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Abstract

Background: Transcranial color Doppler (TCCD) ultrasound is used to identify children with sickle cell disease (SCD) at
high risk of developing stroke. There is anecdotal evidence to suggest that different ultrasound equipment can give different blood
flow velocities. The purpose of this study was to compare two different TCCD ultrasound machines.

Methods and Results: A flow phantom was used to compare PSV measurements from a Philips IU-22 and Zonare Z-One
ultrasound machine. Twenty-five children with SCD (aged between 2 and 16 years) attending the outpatient clinic at St. Mary’s
Hospital, Imperial College Healthcare NHS Trust, as part of the NHS Sickle Cell & Thalassaemia (SC&T) screening program were
studied. The two ultrasound machines compared the TAMM velocities in the middle cerebral artery and stroke risk categorization.
PSV measurements using a flow phantom were underestimated by Philips 1U-22 (31%) and Zonare Z-One (53%). TAMM
velocities varied considerably between machines, with a poor agreement in stroke risk categorization. As a result, three children
identified at increased risk of stroke by Philips IU-22 were not identified by Zonare Z-One.

Conclusion: Two ultrasound machines were found to underestimate PSV using a flow phantom. The two ultrasound machines
were shown to positively correlate, and this was statistically significant. However, there was variation in the TAMM velocities
recorded by the machines which resulted in the different categorization of the stroke risk of a small number of the subjects.
This pilot study confirms the feasibility and clinical significance of this investigation.(International Journal of Biomedicine.
2021;11(4):435-440.)
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Introduction heterozygosity with other relevant beta-globin mutations,
the resultant mutant hemoglobin causes the development of

Sicklecelldisease (SCD)isagenetic disorderarising from the clinical syndrome. These genetic abnormalities result in

a point mutation in the gene encoding the hemoglobin protein anemia, intermittent severe pain, susceptibility to infection,

beta-globin. When inherited in homozygosity or compound chronic damage to lungs, joints, kidneys and other bodily
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organs, and reduction in life expectancy.!’ Additionally, up to
11% of patients with SCD develop strokes by age 20, with the
highest risk of ischemic strokes in HbSS genotype.®

Screening for stroke risk can be undertaken using
transcranial Doppler vascular ultrasound, either by non-imaging
(TCD) or transcranial color Doppler (TCCD) ultrasound.®
These are non-invasive scans that allow real-time evaluation of
the intracranial cerebral circulation by insonation of the cerebral
circulation via transcranial windows that include studying the
blood flow velocities and the presence of turbulence or stenosis
within arteries. A TCD ultrasonography in SCD utilizes the
temporal window to examine the middle, anterior and posterior
cerebral arteries (MCA, ACA, and PCA, respectively) and
distal internal carotid arteries. TAMM velocities greater than
200 cm/s in all arteries are considered abnormal (except in
ACA, where a lower threshold of >170 cm/sec is considered
abnormal). Readings below 170 cm/sec are normal and those
between 170-199 cm/sec are termed conditional.®

A large, randomized, controlled study, The Stroke
Prevention Trial in Sickle Cell Anaecmia, demonstrated the
clinical utility of chronic transfusion therapy in children with
abnormal TCD readings in primary stroke prevention.®” This
led to the uptake of routine TCD screening in many clinical
SCD programs. Several reports indicate that stroke prevention
programs using TCD surveillance and transfusion therapy
in at-risk children have reduced the incidence of childhood
stroke in SCD from 11% @®to 1.9% by 18 years.® Clinical and
cost-effective data in the UK context provide further support
for screening programs for stroke risk assessment.®

The UK Forum on Haemoglobin Disorders (UKFHD)
has recommended that UK SCD centers offer annual TCD
scans to children aged 2-16 with severe SCD.” Another critical
document published by UKFHD, the Quality Standards-
Health Services for People with Haemoglobin Disorders,
also stipulate the need for adequate training, maintenance of
competencies, and quality assurance of the TCD screening
program.® Both imaging and non-imaging Doppler techniques
are used in this context, based mainly on the local availability
of suitable scanners. Several studies have compared TCD with
TCCD,® and the current consensus is to use the same arterial
velocity cut-offs in either scanning modality.” To ensure
universal uptake of TCD screening, many Primary Treatment
Centers for SCD in the UK have developed outreach TCD
surveillance programs in collaboration with local clinical
teams to provide TCD screening closer to the patients” homes.
(19 These are usually undertaken by using portable vascular
ultrasound machines.

Whilst several studies have compared imaging versus
non-imaging vascular ultrasound scans in SCD, no studies
exist that indirectly compare a portable TCD machine with
a non-portable one. Both are used within our SCD program,
and it was essential to ensure that comparable readings were
achieved using these machines. This study aimed to directly
compare TCD readings using the available scanners within our
service—the non-portable Philips ITU-22 scanner with an S5-1
phased array transducer (5.0-1.0MHz) and portable Zonare
Z-One scanner with a P4-1C phased array transducer (4.0-
1.8 MHz). We hypothesized that velocity measurements from

the portable ultrasound machine would not be significantly
different from those obtained by the non-portable laboratory-
based machine.

Methods

The study design was a prospective study. Patients with
SCD, aged between 2 and 16 years, attending our tertiary
pediatric hematology clinic for stroke surveillance, were
invited and eligible for the study. Based on patient numbers
within the service, we aimed to study 25 consecutive patients
referred to the vascular sciences department for routine TCD
scanning. This study was approved by the National Research
Ethical service, UK Ref number (Ref 13/LO/1503). This study
was also registered at the CT.gov, ref number (NCT02090881);
written informed consent was obtained from legal guardians.
National Research Ethical service permission was obtained
for the study.

Study participants were scanned by a single operator
who has more than 5 years of experience with imaging TCCD.
Initially, a full TCD assessment was performed using the non-
portable Philips IU-22 with an S5-1 phased array transducer
(5.0-1.0MHz). The measurement was repeated in every patient
in only the MCA on each side of the head using the portable
Zonare Z-One scanner with a P4-1C phased array transducer
(4.0-1.8MHz). For both examinations, a US standardized
screening protocol was used, recording velocities from the
transtemporal windows, a 5 mm sample volume size, with
no angle correction. The gain was adjusted to see the spectral
Doppler velocity waveform without noise in the background.
For this study, the TAMM velocities were compared because
stroke risk categorization, according to the STOP trial, was
based on TAMM velocity, not peak systolic or end-diastolic
velocities. Each study was categorized as normal if the TAMM
velocity <155 cm/sec, conditional if the TAMM velocity was
155-179 cm/sec and abnormal or high risk if TAMM velocity
>180 cm/sec, or inadequate according to criteria previously
developed by the STOP protocol. The participants were not
permitted to sleep during the scan to avoid an increase in
blood carbon dioxide levels in sleep, which can increase in
TCD velocities.

A pulsatile flow-simulating phantom (Fig.1), which
generates pulsatile flow from a computer-controlled pump,
was used to eliminate patient variability. The manufacturer
had calibrated the speed to 120 cm/sec. The flow simulator
was used to pump blood-mimicking fluid through a vessel
surrounded by an agar-based, tissue-mimicking material. A
glycerol/water mix was used to give a liquid with a density
and viscosity close to human blood to mimic the speed of
sound of 1540 m/sec;'" 850 ml of water was mixed with 150
ml glycerol. PSV was measured using the Philips [U-22 non-
portable scanner with an S5-1 phased array transducer (5.0-
1.0MHz) and a Zonare Z-One portable scanner with a P4-1C
phased array transducer (4.0-1.8MHz). The measurement of
PSV was repeated 25 times with each transducer and the mean
PSV was calculated. No angle correction was used with the
phased array transducers with a sample volume of Smm, as per
the SCD screening protocol.
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Fig 1. Pulsatile flow-simulating phantom
design for the measurement s accuracy.

Statistical analyses were performed using SPSS
Statistics version 21 (IBM). Spearman’s correlation
coefficients were calculated to assess the relationships
between different parameters in order to assess the strength
of the association between the two measures. Intraclass
coefficient correlation (ICC) and 95% confidence intervals
(CI) were used to measure the strength of the association
between the measurements from both pieces of equipment and
therefore the validity of the measurement. It has been stated
that ICC>0.75 implies acceptable validity.'? Bland-Altman
plots were used to estimates the agreement between TAMM
velocity measurements by determining how much the velocity
from one machine differs from another. The level of statistical
significance was defined as P<0.05.

Results

Twenty-five children were included in the study; all
had HbSS genotype. The children underwent routine steady-
state laboratory tests on the day of their scan or within two
weeks. On the day of the scan, all children were reviewed by
a clinician as part of their routine clinical assessment. This
ensured that they were well at the time of the scan. Table 1
presents demographic details of study participants.

Table 1.
Demographic details of study participants

velocities in the left MCA using the Philips IU-22. There was
no statistically significant correlation between the hemoglobin
concentration and recorded TAMM velocity. Adequate tracings
were obtained from 23 of 25 examinations of the right MCA
and 25 of 25 examinations of the left MCA. This was because
two of the subjects had poor right temporal windows, and so
velocities were not recorded from the MCA. It was noted that
the MCA was more difficult to visualize and obtain an optimal
signal with the Zonare Z-One because of the limitations of the
size of the screen and the resolution.

Table 2.

TAMM velocities recorded in the right and left MCA using Philips
1U-22 and Zonare Z-One

Spearman’s Spearman’s
correlation correlation
with age with Hb levels
Medi
N (I%)Ilia)n rho P rho p

Philips Right MCA 119 -0.111 0.651
(TAMM) 23 (110-128) -0.425 0.043
Zonare Right MCA 105 0.258 0.235
(TAMM) 23 (95-116) -0.462 0.027
?%Xﬁsl\dlaeft MCA s (1012%?30) 20.266 0.199 -0.15 0.473
Zonare Left MCA 115 0.292 0.157
(TAMM) 25 (100-125) -0.494 0.012

1IQR: Interquartile range

The velocities from the right and left MCA were
analyzed separately, and interhemispheric differences were
assessed. A statistically significant correlation between the
right and left MCA was demonstrated using both pieces of
equipment. Additionally, ICC statistics demonstrated a good
level of agreement between the two pieces of equipment; see
Table 3 for details.

Table 3.
Correlation of readings from two instruments

Spearman’s Correlation Coefficient between right and left TAMM

N velocity
Genotype HbSS 25 rho P-value
Female 14 Philips [U-22 0.675 <0.001
Median age in years (IQR) 9 (6-13) 25 Zonare Z-One 0.687 <0.001
ICC between both instruments measuring TAMM velocity in the
Median Haemoglobin in g/l (IQR) 83 (76.5-90.5) 25 right and left MCA
—

Median Height in cm (IQR) 134.5 (116.8-149.1) 22

Median weight in kg (IQR) 27.4 (19.8-38.8) 23

1QR: Interquartile range

Table 2 outlines the TAMM velocities recorded in the
right and left MCA using both scanners. The data demonstrated
a significant negative correlation between age and TAMM

1CC 95% CI
Right MCA 0.366 (-0.066-0.683) 0.005
Left MCA 0.558 (0.213-0.778) 0.001

P-value

The PSV measurements from the two ultrasound machines
and the flow-simulating phantom are presented in Table 4,
which shows the percentage error of these measurements.
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Table 4. TCCD with sample volume in the MCA using the Zonare

Descriptive statistics of PSV (cm/sec) recorded using the Philips Z-One machine and the Philips TU-22 machine are presented
1U-22 ultrasound machine with a linear and phased array probe in Images 1 and 2.
and the Zonare Z-One using a phased array probe

Philips IU-22 Phased Zonare Z-One Phased

Array Array
n 25 25
Mean+SD 83.44 +£5.55 56.64 +2.08
95% CI 81.15-85.73 58.78 - 60.50
Median (IQR) 84 (78 - 89) 59 (59 - 61)
% Error 31 53

Bland-Altman analysis (Figures 2 and 3) shows that the
velocities recorded in the right and left MCA are within the
limits of agreement, suggesting agreement between Philips . e
JU-22 and Zonare Z-One. However, the 95% confidence . M
H.lterjvals arc V.Vld.e, reﬂectmg the small Samplle SlZ.e and the Image 1. TCCD with sample volume in the MCA using the
significant variation of the differences. There is a divergence Zonare Z-One machine. Spectral waveform is enclosed in an
as the velocities increase. envelope with measurement over one cardiac cycle giving PSV,

Minimum Diastolic Velocity (MDV) and Time-Averaged Max
(TAMX) velocity.

+1.96 5D
49.7176
e
o
= " @ “
. S u
z 5
=
= 15.96 Left MCA
T —
- = Mean
g % g . |
§ > L O 3 3 SV Depth 48em
8 ——t 2 PSV 229 cmis
° _—— EDV 81.2 emis
] Mean (TCD) 130 cmis
i 1.96 SD PI{TCD) 1.13
178046 | - .
T6.5 134

Mean of Philips IU-22 and Zonare Z-One
TAMM Velocity (cmisec)

Fig. 2. Right MCA: Bland-Altman analysis: Agreement
between TAMM velocity (cm/sec) measured by Philips
1U-22 and Zonare Z-One showing the 95% limits of
agreement -17.8 to 49.8 (1.96 Standard Deviation)

Image 2. TCCD with sample volume in the MCA using the Philips

+1.06 5D IU-22 machine. Spectral waveform is enclosed in an envelope
45,6308 g with measurement over one cardiac cycle giving PSV, End
o Diastolic Velocity (EDV) and Mean (TCD) which is the TAMM
° p velocity. The sample volume (SV) depth was also recorded.
ez B o
28 |° o o . . A
T - . 84 Discussion
§ z - @ e Mean
é ;5 2 o . Moderate values of correlation between TAMM
° 1 ® velocities in the right and left MCA of children with SCD
were found, indicating little interhemispheric difference.
gl . -1.96 SD This finding is supported by a previous study.!® There was
s ' ' ' 1525 a moderate negative correlation between age and TAMM
Mea"“'.f:;:::;‘:[f:;’;:ﬂii:’f &0ne velocity, reflecting th.e. known inverse relationship between
blood flow TCD velocities and age.” However, unlike previous
g"ig. 3. L;gle‘//\f/[CA-'lBlana;Alimaj analyb‘is-['l égr;ehnsem studies,™ no significant correlation was found between
etween velocity (cm/sec) measured by Philips . : -
[U-22 and Zonare Z-One showing the 95% limits of TAMM and hemoglobin 1evels.. This may be explained by the
agreement -17.8 to 49.8 (1.96 Standard Deviation) fact that recently transfused children were not excluded from
the study, and recent transfusions can reduce flow velocity.!'>
Stroke risk categorization according to TAMM velocities in This study has demonstrated a moderate correlation
both MCAs measured in both instruments were in full agreement, in the TAMM velocity readings in the right and left MCA

and all readings were normal in the 25 study participants. between the two ultrasound machines in children with SCD.
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This indicates an association between the TAMM velocities
but does not necessarily imply agreement.'®

Several factors may explain minor differences in
readings between the two instruments. Firstly, it is recognized
that TCCD ultrasonography does have limitations because
it is operator-dependent. The difference between the two
machines may be accounted for by minimal differences in
probe position and sample volume placement, resulting in
significant differences in velocity measurements.'” This may
account for some discrepancy in the readings; however, the
effort was made to minimize this by measuring the velocity
at the same sample volume depth in the vessel. Variability in
velocity measurements can be introduced because velocity
measurements depend on the site where a particular vessel
segment is sampled, and the blood flow distribution may not be
uniform across curved and tortuous arteries.!” Discrepancies
can be due to different sampling sites as the distribution of
blood flow across the artery may not be uniform and there are
variations in anatomy and tortuosity of the MCA.("D

No angle correction was used during this study as it is
assumed that the angle of insonation between the ultrasound
beam and the direction of the blood flow in the MCA is close
to 0° so that the velocity can be measured accurately.!®
However, differences in anatomy of the vessels may introduce
variability and errors. TCCD allows for visualization of the
vessels and placement of the sample volume to try to keep the
site of sampling the same. However, human error could have
been a factor due to the differences in the machines. On the
Zonare Z-One portable machine, the operator rated the ease
of obtaining the TAMM velocity measurement in the MCA
in terms of the adequacy of view of the circle of Willis and
visualization of the distal MCA. The study carried out by Lui
et al. found that the waveform display size was important and
could be a factor when using the Zonare Z-One as the display
size and resolution are not comparable to the Philips 1U-22.
The transducers are of similar size so that the positioning in
the temporal window was consistent.!”

The MCA was chosen for the comparison because
previous studies have suggested that there is less variation
in velocities obtained in this vessel due to its anatomy and
position relative to the ultrasound beam.>*” The measurement
of the Doppler shift is dependent on the flow velocity and the
angle of insonation. In this situation, the insonation angle is
unknown but is assumed to be close to zero due to the anatomy
of the MCA. Angle-corrected TCCD velocities are not widely
used because it has been suggested that they can overestimate
the risk of stroke.

The examinations were performed by the same
operator, which removed inter-operator variability. The gain
was adjusted to ensure optimal signal-to-noise ratio with the
precise automatic tracing of the waveforms, and no manual
measurements of velocity were made during the study. We
thought that this was less time-consuming as well as more
precise and consistent. This adjustment did not vary between
machines in an effort to reduce discrepancies in velocity
measurements. However, it is not known if there is any
discrepancy between the automatic tracing features of the
ultrasound machines, so this may need further investigation.

Velocity measurements may also be influenced by inherent
differences in signal processing.

Although the machines were shown to significantly
correlate, Bland-Altman analysis demonstrated wide lines of
agreement and variation in differences. It also suggested that
as TAMM velocities increase, the variation may also increase.
Only one value was greater than two standard deviations,
indicating that the repeatability is acceptable.

However, the direct comparisons must be treated with
caution. This study focused on the agreement between the
two ultrasound machines, rather than the accuracy of the
portable ultrasound machine itself. Philips 1U-22 was the
assumed standard; however, the phantom showed that this
standard may also underestimate velocities (data not shown).
Further investigation of these differences may require a string
phantom, which produces a well-defined velocity®) and is
recommended for annual quality control by the Institute of
Physics and Engineering in Medicine.®?

Physiological factors in the children, such as CO, and
hemoglobin, were minimized by performing the measurements
on the same day to reduce hemodynamic and hematological
differences. However, it should be taken into account that the
study was performed such that the examination on the Zonare
Z-One was carried out after the examination using Philips TU-
22. Some of the children were becoming restless during this
second examination and may have reduced the opportunity to
optimize the examination.

A further limitation is the relatively small sample size
in the study, which was related to the difficulties of recruiting
children with SCD. However, we believe that our sample was
sufficient to provide a valid comparison of the machines. The
examinations were performed by the same operator, which may
be seen as a limitation because the individual may have been
more proficient with a particular machine and was not blinded
to the velocities recorded during the previous examination.

Conclusion

The purpose of this pilot study was to evaluate the
use of a portable ultrasound machine by comparison with
an established, laboratory-based ultrasound machine. Both
machines were found to underestimate PSV using a flow
phantom. This study demonstrated complete agreement in
stroke risk categorization between the two instruments. As a
pilot study, it confirms the feasibility and clinical significance
of this investigation. The children identified to be at a higher
risk by Philips IU-22 were not identified by Zonare Z-One. A
larger sample size with a greater range in TAMM velocities is
needed to investigate further the correlation between different
ultrasound machines at extremes of measurement, such as
very high or very low velocities. Further evidence is needed
to establish the implications these differences may have on
screening.
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