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Abstract
Purpose Transcranial Doppler imaging (TCDI) is potentially
a valuable investigational tool in children with tuberculous
meningitis (TBM), a condition often complicated by pathology relevant to Doppler imaging such as raised intracranial
pressure (ICP) and cerebral vasculopathies.
Methods Serial TCDI was performed on 20 TBM children
with the aim of investigating cerebrovascular haemodynamics
and the relationship between pulsatility index (PI) and ICP.
Results We observed a poor correlation between ICP and PI in
children with communicating hydrocephalus (p=0.72). No
decline in PI was noted following 7 days of medical therapy
for communicating hydrocephalus (p=0.78) despite a concomitant decline in ICP. Conversely, a decline in PI was noted
in all four children with non-communicating hydrocephalus
who underwent cerebrospinal fluid diversion. High blood
flow velocities (BFV) in all the basal cerebral arteries were
observed in 14 children (70 %). The high BFV persisted for
7 days suggesting stenosis due to vasculitis rather than functional vasospasm. Complete middle cerebral artery (MCA)
occlusion, subnormal mean MCA velocities (<40 cm/s) and
PIs (<0.4) correlated with radiologically proven large cerebral
infarcts.
Conclusions TCDI-derived PI is not a reliable indicator of
raised ICP in children with tuberculous hydrocephalus. This
may be attributed to individual variation of tuberculous vascular disease, possibly compromising cerebral vascular
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compliance and resistance. Basal artery stenosis secondary
to vasculitis is observed during the acute stage of TBM in
the majority of children.
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Introduction
Transcranial Doppler imaging (TCDI) is a safe, portable, noninvasive, inexpensive and non-ionizing method of assessing
cerebral hydrodynamics and haemodynamics [1]. It can be
repeated multiple times and used for serial monitoring. TCDI
may provide accurate information on intracranial pressure
(ICP) and cerebral blood flow velocities (BFV) which may
help guide therapy in critically ill patients [1]. This applies
especially to resource-poor countries where expensive monitoring equipment is often not available. However, controversy
exists whether TCDI-derived pulsatility index (PI) is a reliable
marker of raised ICP. Some studies report a linear relationship
between the PI and measured ICP in hydrocephalic children,
whilst others have failed to find such correlation [2–6].
To date, only one study examined the potential role of
TCDI in tuberculous hydrocephalus [7]. Two groups of 15
children with tuberculous hydrocephalus and congenital hydrocephalus were prospectively examined by TCDI before
and after cerebrospinal fluid (CSF) diversion. A clinically
relevant fall in PI after CSF diversion only occurred in children with congenital hydrocephalus (p=0.007). In tuberculous meningitis (TBM) patients with infarcts, there was no
statistically significant drop in the PI pre- and post-shunt
procedure.
TCDI also allows evaluation and monitoring of cerebral
basal artery haemodynamics. Studies report an inverse
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relationship between ICP and cerebral blood flow (CBF) in
young children with meningitis and hydrocephalus [8, 9].
Ventricular peritoneal shunting permits a sudden increase in
CBF and BFV, and increases of above 30 % have been
reported [10]. Only one study investigated the use of TCDI
in tuberculous cerebral vasculopathy [11]. This study found
that TCDI allows distinction of three phases of arteriopathy
(i.e. vasospasm, vasodilatation and stenosis). The study found
a good correlation between each of the three stages with
clinical findings (Glasgow coma score), radiological findings
(ischemia on magnetic resonance imaging [MRI]) and
outcome.
The present study sought to investigate the potential
role of serial TCDI in the assessment of tuberculous
hydrocephalus-related raised ICP and interventions aimed
at reducing ICP, and the role of serial TCDI as a dynamic
modality in the assessment of TBM-related vasculopathy
and its possible predictive value in terms of the development of infarcts.

Material and methods
The study was conducted at Tygerberg Children’s Hospital, a
tertiary referral hospital in Cape Town, South Africa. The
study population comprised 20 children less than 13 years of
age who were admitted for TBM from June 2012 to June
2013.
A definite diagnosis of TBM was made when Mycobacterium tuberculosis was cultured and/or polymerase
chain reaction (PCR)-positive from CSF. In all other
cases, the diagnosis was “probable TBM” based on
clinical signs of meningitis in the presence of characteristic CSF findings (macroscopically clear, pleocytosis
usually with lymphocyte predominance, elevated protein
and reduced glucose). In addition, two of the following
criteria were required: other clinical specimens culturepositive for M. tuberculosis and/or positive TB histology, a positive tuberculin skin test, a chest radiograph
compatible with TB, a cranial computerized tomography
(CT) or MRI compatible with TBM, growth failure with
crossing of weight-for-age percentiles or finally, household contact with a sputum smear-positive pulmonary
TB case.
The severity of disease was classified according to
the refined Medical Research Council classification [12].
All children underwent contrasted CT imaging at admission. The degree of hydrocephalus was expressed as the
Evans ratio (maximum ventricular width divided by the
largest biparietal distance between the inner tables of
the skull); a ratio of larger than 0.3 is indicative of
hydrocephalus [13]. The site and size of all infarcts
were recorded.
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All children underwent short intensified anti-TB treatment
(6 months of rifampicin, isoniazid, pyrazinamide and ethionamide [RHZEth] for HIV-uninfected and 9 months RHZEth
for HIV-infected children. Children with non-communicating
hydrocephalus, as determined by air encephalography, were
referred for immediate ventriculoperitoneal shunting (VPS) or
endoscopic third ventriculostomy (ETV). All children with
communicating hydrocephalus were treated medically with
acetazolamide (50 mg/kg/day) and furosemide (1 mg/kg/
day) during the first month of therapy to expedite normalization of ICP.
All TCDI studies were performed by one investigator
(RVT) as a bedside investigation using a GE Healthcare Vivid
S5 high-end Ultrasound machine (General Electric Medical
Systems, Milwaukee, USA) with a 2-MHz probe. Recordings
were performed on admission and repeated after 3 and 7 days.
The transtemporal window was used to isonate the anterior
cerebral artery (ACA), middle cerebral artery (MCA) and
posterior cerebral artery (PCA). The main horizontal section
of the MCA from its origin to the limen insulae was isonated.
This M1 segment of the MCA gives rise to numerous, small
lenticostriate or perforating branches which are most commonly affected in TBM. Different depth range, flow direction
and normal age-related flow velocity ranges have been
established for each vessel [14]. The vessels were identified
using these parameters.
Recorded parameters included peak, mean and diastolic
flow velocities and PI. The PI is calculated by the Gosling
index (PI=peak systolic velocity−end diastolic velocity) divided by the mean velocity. The normal range of PI in the
MCA is 0.5–1.1 [14]. Studies evaluating the variability in
normal individuals found the PI to vary between 0.69 and
0.71 for the MCA, ACA and PCA, and there were no significant (>20 %) side-to-side or day-to-day differences [14]. The
PI is automatically calculated and displayed on the TCDI
instrument. Sample volumes were taken at a standardized
distance from the Circle of Willis in all vessels bilaterally to
allow for meaningful interpretation on follow-up examinations. At least three readings per vessel were made at each
evaluation and the average measurement was used. Indices
were determined using at least three cardiac cycles of visually
and audibly good quality. In children with focal neurological
deficits or radiological proven infarcts, PI measurements from
the unaffected side (cerebral hemisphere) were used.
The peak systolic velocity was used to define the presence
of stenosis. A peak systolic velocity of less than 140 cm/s was
considered to indicate a normal artery [14]. The degree of
stenosis was qualified according to the published criteria and
was graded into three categories: grade I (140–209 cm/s),
grade II (210 to 280 cm/s) and grade III (>280 cm/s). MCA
occlusion was diagnosed if all the basal arteries except the
MCA in question were detectable or if the asymmetry index of
the symptomatic MCA was <21 % compared with that of the

Childs Nerv Syst (2014) 30:1711–1716

contralateral MCA. The Lindegaard index (the ratio of the
MCA velocity to the extracranial internal carotid artery velocity) was used to distinguish cerebral vasospasm from hyperemia [14]. Vasospasm was diagnosed in cases where the mean
MCA flow velocity exceeded 120 cm/s, and the Lindegaard
ratio was more than 3.
TCDI measurements may be influenced by different physiological and pathological factors such as age, gender, hematocrit, fever, hypoglycemia, heart rate, blood pressure and
drugs with either vasodilatation or vasoconstriction properties.
All physiological parameters were kept stable during the
TCDI examination. Carbon dioxide (PaCO2) levels were not
measured as angiographic studies have demonstrated that the
larger human basal cerebral arteries are unresponsive (at least
within the tolerances of measurements) to changes in PaCO2,
while arteries that had diameters less than 1 mm responded
[15]. None of the TBM children were ventilated or exhibited
abnormal breathing patterns during the TCDI.
Lumbar CSF pressure was recorded immediately after
TCDI upon admission, after 3 and 7 days. The opening
pressure measurement was determined using the highest resting CSF level, in centimetres H2O, when sustained for at least
10 s. A CSF baseline pressure of greater than 20 cm H2O was
considered indicative of raised ICP in children with communicating hydrocephalus.
Neurological outcome at 6 months was divided into the
following four categories: (1) normal, including normal motor
function, intelligence, vision and hearing; (2) mild sequelae,
including hemiparesis, mild intellectual impairment and impaired vision and/or hearing; (3) severe sequelae, including
quadriparesis, severe intellectual impairment, blindness and/
or deafness; and (4) death. Clinical outcome was defined as
“good” in the case of normal and mild neurological sequelae
and “poor” in children with severe neurological sequelae or
death.
The study was approved by the Health Research Ethics
Committee of Stellenbosch University (N12/07/041).

Results
Of the 20 children with TBM, median age of 37 months (range
4–140 months), 12 (60 %) were male. Sixteen (80 %) of the
children presented with stage II TBM, three (15 %) with stage
III TBM and one (5 %) had stage I TBM; three (15 %) were
HIV-infected. In seven children (35 %), M. tuberculosis was
isolated from gastric aspirates (n=6) or CSF (n=1); six isolates proved drug-susceptible and one was isoniazidmonoresistant.
Sixteen (80 %) children had communicating hydrocephalus; in the four (20 %) children with non-communicating
hydrocephalus, three underwent VPS and one ETV. Ten of
the 16 (62 %) children with communicating hydrocephalus
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had elevated ICP on admission (median ICP 35 cm H2O,
range 22–55). Eight (40 %) had visible infarcts on admission
cranial CT imaging. No correlation was found between the
ventricular size (Evans’ index) on CT and ICP in children with
communicating hydrocephalus (p=0.73).
Figure 1 illustrates the poor correlation between serial ICP
and PI (43 measurements) in the 16 children with communicating tuberculous hydrocephalus (p=0.72). Cases with confirmed non-communicating hydrocephalus were not included
in this correlation because lumbar CSF pressure does not
necessarily reflect ICP in this condition. Figure 2 illustrates
the change in ICP on days 1, 3 and 7 in the 16 children who
underwent medical treatment for communicating hydrocephalus. In all cases, the ICP normalized within 7 days after
initiation of acetazolamide and furosemide. In contrast, there
was no significant decline in the PI after 7 days of medical
therapy (p=0.78). However, in all four children with noncommunicating hydrocephalus, the PI decreased following
CSF diversion (Fig. 3).
Bilateral MCA stenosis on admission was detected in 14
(70 %) of the 20 TBM children; 10 had grade I stenosis and 4
had grade II stenosis (Fig. 4). Serial TCDI on days 1, 3 and 7
showed no change in the grade of stenosis in 11 children,
improvement in 2 and deterioration in 1. One child initially
presented with a grade II MCA stenosis (Lindegard index >3)
which normalized on day 3 and remained normal on day 7.
This indicates vasospasm. There was no significant difference
in peak systolic flow velocities on day 1 compared to day 7 in
the 20 TBM patients (p=0.80). Similarly, there was no significant difference in the mean MCA BFV on day 1 compared to
day 7 in the 16 children with communicating hydrocephalus
(p=0.18).
Side-to-side differences in MCA flow velocities were detected in four of the eight children with radiologically proven
infarcts. In two of the children, subnormal mean MCA velocities (≤40 cm/s) and PI (≤0.4) resulted in ipsilateral infarction.
Complete MCA occlusion (all other basal arteries detectable
except the MCA in question) occurred in the other two children; both had large MCA infarcts on CT and severe
hemiplegias.
Eighteen (90 %) of the 20 children had a good outcome
after 6 months of treatment. The two children with poor
outcome both had stage III disease, infarcts on CT and subnormal and declining PI and mean MCA velocities on TCDI.
All children with a good outcome had normal TCDI.

Discussion
For optimal management of acute TBM in children, ICP
should be measured in order to determine its contribution to
the patient’s neurological state (e.g. coma) and because it is
treatable. Studies have shown that clinical diagnosis of the
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Fig. 1 Fit plot for intracranial
pressure (ICP). Illustration of the
poor correlation between ICP and
pulsatility index in the 16 children
with communicating
hydrocephalus on days 1, 3 and 7

presence and degree of raised ICP is unreliable, especially in
children with closed anterior fontanels [16]. The value of CT
imaging is limited by the poor correlation between the degree
of hydrocephalus (ventricular size) and ICP [16]. Similarly, in
this study, no correlation was found between ventricular size
on CT and the degree of raised ICP (p=0.73).
Many non-invasive techniques of measuring ICP have been
evaluated, such as intraocular pressure, tympanic membrane
displacement and measurement of intracranial blood flow [17].
None has been found reliable enough to replace invasive procedures. Lumbar CSF pressure measurement in TBM accurately reflects ICP in children with communicating tuberculous
hydrocephalus. In this condition, it can be repeatedly done to
monitor the course without any danger to the patient; repeated

Fig. 2 Illustration of the ICP on
days 1, 3 and 7 in 16 TBM
children with communicating
hydrocephalus following medical
therapy consisting of
acetazolamide and furosemide

lumbar puncture has even been advocated as a safe although
invasive treatment option for communicating hydrocephalus in
TBM [18]. In contrast, lumbar CSF pressure does not reflect
ICP in non-communicating tuberculous hydrocephalus; in this
condition, a lumbar puncture may result in cerebral
transtentorial or uncal herniation with dire consequences for
the patient. A non-invasive method of measuring ICP in children with TBM would therefore potentially be of great value, as
it may assist with identification of hydrocephalic children who
require CSF drainage procedures, assist with assessment of
shunt function, confirm fenestration patency in patients with
non-communicating tuberculous hydrocephalus who
underwent ETV and assist with evaluating the therapeutic
effects of ICP-lowering drugs such as mannitol and diuretics.
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Fig. 3 Illustration of the change
in pulsatility index before and
after cerebrospinal fluid diversion
in four tuberculous meningitis
children with non-communicating
hydrocephalus. Patients 1–3
underwent ventriculoperitoneal
shunting and patient 4 underwent
endoscopic third ventriculostomy

In our study, TCDI-related PI was found not to be an
accurate method of assessing ICP in children with communicating tuberculous hydrocephalus. No linear correlation was
found between PI and ICP (p=0.72). This may be attributed to
individual variation of tuberculous vascular disease, possibly
compromising cerebral vascular compliance and resistance. It
has been suggested that absolute PI values should be read with
extreme caution, even at the extremes of ICP values, and that
TCDI can play an important role as a means of monitoring
pressure changes over time [3]. In our study, no decline in PI
was noted following 7 days of medical therapy for communicating hydrocephalus, despite a confirmed decline in ICP.
Conversely, a decline in PI was noted in all four children with
non-communicating hydrocephalus who underwent CSF diversion, most likely as a result of a more dramatic fall in ICP
in this group (Fig. 3). Larger studies are warranted to investigate this finding and should ideally include pre- and postsurgical ICP monitoring.
Carbonic anhydrase inhibitors (acetazolamide) and loop
diuretics (furosemide) exert their effect on ICP by reducing
CSF production at the choroid plexus [19]. Acetazolamide has
a rapid onset of action and has been found to reduce CSF
production in humans by 6–50 % [20]. Inhibition of CSF flow
occurs once 99.5 % of choroid plexus carbonic anhydrase is
inhibited [21]. In children with communicating tuberculous
hydrocephalus, acetazolamide and furosemide in combination
have been found to be more effective in achieving normal ICP
than antituberculous drugs alone [16]. In this study, rapid
normalization of ICP occurred within 7 days of therapy in
all 10 cases of communicating tuberculous hydrocephalus
who had elevated ICP (Fig. 2). Acetazolamide has also been
shown not to alter the cerebral metabolic rate of oxygen,
which is beneficial in children with TBM-related ischemic
brain disease [22].
Acetazolamide also increases CBF by 5–80 % [22]. High
bilateral MCA BFV upon admission was observed in 70 % of
the TBM children. This occurred prior to acetazolamide administration and CSF sampling and can be ascribed to vessel

narrowing (or stretching on account of acute hydrocephalus
(ventricular dilatation) or spasm because of meningeal involvement (as in acute subarachnoid haemorrhage)). In almost
all the children, high BFV persisted after 1 week which
supports vessel narrowing secondary to organic stenosis rather
than functional vasospasm. Functional vasospasm was observed in only one child. In this child, no infarcts were
observed on CT and outcome after 6 months was normal.
Information regarding the sensitivity and specificity of
TCDI in the diagnosis of cerebral ischemia in general is
limited [23]. In this study, subnormal mean MCA BFV
(≤40 cm/s) and PI (≤0.4) were associated with CT infarction
in two children. The diminished MCA BFV reflects decreased
perfusion (demand) to the infarcted area. Tuberculous vasculopathy of the distal internal carotid artery may also account
for the diminished MCA BFV. In four children with territory
infarcts on admission, no side-to-side differences in MCA
BFV or subnormal PIs were detected. This can be attributed
to the occlusion of a limited number (one or two) of the nine
MCA perforators which has been shown not to affect the
haemodynamics of the MCA [23]. This could unfortunately
not be confirmed due to lack of concomitant MR angiography.

Fig. 4 Illustration of the peak middle cerebral artery systolic blood flow
velocity on admission compared to day 7 in 20 children with TBM
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