemorrhage, other) ǂ
          -Long segment stenosis (atherosclerosis, vasculopathy, other) 
          -Late increased intracranial pressure *
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Intravenous dextrose (1  mL/kg of Dextrose 50%) was 
given when documented hypoglycaemia occurred 
(< 3  mmol/L). Clinical or sub-clinical seizure activity 
identified on EEG was treated with 0.2  mg/kg of diaze-
pam followed by phenobarbital 20 mg/kg.

TCD examinations
TCD was performed using a commercially available unit 
(NovaSignal, Los Angeles, California, USA). One limita-
tion of TCD is that it is operator dependent with diag-
nostic accuracy depending on the skill and experience of 
the examiner. All study personnel who performed TCD 
examinations for this study participated in 10 h of online 
didactic training, completed > 50 proctored TCD exami-
nations, and demonstrated a coefficient of variation < 10% 
for each study measurement compared to the trainer 
(author NO) before being considered proficient for inde-
pendent TCD scanning.

The initial TCD examination occurred within 4  h of 
admission. TCD was performed after initial blood and 
dextrose infusions, if prescribed, were complete. Middle 

cerebral arteries (MCAs), extracranial internal carotid 
arteries (Ex-ICA), and basilar arteries were insonated 
at 2-mm intervals using previously described methods 
[9–14]. Systolic (Vs), diastolic (Vd), and mean flow (Vm) 
velocities were recorded at each interval. Pulsatility index 
(PI = (Vs-Vd/Vm)), a marker of downstream cerebrovas-
cular resistance (CVR), was automatically calculated by 
the TCD unit at each depth in each vessel. To differen-
tiate causes of high CBFV values, the Lindegaard ratio 
(LR = MCA Vm/Ex-ICA Vm) was calculated [11]. A 
LR < 3 was considered to represent hyperaemia whereas 
a LR > 3 was considered to represent vascular narrow-
ing. Autoregulation is the capacity of the cerebrovascu-
lature to maintain constant cerebral blood flow over a 
wide range of mean arterial blood pressures. Autoregu-
lation can be impaired or lost in several clinical scenar-
ios. Therefore, the transient hyperemic response ratio 
(THRR) was used to interrogate cerebral autoregulation 
in study subjects [12]. THRR < 1.1 represented impaired 
autoregulation and ≥ 1.1 represented intact autoregu-
lation. Based on the admission TCD findings, subjects 

Table 1  (continued)

Microvascular 
Obstruc�on/ 

    Altera�on

● Increased cerebrovascular tone   
      or resistance to flow 

 -Hypocapnia 
     -Small vessel atherosclerosis or embolic disease 
     -Sequestra�on of parasi�zed red blood cells 
     -Increased intracranial pressure 

   Vasospasm

● Increased cerebrovascular tone
    or resistance to flow
    -Vasospasm (secondary to trauma, subarachnoid hemorrhage, other) 
     -Impaired autoregula�on

 Isolated        
 Posterior  
 High Flow 

● Increased cerebrovascular tone or  
    resistance to flow

   -Vasospasm of the basilar artery 
       - Posterior reversible encephalopathy syndrome (PRES)¥ 

● Decreased cerebrovascular  
     tone   

-Occipital lobe seizures 
      -Posterior reversible encephalopathy syndrome (PRES)¥ 

ǂ To cause low flow, vasospasm would need to result in >80% vessel lumen diameter reduc�on 
   * If associated with waveform characteris�cs such as systolic spikes and absent or reversed diastolic flow

¥ It is unknown if PRES represents vasodila�on or vasoconstric�on in the posterior circula�on 

Vertebrobasilar Circula�on 

TCD findings are dependent on cerebral perfusion pressure (CPP) and inversely proportional to the cerebrovascular resistance (CVR) [15–21]

ǂTo cause low flow, vasospasm would need to result in > 80% vessel lumen diameter reduction
* If associated with waveform characteristics such as systolic spikes and absent or reversed diastolic flow

¥It is unknown if PRES represents vasodilation or vasoconstriction in the posterior circulation
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were classified into the following phenotypes: normal, 
hyperaemia, low flow, microvascular obstruction, vasos-
pasm, isolated posterior circulation high flow, or terminal 
intracranial hypertension (Table  2). Participants under-
went daily TCD examinations through discharge, death, 
or hospital day 8, whichever came later.

Outcomes
The Paediatric Cerebral Performance Category (PCPC) 
scoring system is a tool that was developed to measure 
and quantify morbidity after paediatric critical illness [34, 
35]. Scores range from 1 to 6, with 1 being a normal func-
tional level and 6 being death. Other values represent 
progressive impairment: 2 = mild disability (alert and 
able to interact at an age appropriate level but with mild 
cognitive, behavioral, or neurological deficits), 3 = mod-
erate disability (alert and able to carry out age appropri-
ate activities of daily life but with obvious cognitive or 
neurological deficits that limit function), 4 = severe dis-
ability (conscious but dependent on others for all daily 
functions), and 5 = vegetative state (any degree of coma 
or an inability to interact with the environment). PCPC 
was scored at the time of hospital discharge. Children 
with a PCPC of 1 or 2 were considered to have a good 
outcome while those with a PCPC of 3 to 6 were consid-
ered to have a poor outcome.

Statistical analyses
Variables were summarized using medians with inter-
quartile ranges and frequencies with percentages. Differ-
ences by phenotype were explored using Kruskal–Wallis 
tests, with Dwass, Steel, Critchlow-Fligner corrections 
for multiple comparisons for continuous and ordinal 
variables, and chi-square or Fisher’s exact tests for cate-
gorical variables. All analyses were conducted using R for 
Statistical Computing and SAS 9.4.

Results
A total of 245 potential participants were screened and 
174 were enrolled (Fig.  1). Demographics, admission 
physical examination findings, and admission laboratory 
results are summarized in Table 3.

Transcranial Doppler Ultrasound examinations
On admission, seven children (4%) had a normal TCD 
examination. Fifty-seven children (33%) met criteria for 
hyperaemia, 50 (29%) for low flow, 14 (8%) for micro-
vascular obstruction, 11 (6%) for vasospasm, and 35 
(20%) for isolated high flow in the posterior circulation 
(Fig. 2). No participant met criteria for terminal intracra-
nial hypertension on the admission TCD. Eleven partici-
pants (7%) transitioned from one phenotype to another 
on subsequent evaluation: 5 with isolated posterior high 

flow (IPH) changed to hyperaemia, 3 with IPH moved 
to low flow, 1 with IPH subsequently developed middle 
cerebral artery vasospasm, and 2 with low flow transi-
tioned to vasospasm. TCD phenotype did not change in 
the remaining children. Normalization of flow velocities 
and morphology occurred at significantly different time 
points depending on the underlying phenotype (Fig.  2). 
By hospital day 2, 97% of children with MO, 63% with 
hyperaemia, and 67% with IPH had normalized their 
TCD findings, whereas only 42% of those with low flow 
and 22% of those with vasospasm had (p = 0.02). By day 
4, most surviving children in each phenotype had nor-
malized (hyperaemia 85%, IPH 93%, Low flow 85%, MO 
100%, Vasospasm 95%. p = 0.67). Three children with low 
flow and one with vasospasm had not normalized TCD 
by hospital day 8. Figure 3 displays representative images 
of children classified into each of the phenotypes.

Differences in demographics, physical examination, 
laboratory results, and imaging findings in children with 
different TCD phenotypes are in Table  4. Plasma Plas-
modium falciparum histidine rich protein (PfHRP2) was 
lowest in children meeting criteria for the microvascular 
obstruction phenotype (p = 0.006). The pulse pressure, 
or the difference between the systolic and diastolic blood 
pressure, was significantly higher in children with hyper-
aemia (median pulse pressure 43 [39, 55] mmHg) than 
other phenotypes (p = 0.003). The stroke volume index 
was on the low end of normal or reduced compared to 
published values for age (40–55  ml/m2) in all groups. 
While not statistically significant, there was a trend to 
children with low flow also having the lowest SVI (SVI 
32 [28.5,41], p = 0.08) [36]. For most phenotypes, the car-
diac index (CI) was generally above the published normal 
range (CI 3.5–5 l/min/m2) and systemic vascular resistive 
index was normal (SVRI 1000–1600 d.s.cm-5m2). Chil-
dren with low flow had significantly lower CI and higher 
SVRI than other groups (median CI 4.4 [3.7,5] l/min/m2 
(p =  < 0.001), median SVRI 1552 [1197, 1961] d.s.cm−5m2 
(p = 0.003)). No other statistically significant differ-
ences of known contributors to TCD changes (outlined 
in Table  1) were identified between TCD phenotypic 
groups.

Outcomes
Overall, 118 children (68%) had a good neurologicalal 
outcome at the time of hospital discharge. Twenty-three 
(13%) died, and 33 (19%) had moderate to severe defi-
cits (Table 3). Outcomes were best for participants with 
TCD-defined hyperaemia and IPH (PCPC 1–2 in 77 and 
89% respectively). Participants with TCD-defined low 
flow had the highest day 1 mortality and the least likeli-
hood of a good outcome (PCPC 1–2 in 42%) (p < 0.001) 
(Tables  4, 5). Cerebral autoregulation was significantly 
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better in children with good outcome (THRR 1.12 
[1.04,1.2]) compared to a poor outcome (THRR 1.05 
[0.98,1.02], p = 0.046).

Discussion
Previous work in the Democratic Republic of the Congo 
(DRC) described five different Transcranial Doppler 
Ultrasound phenotypes in a cohort of children with CM 
[30]. The current study, in a unique group of children 
with CM in Malawi, identified the same five phenotypes 
in similar proportions to what was previously reported: 
hyperaemia (28% in DRC, 33% in Malawi), low flow (28% 
in DRC, 29% in Malawi), microvascular obstruction (23% 
in DRC, 8% in Malawi), vasospasm (14% in DRC, 6% in 
Malawi), and isolated posterior high flow (7% in DRC, 
20% in Malawi). In both studies, hyperaemia was asso-
ciated with a higher likelihood of favourable outcome 
whereas low flow was associated with increased mortal-
ity. Impaired autoregulation was also identified in both 
studies as being significantly associated with worse out-
comes. It is unusual to identify multiple distinct changes 
to TCD flow velocities and morphology in a clinical diag-
nosis with a single underlying pathologic mechanism. 
Thus, given the number of phenotypes again identified 
in this population of children with CM, the hypothesis 

that multiple different mechanisms contribute to neuro-
logical injury and neuroimaging findings in CM must be 
considered.

Cerebral blood flow (CBF), and thus TCD flow veloci-
ties and waveforms, are dependent on cerebral perfu-
sion pressure (CPP) and inversely proportional to the 

Table 2  Definitions used to categorize participants into Transcranial Doppler Ultrasound phenotypes

a Lindegaard Ratio (LR) = (Mean flow velocity in the middle cerebral artery/ mean flow velocity in the extra-cranial carotid artery)
b Pulsatility Index (PI) = (Systolic flow velocity-Diastolic flow velocity/Mean flow velocity)

Normal Flow

 (1) Systolic, diastolic, and mean flow velocity in the middle cerebral artery ± 2 standard deviations (SD) from the age normal value

Hyperaemia

 (1) Systolic, diastolic, and mean flow velocity in the middle cerebral artery ≥ 2 SD above the age normal value AND

 (2) Lindegaard ratio (LR)a < 3

Low flow

 (1) Systolic, diastolic, and mean flow velocity in the middle cerebral artery ≤ 2 SD below the age normal value AND

 (2) Pulsatility index (PI)b < 1.2

Microvascular obstruction/alteration

 (1) Systolic flow velocity in middle cerebral artery within 2 SD of the age normal value AND

 (2) Diastolic flow velocity in middle cerebral artery ≤ 2 SD below the age normal value AND

 (3) PI ≥ 1.2

Vasospasm

 (1) Mean flow velocity in the middle cerebral artery ≥ 2 SD above the age normal value AND

 (2) LR ≥ 3

Isolated posterior high flow

 (1) Mean flow velocity in the basilar artery ≥ 2 SD above the age normal value AND

 (2) Mean flow velocity in both middle cerebral arteries within 2 SD of the age normal value

Terminal intracranial hypertension

 (1) Systolic flow velocity in the middle cerebral artery ≤ 2 SD below the age normal value WITH associated systolic spikes on waveform analysis AND

 (2) Absence of or reversal of diastolic flow

Eligible pa�ents

(n=245)

Included in the 
study: n=174

Analyzable physical exam, 
TCD, laboratory, and outcome 

data: n=174

Analyzable MRI n= 94

Not included: n= 71

·Refused to provide informed consent n=57
·No research ward bed space available n=5
·Aparasitemic on arrival n=4
·Died before consent obtained n=10

Fig. 1  Flow diagram of patient screening and enrollment
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cerebrovascular resistance (CVR) [15]. CPP is determined 
by the pressure gradient between the brain’s supply-
ing arteries (mean arterial pressure, MAP) and the cen-
tral venous pressure, which is approximately equivalent 
to the intracranial pressure (ICP) so that: CBF = CPP/
CVR = (MAP − ICP)/CVR. Thus, increases in MAP may 
result in increased CBF, particularly if the blood pres-
sure is elevated above the autoregulatory threshold OR 
if less elevated but autoregulation is impaired. Low MAP 
has the opposite effect on CBF, which again, may be par-
ticularly significant when blood pressures fall below the 
lower limit of autoregulatory capacity or if autoregulation 
is not intact. When hyperaemia is identified on TCD, sig-
nificant hypertension or elevated blood pressures with 
impaired autoregulation should be considered as poten-
tial mechanisms of that phenotype. Hypotension or rela-
tively low blood pressures with impaired autoregulation 
may result in a low flow phenotype on TCD.

Increases in ICP will also alter CBF. With mild to mod-
erate elevations in ICP, normal systolic flow is generally 
maintained but a preferential reduction in diastolic blood 
flow occurs as small cerebral vessels are compressed. 
This results in a high pulsatility index identified on TCD 
(with the combination of these alterations equating to the 
“microvascular obstruction” phenotype described in this 
study). Significant intracranial hypertension can result 
in low flow of all measured velocities accompanied by 
characteristic alterations to the TCD waveform (systolic 
spikes and absent or reversal of diastolic flow).

The CVR is determined by the smooth muscle tone 
of the cerebral vessels. This tone is controlled by a mul-
tiplicity of components that cross talk to maintain brain 
homeostasis over a range of physiologic conditions and 
in response to changing cerebral metabolic demand 
[16-2116-21]. For example, blood viscosity is inversely 
related to CBF; reduction of shear force applied to the 
cerebrovascular endothelium as viscosity falls reduces 
CVR and CBF increases. Thus, anaemia can result in 
increased CBF and be identified as hyperaemia on TCD. 
Hypoxia increases endothelial production of vasodilating 

Table 3  Demographics, laboratory investigations, imaging, and 
outcomes for the cohort (n = 174)

Variable Value

Demographics

 Age (months), mean (SD) 58 (± 32)

 Male, n (%) 97 (56)

Vital signs

 Temperature (°C), median [IQR] 38.3 [37.4,39.1]

 Heart rate (beats/min), median [IQR] 140 [126,157]

 RR (breaths/min), median [IQR] 34 [29, 42]

 Oxygen saturation (%), median [IQR] 97 [96,98]

 MBP (mmHg), median [IQR] 77 [71,86]

Hemodynamic findings

 Pulse pressure (mmHg), median [IQR] 40 [35, 45]

 Stroke volume index (ml/m2), median [IQR] 38 [32, 44]

 Cardiac index (l/min/m2), median [IQR] 5 [4.3,5.8]

 Systemic vascular resistive index (d.s.cm−5m2), 
median [IQR]

1314 [1152,1630]

Laboratory investigations

 Packed Cell Volume (%), median [IQR] 26 [22, 30]

 Glucose (mmol/L), median [IQR] 5.65 [4.5, 6.5]

 Lactate (mmol/L), median [IQR] 4.2 [2.3,6.9]

 Parasites/microliter blood, median [IQR] 255,000 [9300,665000]

 PfHRP2 (ng/mL), median [IQR] 571 [219,1332]

 pH, median [IQR] 7.41 [7.35,7.46]

 CO2 (mmHg), median [IQR] 28 [24, 33]

 Base excess, median [IQR] − 5 [− 9,− 2]

 Sodium (mEq/L), median [IQR] 138 [135,143]

 Bicarbonate (mmol/L), median [IQR] 17 [13, 20]

Clinical Features

 Retinopathy positive, n (%) 115 (66%)

Blantyre coma score, n (%)

 0 26 (15%)

 1 64 (37%)

 2 84 (48%)

 Seizures on EEG, n (%) 16 (9%)

 Papilloedema present, n (%) 10 (7%)

 Opening pressure (cm H20), median [IQR] 17 [12, 22]

 ONSD (mm), median [IQR] 4.8 [4.4,5.1]

 Time to coma resolution (hrs), median [IQR] 38 [22,70]

Magnetic resonance imaging findings (n = 94)ǂ
 Brain volume score, n (%)

  3 7 (7%)

  4 8 (8%)

  5 33 (35%)

  6 24 (26%)

  7 18 (19%)

  8 4 (5%)

Outcome

 Good, n (%)

  PCPC 1–2 (normal, mild disability) 118 (68%)

 Poor, n (%)

n number, SD standard deviations, IQR interquartile range, hrs hours, RR 
respiratory rate, MBP mean blood pressure, mmHg millimeters mercury, SVRI 
systemic vascular resistive index, PfHRP2 Plasmodium falciparum histidine rich 
protein 2, CO2 carbon dioxide, NIRS near-infrared spectroscopy, SO2 cerebral 
oxygen saturation, EEG electroencephalogram, OP opening pressure, ONSD 
optic nerve sheath diameter, MRI magnetic resonance imaging, TCD transcranial 
doppler ultrasound, CSF cerebrospinal fluid

ǂMRI not available for all participants

Table 3  (continued)

Variable Value

  PCPC 3–5 (moderate to severe disability) 33 (19%)

  PCPC 6 (died) 23 (13%)
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substances, reduces CVR, and increases CBF, again 
resulting in the hyperaemia phenotype on TCD. Hyper-
capnia and hypocapnia, likely through modulating nitric 
oxide, decrease and increase CVR respectively. As such, 
hypercapnia is frequently identified as hyperaemia on 
TCD and hypocapnia as reduced diastolic flow and 
increased PI (“microvascular obstruction/alteration” in 
this study). Additionally, circulating, parenchymal, and 
endothelially derived vasodilatory and vasoconstrict-
ing compounds alter vascular tone/CVR and increase or 

decrease CBF to meet metabolic demand locally. Thus, 
fever or seizures that increase demand will increase pro-
duction of vasodilatory compounds and result in hyper-
aemia on TCD.

These classic physiologic or pathologic factors that 
contribute to specific TCD flow velocity or waveform 
alterations in most situations (Table  1) were not clearly 
causative of the identified phenotypes in children with 
CM. Patients categorized as having hyperaemia and 
isolated posterior circulation high flow were not more 

Normal 4%

Hypaeremia 33%

Low Flow 29%

MO 8%

Vasospasm 6%

IPH 20%
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Fig. 2  Frequency and time to normalization of each Transcranial Doppler Ultrasound phenotype. Only survivors are included in the time to 
normalization graph. TCD transcranial doppler ultrasound, MO microvascular obstruction, IPH isolated posterior circulation high flow
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hypertensive, anaemic, hypercapnic, febrile, or more 
likely to be having seizures than those classified into a 
different TCD phenotype (Table 4). Those with low flow 
were not more likely to have indirect evidence of signifi-
cant increased intracranial pressure (ICP) (opening pres-
sure on lumbar puncture, optic nerve sheath diameter, or 
brain volume score) than other phenotypes. Hypocapnia/
alkalosis and signs of early increased intracranial pres-
sure were no more likely in children with microvascular 
obstruction than other phenotypes.

Differences in some cardiovascular parameters from 
normal as well as between TCD phenotypic groups 
were observed. Across the cohort, cardiac index (CI) 

was within or above the published normal value for age 
whereas stroke volume index (SVI) was at the low end of 
normal or reduced. CI is calculated as CI = Heart rate x 
SVI and SVI as SVI = End diastolic volume – End sys-
tolic volume. Low SVI in CM patients likely represents 
decreased preload (and hence reduced end diastolic 
volume) secondary to some component of decreased 
circulating blood volume and/or dehydration [37]. 
A compensatory increase in heart rate maintains or 
increases CI to meet high systemic metabolic demands, 
thus explaining the normal to elevated CI identified in 
the cohort. SVI and CI were lowest in children with the 
low flow phenotype, potentially due to greater reductions 

Fig. 3  Representative images of Transcranial Doppler Ultrasound phenotypes in children with cerebral malaria. A Normal middle cerebral artery 
(MCA) TCD flow velocities and waveform for a 3-year-old child. B TCD with increased systolic flow velocity, increased diastolic flow velocity, 
Lindegaard ratio (LR) < 3. These findings represent a child categorized as having hyperaemia. C TCD with decreased systolic flow velocity, decreased 
diastolic flow velocity, decreased mean flow velocity. These findings represent a child categorized as having low flow. D TCD with normal systolic 
flow velocity, reduced diastolic flow velocity, increased pulsatility index. These findings represent a child categorized as having microvascular 
obstruction. E TCD with increased systolic flow velocity, increased diastolic flow velocity, LR > 3. These findings represent a child categorized as 
having cerebral vasospasm. F TCD with increased systolic flow velocity, increased diastolic flow velocity, increased mean flow velocity in the basilar 
artery. At the same time, all measurements in the MCAs were normal. These findings represent a child categorized as having isolated posterior 
circulation high flow
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Table 4  Demographics, laboratory investigations, imaging, and outcomes by Transcranial Doppler Ultrasound phenotype

Variable Hyperemia
(n = 57)

IPH
(n = 35)

Low flow
(n = 50)

MO
(n = 14)

Vasospasm
(n = 11)

Normal
(n = 7)

p

Age (months), mean 
(SD)

55 (31) 58 (37) 59 (37) 56 (25) 67 (32) 72 (29) 0.71

Temperature (°C), 
median [IQR]

38.5
[37.7, 39.1]

38.5
[37.8, 39.4]

38.0
[37.1, 39.2]

38.5
[37.6, 39.3]

37.8
[37.6, 38.5]

38.5
[38.0, 39.0]

0.25

Heart rate (beats/
min), median [IQR]

141
[127, 152]

143
[128, 158]

142
[123, 161]

140
[124, 158]

140
[136, 146]

133
[130, 136]

0.97

RR (breaths/min), 
median [IQR]

32.0
[26.0, 39.0]

36.0
[28.0, 43.0]

36.0
[32.0, 42.8]

34.5
[32.2, 39.5]

36.0
[32.5, 44.5]

40.0
[39.5, 45.0]

0.07

Oxygen saturation 
(%), median [IQR]

97.0
[95.0, 98.0]

97.0
[96.0, 99.0]

97.0
[95.0, 98.0]

98.0
[96.2, 98.0]

98.0
[97.0, 99.0]

96.0
[96.0, 97.5]

0.21

MBP (mmHg), median 
[IQR]

78.0
[71.0, 84.0]

78.0
[72.5, 86.5]

83.5
[73.2, 90.0]

73.0
[65.8, 80.5]

75.0
[68.5, 86.5]

74.0
[71.0, 79.0]

0.21

Pulse pressure 
(mmHg), median [IQR]

43.0
[39.0, 55.0]

38.0
[35.0, 44.0]

37.5
[33.0, 44.8]

35.5
[34.0, 43.2]

38.0
[35.0, 42.0]

33.0
[33.0, 35.5]

0.003

Stroke volume index 
(ml/m2), median [IQR]

39.0
[34.2, 44.8]

39.0
[33.5, 43.5]

32.0
[28.5, 41.0]

43.0
[38.2, 50.8]

42.0
[38.2, 46.2]

38.0
[35.0, 42.5]

0.08

Cardiac index (l/min/
m2), median [IQR]

5.30
[4.90, 5.88]

5.40
[4.55, 5.90]

4.40
[3.70, 5.00]

6.00
[5.18, 6.60]

5.55
[5.20, 6.60]

4.20
[4.00, 5.05]

 < 0.001

SVRI (d.s.cm−5m2), 
median [IQR]

1270 [1070, 1392] 1306 [1198, 1580] 1552
[1197, 1961]

962
[919, 991]

1187
[903, 1334]

1378
[1294, 1660]

0.003

Packed Cell Volume 
(%),median [IQR]

26.0
[20.0, 29.0]

26.0
[21.5, 30.0]

27.5
[22.2, 32.8]

27.5
[24.2, 30.8]

23.0
[19.5, 25.0]

27.0
[25.0, 28.0]

0.08

Glucose (mmol/L), 
median [IQR]

5.30
[4.40, 6.20]

5.90
[4.60, 6.60]

5.65
[4.40, 6.90]

5.30
[4.38, 8.85]

5.80
[5.40, 6.60]

5.70
[5.15, 6.50]

0.74

Lactate (mmol/L), 
median [IQR]

4.30
[2.60, 6.80]

3.00
[2.10, 5.30]

4.05
[2.02, 8.60]

4.15
[2.10, 6.95]

5.00
[2.75, 8.35]

4.00
[3.00, 4.70]

0.87

Parasites/microliter 
blood, median [IQR]

455,000
[27,000, 975,000]

346,000
[108,000, 1,499,000]

464,000
[180,000 1,280,000]

126,000
[67,000, 459,000]

116,000
[62,000, 237,000]

246,000 [174,000,
815,000]

0.52

PfHRP2 (ng/mL), 
median [IQR]

396
[111,1021]

913
[46, 1270]

333
[122, 874]

123
[13, 282]

330
[44,687]

807 [545, 996] .006

pH, median [IQR] 7.42
[7.36, 7.46]

7.42
[7.36, 7.45]

7.41
[7.38, 7.46]

7.44
[7.36, 7.48]

7.38
[7.35, 7.50]

7.41
[7.38, 7.44]

0.99

CO2 (mmHg), median 
[IQR]

29.0
[23.0, 36.0]

28.5
[24.8, 34.0]

27.5
[24.0, 31.0]

27.0
[24.5, 30.5]

22.5
[18.0, 26.5]

26.0
[25.5, 34.5]

0.53

Base excess, median 
[IQR]

2.10
[-3.00, 6.50]

0.80
[-6.50, 6.00]

0.10
[-6.00, 5.00]

3.30
[2.70, 7.82]

3.00
[0.50, 20.2]

5.00
[1.50, 6.00]

0.22

Sodium (mEq/L), 
median [IQR]

139
[137, 143]

139
[136, 144]

140
[135, 143]

136
[134, 139]

138
[134, 140]

141
[137, 146]

0.29

Bicarbonate (mmol/L), 
median [IQR]

17.0
[13.0, 20.2]

17.0
[15.0, 19.0]

18.0
[13.5, 20.5]

17.8
[12.2, 20.0]

18.0
[13.5, 21.5]

18.5
[17.8, 20.0]

0.93

Retinopathy positive, 
n (%)

37 (65) 21 (60) 36 (72) 10 (71.4) 6 (54.5) 5 (71.4) 0.80

Blantyre coma score, 
n (%)

0.05

0 7 (13) 5 (14) 8 (16) 4 (29) 2 (18) 0 (0)

1 15 (26) 14 (40) 26 (52) 3 (21) 3 (27) 3 (43)

2 35 (61) 16 (46) 16 (32) 7 (50) 6 (55) 4 (57)

Seizures on EEG, n (%) 6 (11) 1 (3) 4 (8) 3 (21) 2 (18) 0 (0) 0.38

Papilloedema present, 
n (%)

3 (5) 1 (3) 3 (6) 2 (14) 1 (9) 0 (0) 0.37

Opening pressure (cm 
H20), median [IQR]

15.5
[12.0, 21.5]

16.0
[13.5, 21.5]

17.0
[12.0, 22.0]

18.0
[14.0, 19.0]

21.5
[12.8, 26.0]

19.0
[12.0, 23.5]

0.83

ONSD (mm), median 
[IQR]

0.48
[0.44, 0.53]

0.48
[0.44, 0.50]

0.48
[0.45, 0.50]

0.49
[0.45, 0.53]

0.45
[0.42, 0.48]

0.46
[0.44, 0.47]

0.59
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in preload than in other groups. Additionally, systemic 
vascular resistance was highest in children categorized 
as low flow, which by increasing end systolic volume, 
could have also contributed to the lower CI in this group. 

However, CI was still within the normal range for age in 
children identified as having low flow on TCD, decreas-
ing the likelihood that poor cardiac output completely 
contributed to the low flow velocities observed in the 
cerebrovasculature.

Therefore, alternative potential mechanisms leading to 
TCD phenotypes in paediatric CM must be considered. 
Examination of the brain tissue of children who have died 
of CM reveals sequestration, a multifocal microvascu-
lar obstruction by adherent, parasitized red blood cells 
[38]. Sequestration results in endothelial cell activation, 
increased cytokine production, neurovascular inflam-
mation, and blood–brain barrier disruption [39]. Neu-
roinflammation is known to affect multiple metabolic 
pathways in the central nervous system [40–45]. Over-
activation or dysregulation of these metabolic pathways 
in the central nervous system may result in the accu-
mulation or depletion of local circulating, parenchymal, 
or endothelially derived vasoactive compounds. These 
factors may contribute to observed TCD phenotypes 
through the alteration of neurovascular tone [46–57]. 
Future work should examine the relationships between 
potential putative compounds and TCD phenotypes.

n number, SD standard deviations, hrs hours, RR respiratory rate, SBP systolic blood pressure, mmHg millimeters mercury, DBP diastolic blood pressure; MBP mean 
blood pressure, IQR interquartile range, SVRI systemic vascular resistive index, PfHRP2 Plasmodium falciparum histidine rich protein 2, CO2 carbon dioxide, NIRS near-
infrared spectroscopy, SO2 cerebral oxygen saturation, EEG electroencephalogram, OP opening pressure, ONSD optic nerve sheath diameter, THRR transient hyperemic 
response ratio, MRI magnetic resonance imaging, TCD transcranial doppler ultrasound, CSF cerebrospinal fluid

MRI data are available for 94 participants

Table 4  (continued)

Variable Hyperemia
(n = 57)

IPH
(n = 35)

Low flow
(n = 50)

MO
(n = 14)

Vasospasm
(n = 11)

Normal
(n = 7)

p

Time to coma resolu-
tion (hrs), median 
[IQR]

26.0
[20.0, 61.5]

44.0
[24.0, 79.5]

52.0
[25.5, 90.5]

40.0
[31.0, 51.0]

47.0
[19.5, 114]

36.0
[27.0, 36.0]

0.23

Brain volume score, 
n (%)*

n = 34 n = 17 n = 24 n = 10 n = 7 n = 2 0.95

3 3 (9) 1 (6) 1 (4) 1 (10) 1 (14) 0 (0)

4 3 (9) 1 (6) 3 (13) 1 (10) 0 (0) 0 (0)

5 13 (38) 6 (35) 8 (33) 3 (30) 3 (43) 0 (0)

6 9 (26) 4 (24) 5 (21) 2 (20) 2 (29) 2 (100)

7 5 (15) 5 (29) 5 (21) 2 (20) 1 (14) 0 (0)

8 1 (3) 0 (0) 2 (8) 1 (10) 0 (0) 0 (0)

Autoregulation 
(THRR), median [IQR]

1.05
[1.01, 1.12]

1.11
[1.07, 1.19]

1.10
[1.03, 1.20]

1.09
[1.07, 1.13]

1.04
[1.01, 1.06]

1.20 [1.14;1.27] 0.13

Outcome, n (%)  < .001

Good

PCPC 1 -2 (normal, 
mild disability)

44 (77) 31 (89) 21 (42) 9 (64) 6 (55) 7 (100)

Poor

PCPC 3–5 (moderate 
to severe disability)

8 (14) 3(9) 14 (28) 3 (21) 5 (45) 0 (0)

PCPC 6 (died) 5 (9) 1 (2) 15 (30) 2 (15) 0 (0) 0 (0)

Table 5  Number of deaths by day by Transcranial Doppler 
Ultrasound phenotype

TCD Phenotype Post 
admission 
day

Number 
of deaths

% of overall 
deaths on that 
day

Hyperaemia 1 1 8%

2 2 50%

3 1 25%

4 1 100%

Isolated posterior high flow 1 1 8%

Low flow 1 10 76%

2 2 50%

3 2 50%

4 0 0%

5 1 100%

Microvascular obstruction 1 1 8%

2 0 0%

3 1 25%
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Conclusions
TCD identified multiple different flow velocity and wave-
form alterations across a cohort of children with CM, 
each associated with unique outcomes. Common patho-
hysiological mechanisms associated with TCD pheno-
types in non-malarial illness were not clearly identified 
as causative in children with CM. Alternative mecha-
nistic contributors, including mechanical factors of the 
cerebral circulation and/or biologically active regulators 
of vascular tone, should be explored. If identified, TCD 
could then be used as a point of care tool to optimize 
individual cerebral physiology through targeted adjunc-
tive interventions.
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