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Abstract 

Background: Sickle cell anemia (SCA) is the leading cause of childhood stroke. We aimed to evaluate whether 
altered cerebral flow velocities, as measured by transcranial Doppler (TCD), are associated with vaso-occlusive compli-
cations in addition to stroke in pediatric SCA patients.

Methods: We evaluated 37 children aged between 2 and 16 years with SCA who underwent screening for TCD 
between January 2012 and October 2018. Genotypic profiles and demographic data were collected, TCD examina-
tions were performed during follow-up, and the presence of sickling crises was compared. Survival analyses were 
performed using simple frailty models, in which each predictor variable was analyzed separately in relation to the 
occurrence of a sickling crisis.

Results: The variables related to sickle cell crises in the univariate analysis were peak systolic velocity (PSV) in the 
middle cerebral artery (MCA), hazard ratio (HR) 1.01 (1.00—1.02) p = 0.04; end-diastolic velocity (EDV) in the MCA, 
HR 1.02 (1.01—1.04) p = 0.01; time average mean maximum velocity (TAMMV) in the basilar artery (BA), HR 1.02 
(1.00—1.04) p = 0.04; hemoglobin, HR 0.49 (0.38—0.65) p < 0.001; hematocrit, HR 0.78 (0.71—0.85) p < 0.001; leukocyte 
counts, HR 1.1 (1.05—1.15) p < 0.001; platelets counts, HR 0.997 (0.994—0.999) p = 0.02; and reticulocyte numbers, HR 
1.14 (1.06—1.23) p < 0.001.

Conclusions: Our results indicate PSV and EDV in the MCA and TAMMV in the BA as markers of risk for the occurrence 
of sickling crises in SCA.
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Background
Sickle cell anemia (SCA) is caused by abnormal beta-
globin alleles that carry a sickle cell mutation within the 
HBB gene (Glu6Val, βS). It is one of the most common 
monogenic disorders in hematology [1]. Approximately 

300,000 children worldwide are born with SCA each year 
[2]. The main theory for the evolutionary emergence of 
the disease is that the mutation leading to the sickling of 
red blood cells protects against the effects of malaria [3]. 
Demand for health services and hospitalizations among 
these patients is frequent. In the United States, an esti-
mated one billion dollars is spent annually on SCA [4].

The pathophysiology of SCA is related to structural 
alterations that occur in sickle shaped red blood cells 
(HbS). This is a variant of normal adult hemoglobin 
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(HbA) [2]. The clinical manifestations of SCA are mul-
tisystemic and begin within the first few months and 
years of life. SCA involves chronic complications, such 
as cognitive impairment, pulmonary hypertension, and 
retinopathy, as well as complications related to disease 
treatment, such as cirrhosis (due to iron accumulation). 
Complications are primarily associated with injuries 
caused by ischemia, hypoxia, and tissue inflammation, 
leading to acute and chronic involvement of target organs 
(Additional File 1). These hurdles lead to substantial 
impairments in patients’ quality of life [5].

Chronic complications of SCA may be related to the 
pathophysiology and/or treatment of the disease. Pathol-
ogy is caused by chronic vascular injury resulting from 
tissue hypoxia-reperfusion, hemolysis, sustained anemia, 
vascular occlusion, endothelial erythrocyte adhesion, 
and/or chronic inflammation (Additional File 2) [3]. Chil-
dren with SCA have a 300-fold increased risk of stroke, 
making it the most common cause of childhood stroke 
[6–8]. In the long term, stroke can lead to physical and 
cognitive disability [3]. The risk of stroke in these patients 
is related to the time average mean maximum veloc-
ity (TAMMV) in the middle cerebral arteries and the 
intracranial terminal internal carotid artery [8]. Adams 
et  al. used these measures to develop a follow-up pro-
tocol with transcranial Doppler (TCD) for patients aged 
2—16 years, and indications for blood transfusion aim to 
reduce HbS and TAMMV. This protocol reduces the risk 
of stroke by approximately 90% in these patients [8].

The TCD screening protocol proved to be effective and 
reproducible [9]. The flow rates evaluated by TCD were 
correlated with severity of anemia [10]. Similarly, low 
hematocrit and hemoglobin levels were associated with 
complications of the disease [11]. It is therefore interest-
ing to assume that changes in the velocities identified 
by TCD examination may reflect the severity of SCA. 
However, the ability of the TCD examination to predict 
a higher risk of SCA complications outside the central 
nervous system, remains to be determined.

Although very efficient in preventing stroke, the 
TCD screening protocol is poorly implemented, even 
in resourceful countries. Less than 50% of children in 
Europe receive annual TCD examinations [12]. In a sur-
vey conducted at 28 sites using annual TCD screenings, 
differences in the stroke prevention practices demon-
strated the real-world challenges from translation of tri-
als into clinical practice [13]. However, evaluation of flow 
velocities in the intracranial arteries by TCD screening is 
effective for stratifying stroke risk, allowing for prophy-
lactic blood transfusions. Examination results are corre-
lated with the severity of the anemia and vasculopathies 
resulting from SCA. Estepp et  al. demonstrated that an 
increase in Hb concentration is a strong influencer of 

TAMMV reduction [14]. Hemolysis indicators, such as 
reticulocyte counts and bilirubin levels, correlate signifi-
cantly to TCD velocities [15]. However, any relationship 
between flow velocities and adverse events outside the 
nervous system has not been well established.

In view of these questions, the objectives of this 
study were: 1) to evaluate and describe the relationship 
between the flow velocities measured by TCD and the 
occurrence of sickling crises and 2) to evaluate the asso-
ciation between the presence of abnormal TCD examina-
tion results and occurrence of vaso-occlusive syndromes. 
The main hypothesis stated that assessment of flow 
velocities in the intracranial arteries using TCD may pre-
dict an increased risk of sickling crises.

Methods
Study design, setting, and participants
This was a retrospective cohort study of patients with a 
genetic diagnosis of SCA, aged between 2 and 16 years, 
who visited the hematology outpatient clinic of Botucatu 
Medical School  (UNESP) from January 2012—October 
2019. All patients between 2 and 16  years of age have 
been undergoing screening with TCD since 2010 at the 
neurosonology clinic, under the direction of the vascular 
neurology services. Patients underwent blood transfusion 
treatments according to international recommendations 
[16]. There is a specific outpatient clinic in the hematol-
ogy service at the Botucatu Medical School (UNESP) 
that monitors patients with hemoglobinopathies, includ-
ing children with SCA. In both the blood center and in 
a TCD clinic, patients are examined using the Stroke 
Prevention Trial in Sickle Cell Anemia (STOP) protocol 
[16]. This study was approved by the Ethics Committee of 
the Research of the Botucatu Medical School (reference 
number: 2,492,335). Parents of the participants signed 
the informed consent form, while children verbally 
agreed to the assent form.

Variables
The outcomes were TAMMV values and episodes of 
sickle cell crises that occurred during the follow-up 
period. The following covariates were considered: sex, 
age, genotype, prescriptions for hydroxyurea, prescrip-
tions for prophylactic transfusions, hemoglobin levels, 
leukocyte numbers, and platelet counts.

Data sources and measurement
Clinical, radiological, and laboratory data were extracted 
from medical records. The flow velocities of the cer-
ebral arteries were evaluated from the files stored in the 
TCD device the Doppler Box Model, manufactured by 
Deutschen Wasserball-Liga in Germany. Episodes of 
sickle cell crises were defined by the attending physician 
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at the time of the event, utilizing data from medical 
records. Descriptions of the types of crises assessed are 
shown in Additional File 3. Prescriptions for blood trans-
fusions and hydroxyurea were evaluated, regardless of 
whether they were prescribed for stroke prophylaxis or 
for other clinical indications.

Evaluation protocol with TCD
Examinations were performed with a Doppler device, the 
TCD Doppler Box from Deutschen Wasserball-Liga (Sin-
gen, Germany), using a 2-MHz probe and QL Doppler 
software version 3.3. The test was performed on Mon-
day mornings, with baseline hemoglobin routinely col-
lected prior to TCD examination. Blood pressure, axillary 
temperature, and heart rate were also measured prior to 
the examination. If the patient had a fever, the examina-
tion was not performed, as arterial flow velocities could 
be altered. Biparietal diameter measurements were per-
formed to assess the ideal positions of the evaluated cer-
ebral arteries.

The children were placed in a supine position with 
parents and/or companions in attendance. The proce-
dure was initiated with a middle transtemporal window 
to evaluate the velocities of the proximal branches of 
the middle, anterior, and posterior cerebral arteries. The 
entire length of the arteries was evaluated at 2 mm inter-
vals, and the flow velocities were recorded using at least 
two speeds, or more in cases of stenosis. The vertebral 
and basilar arteries were evaluated through the transfo-
raminal window. The ophthalmic window was only used 
to evaluate the flow in the ophthalmic arteries and the 

carotid siphon, if the examination suggested proximal 
stenosis of the internal carotid artery.

The STOP protocol
In Brazil, the Decree No. 473/2013 of the Ministry of 
Health established a protocol for the use of TCD as an 
outpatient procedure for the prevention of stroke in 
patients with sickle cell disease. Patients were followed 
up according to this screening protocol with TCD [11]. 
The protocol is presented in Table 1.

Blood transfusion is performed monthly to maintain 
an HbS < 30% of the total hemoglobin, a hemoglobin 
level of 12 g/dL (preferably approximately 10 g/dL), and 
a hematocrit of approximately 36%. The transfusion pro-
tocol is maintained until the patient reaches 16 years of 
age. Certain patients with normalized TAMMV values 
after transfusions, who had difficulties or complications 
following the monthly treatment (such as an inability 
to attend hospital for treatment), had their treatment 
changed to hydroxyurea. Additionally, some patients 
used hydroxyurea after peripheral vaso-occlusive epi-
sodes and/or acute chest syndrome, as assessed by 
Doppler.

Statistical analysis
Categorical variables are presented as absolute numbers 
and proportions. Continuous variables are presented as 
means and standard deviations when they had normal 
distributions or as medians and interquartile intervals 
when the distribution was asymmetric. Evaluation of 
normality of the distribution of continuous variables was 

Table 1 Follow-up TCD Protocol for Stroke Prevention in 2 —6 Year Old SCA Patients

TCD Transcranial Doppler, TAMMV Time average mean maximum velocity, SCA Sickle cell anemia. Adapted from Ordinance No. 473, of April 26, 2013, Ministry of Health

Transcranial Doppler Result TAMMV (cm/s) in Middle Cerebral Artery Periodicity of Examination

Absence of window –- Use another imaging method to analyze the stroke risk

Technical difficulty due to 
lack of cooperation

–- Repeat every three months, if possible, by another examiner

Low TAMMV Less than 70 Repeat after one month, if you continue to use another imaging method 
to analyze the stroke risk

Normal Less than 170 Repeat annually

Low conditional Between 170 and 184 Repeat every three months. In the case of subsequent normal results, the 
normal group’s conduct should be adopted

High conditional Between 185 and 199 Repeat monthly. In cases of unchanged examinations, it is recommended 
to repeat every three months. In cases of two atypical examinations, it is 
recommended to discuss the stroke risk and to consider a chronic transfu-
sion regimen

Abnormal Greater than or equal to 200— 219 Repeat monthly. If the value remains > 200, it is recommended to discuss 
the risk of stroke and consider a chronic transfusion regimen. If the result 
decreases to 170–199, repetition in one month is recommended, if high 
conditional (between 185 and 199); or in 6 months, if low conditional 
(between 170 and 184). If the result is normalized (< 170), an annual 
repetition is recommended

Greater than or equal to 220 Discuss imminent stroke risk and consider a chronic transfusion regimen
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based on analysis of their histograms and quantile–quan-
tile plots [17].

We used a shared frailty survival model with a gamma 
distribution, in which individuals were the random 
effects component of the model [12]. The decision to use 
this approach for regression analyses was based on the 
following arguments. First, the main outcome of interest 
was the occurrence of recurrent events (i.e., vaso-occlu-
sive syndromes). Second, because TCD was performed 
on several occasions during follow-up of the participants, 
a statistical model that allowed for time-varying variables 
and covariables was required. Survival analyses were 
performed using simple frailty models, in which each 
predictor variable was analyzed separately in relation to 
the occurrence of a sickling crisis, with time measured in 
days.

Additionally, we performed multivariable analyses in 
which frailty models involving the same outcome variable 
and one of the variables related to the TCD results were 
adjusted for the following covariates: sex, age, genotype, 
hydroxyurea prescription, prophylactic transfusion pre-
scription, hemoglobin levels, number of leukocytes, and 
number of platelets in peripheral blood samples. All anal-
yses were performed using the software R (version 3.6.2), 
(R Core Team 2019); a two-tailed alpha value of 0.05 was 
adopted for statistical significance.

Results
Demographic characteristics
Thirty-seven children who underwent TCD examina-
tion were followed up. Table 2 presents the demographic 
data, genotypes, age at the initiation of treatment, num-
ber of TCD examinations performed, and follow-up time 
for the included patients. Patients with homozygosity 
for HbS constituted 50% of the sample, with thalassemia 
co-occurrence the second most common genotype. Four 
patients received prophylactic blood transfusions and 
two received blood transfusions at the beginning of the 
evaluation.

Frequency distribution of vaso‑occlusive syndromes
Acute chest syndrome was the most common form of 
vaso-occlusive syndrome (42.9%). Crises secondary to 
infectious processes were responsible for another third 
of the total number. While there were no cases of stroke 
among the study patients, Table 3 presents the frequen-
cies of the types of sickling crises.

Outcomes analysis
The relationships between the speeds measured by 
the TCD examinations, pulsatility indices (PI), and the 

relationship between these variables and the occur-
rence of sickling syndromes, were studied. All genotypes 
studied were related to a lower risk of sickling than the 
SS genotype (homozygosity for hemoglobin S). Univari-
ate analyses findings are illustrated in Table 4. When the 
velocities were studied as continuous variables, we found 

Table 2 Clinical/Demographic Characteristics of 37 Children 
with SCA Assessed with TCD

SCD Sickle cell disease, TCD Transcranial Doppler, SS: Homozygous for HbS; 
Sβ: Heterozygosity for HbS and beta thalassemia; SC: heterozygosity for HbS 
and HbC; FS: heterozygosity for HbS and persistence of fetal hemoglobin; Sα: 
heterozygosity for HbS and alpha thalassemia; Q1: First quartile; Q3: Third 
quartile; HCFMB Hospital das Clínicas, Faculty of Medicine of Botucatu. The 
results are presented as numbers and percentages or medians and percentiles

Variables

Gender, N (%)
 Male 28 (75.0%)

 Female 9 (25.0%)

Age, N (%)
 Median (Q1, Q3) 4.00 (2.0–10.0)

Genotype N (%),
 SS 19 (51.3%)

 Sβ 8 (21.6%)

 Sα 1 (2.7%)

 FS 5 (13.5%)

 SC 4 (10.8%)

Years of follow‑up
 Median (Q1, Q3) 6.00 (5.00–7.00)

No. TCD performed
 Median (Q1, Q3) 4.00 (2.00–5.00)

TCD screening, N (%)
 Conditional 8 (21.6%)

 Altered 1 (2.7%)

Treatment
 Hydroxyurea 14 (37.8%)

 Prophylactic transfusion 4 (11.8%)

Table 3 Frequency distribution of vaso-occlusive syndrome 
types

Episodes of Sickling Crises N (%)

Splenic infarction 1 (2.4%)

Bone infarction 5 (11.9%)

By infection 13 (31.0%)

Priapism 1 (2.4%)

Pain syndrome 1 (2.4%)

Splenic sequestration 2 (4.8%)

Hepatic sequestration 1 (2.4%)

Acute chest syndrome 18 (42.9%)

Stroke 0 (0.0%)
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an increased risk of sickle cell crises when there was an 
increase in the following: peak systolic velocity (PSV) 
[hazard ratio (HR): 1.01; 95% confidence interval (CI95%) 
1.00—1.02; p = 0.04], end-diastolic velocity (EDV) in the 
middle cerebral artery (MCA) (HR: 1.02; CI95% 1.01—
1.04; p = 0.01), and TAMMV in the basilar artery (BA) 
(HR, 1.02; CI 95% 1.00—1.04; p = 0.04).

Reduction in hemoglobin (HR, 0.49; CI 95% CI: 
0.38—0.65; p < 0.001), hematocrit (HR: 0.78; CI 95%: 
CI 0.71—0.85; p < 0.001), or platelets (HR: 0.99; CI 95% 
0.997—0.999; p = 0.02), as well as an elevation of leu-
kocytes (HR: 1.1; CI 95% CI 1.05—1.15; p < 0.001) and 
reticulocytes (HR: 1.14; CI 95% CI: 1.06—1.23; p < 0.001) 
were associated with increased risk of vaso-occlusive 
syndrome.

Associations between TCD analyzed variables and 
vaso-occlusive syndromes in patients with SCA are 
described in Table 5.

Discussion
In our study, the PSV, EDV, and TAMMV were associ-
ated with occurrence of sickling crises in children with 
SCA (after univariate analysis). Importantly, Table  4 
results regarding univariate associations between the 
various flow velocities and the hazard of sickling crises, 
refers to increases of 1 cm/s in Doppler measurements. A 
hazard ratio of 1.02 was estimated for EDV in the MCA, 
and is equivalent, on average, to a 20% increase in the risk 
of experiencing a sickling crisis. The increase of 10 cm/s 
in the EDV is highly clinically relevant.

Although multivariate analysis did not show independ-
ent associations between TCD parameters and sickling 
crises, univariate analyses indicated that PSV, EDV, and 
TAMMV may be considered markers of sickling cri-
sis risk. PSV has been suggested as the most sensitive 
variable for stenosis diagnosis via magnetic resonance 
imaging of cerebral vessels [18], and the PSV and EDV 
present a collinear relationship with variations in mean 
flow velocities [19]. In our study, the PSV and EDV were 
more sensitive than average flow velocities for diagnosis 
of vaso-occlusive syndromes.

Flow velocities in cerebral arteries measured by TCD 
show an inverse relationship with hemoglobin and hema-
tocrit levels [19]. Low hematocrit and hemoglobin levels 
are associated with low blood viscosity [20]. They are also 
associated with an increased risk of stroke, kidney dis-
ease, pulmonary vasculopathy, and mortality [21]. The 
pathophysiology of SCA complications, mainly vaso-
occlusive syndromes, is closely related to hemolysis, vas-
culopathy, and chronic anemia [22]. Although TAMMV 

Table 4 Univariate Survival Analyses using a Proportional Hazard 
Frailty Model for Vaso-occlusive Syndrome Outcome

TAMMV Time average mean maximum velocity, MCA Middle cerebral artery, 
PSV Peak systolic velocities, EDV End-diastolic velocity, BA Basilar artery, Hb 
Hemoglobin, Ht Hematocrit; SS: Homozygous for HbS; Sβ: Heterozygosity 
for HbS and beta thalassemia; SC: Heterozygosity for HbS and HbC; FS: 
Heterozygosis for HbS and persistence of fetal hemoglobin; Sα: Heterozygosity 
for HbS and alpha thalassemia

Predictor Variable HR CI 95% P

Doppler TAMMV conclusion

 Normal - - -

 Intermediate 1.97 0.64—6.07 0.24

 Altered 0.89 0.09—8.84 0.92

Doppler TAMMV conclusion

 Normal - - -

 Intermediate or altered 1.67 0.60—4.78 0.33

 TAMMV Doppler (continuous 
variable)

1.01 1.00—1.02 0.06

 Pulsatility index 0.21 0.01—4.71 0.33

 Doppler PSV (cm/s) MCA 1.01 1.00—1.02 0.04
 Doppler EDV (cm/s) MCA 1.02 1.01—1.04 0.01
 Doppler TAMMV (cm/s) BA 1.02 1.00—1.04 0.04
 Sex 0.73 0.26—2.05 0.55

 Age 0.98 0.90—1.08 0.74

Genotype

 SS - - -

 Sβ ou Sα 0.27 0.09—0.83 0.02
 FS 0.14 0.03—0.64 0.01
 SC 0.01 0.16—2.31 0.47
 Hydroxyurea 1.77 0.82—3.83 0.15

 Prophylactic transfusion 1.04 0.27—4.05 0.95

 Hb 0.49 0.38 —0.65  < 0.001
 Ht 0.78 0.71—0.85  < 0.001
 Leukocytes 1.1 1.05—1.15  < 0.001
 Platelets 0.997 0.994—0.999 0.02
 Reticulocytes 1.14 1.06—1.23  < 0.001

Table 5 Association between the variables analyzed by TCD and 
vaso-occlusive syndromes in patients with SCA (n = 37)

HR Hazard ratio, CI Confidence interval, SCA Sickle cell anemia, TCD Transcranial 
Doppler, TAMMV Time average mean maximum velocity, MCA Middle cerebral 
artery, PSV Peak systolic velocity, EDV End-diastolic velocity, BA Basilar artery; 
aMultivariable Survival analyses using a shared frailty model adjusted for 
sex, genotype, hydroxyurea prescription, prophylactic blood transfusion, 
hemoglobin, leukocytes, and platelets

Variablea HR CI95% p

TAMMV MCS (cm/s) 1.00 0.99—1.01 0.84

PSV MCA (cm/s) 1.00 0.99—1.01 0.72

EDV MCA (cm/s) 1.02 1.00—1.04 0.08

TAMMV BA (cm/s) 1.00 0.97—1.03 0.85

TAMMV altered 0.46 0.05—4.09 0.48

TAMMV conditional or altered 0.90 0.33—2.43 0.83

Pulsatility Index 0.18 0.01—4.43 0.30
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was used in the STOP protocol (as there is a collinear 
relationship between PSV and EDV), we thought that 
these variables could generate additional data and allow 
us to evaluate any correlations with more severe anemia 
or complications of SCA. Elevated levels of PSV, EDV, 
and TAMMV are markers of “hemodynamic stress,” as is 
TAMMV evaluated in the MCA or ICA.

SCA is the main hemoglobinopathy [3] affecting popu-
lations with greater socioeconomic vulnerabilities [23] 
and a reduced quality of life [24, 25]. Follow-up meth-
ods that can predict a higher risk of these complications 
are essential. TCD is an inexpensive and non-invasive 
method that has previously been incorporated into the 
follow-up of patients with sickle cell disease. Increased 
flow velocities assessed by TCD were related to high 
risk of stroke. With implementation of a serial transfu-
sion protocol guided by these velocities, it is possible to 
reduce the risk of complication by 90% [8].

The flow velocities measured by TCD in the cerebral 
arteries showed an inverse relationship with hemoglobin 
and hematocrit levels [26]. They were also associated 
with increased risk of stroke, kidney disease, pulmonary 
vasculopathy, and mortality [11]. The pathophysiology 
of SCA complications, especially vessel occlusive syn-
dromes, is closely related to chronic hemolysis, vasculop-
athy, and anemia [20, 27].

In our study, we found only a small number of patients 
with abnormal TCD examination findings which may 
have impaired associations. Only one patient had a 
TAMMV of > 200  cm/s, and we did not observe stroke 
occurrence in any of our patients during the follow-up 
period. These data differ from those reported by Adams 
et  al. [8]; however, they corroborate the results from 
other authors with cohorts of TCD monitored patients 
[28, 29]. Additionally, a significant number of patients 
used a prophylactic therapy such as hydroxyurea or blood 
transfusions. These treatments relate to a reduction in 
both cerebral flow velocities [30–32] and complications 
from sickling syndromes [6, 33]. Unexpectedly, there was 
no association between hydroxyurea use or prophylactic 
blood transfusions and reduction in sickling crises.

PI analysis did not show a relationship with the studied 
outcome variables. This variable reflects vascular resist-
ance and tends to change with age, possibly contributing 
to the results in ours and other cohort studies [34]. Older 
patients may show greater changes in this variable.

Interestingly, no patients were diagnosed with stroke 
during our study period. Despite the small sample 
number of patients, cerebrovascular events were esti-
mated in up to 11% of patients [7]. These data show the 
efficiency of current treatments and the TCD follow-
up protocol, despite the difficulties faced by our health 

system. The most common complications were acute 
chest syndrome and sickling crises due to infection. 
These complications are associated with high morbid-
ity and mortality [1, 20, 35]. Treatments, such as blood 
transfusions and hydroxyurea, reduce acute chest cri-
ses and vaso-occlusive syndromes [36, 37]. Thus, more 
rigorous follow-up with TCD could benefit patients by 
initiating these treatments earlier.

Regarding genotypes, homozygosity for HbS pre-
sented an increased risk of crises when compared to all 
other evaluated subtypes. This corroborates previous 
findings and shows a greater severity of the SS genotype 
[2]; it is also related to the higher speeds in TCD exami-
nation in other studies [10, 32]. Unfortunately, many 
patients do not begin follow-up, begin follow-up late, 
or abandon follow-up altogether. In a cohort of patients 
from São Paulo, the mean age of follow-up onset was 
9  years [29]; this was much greater than in our study 
where the mean age of follow-up onset was 4  years. 
Reeves et  al. reported TCD screening in only 30% of 
patients [38]. In our cohort, patients began follow-up at 
4 years of age and had an average follow-up of 6 years, 
with four examinations. That is, the examinations 
began late, and the patients underwent less than one 
examination per year, leaving follow-up prematurely.

TCD screening for patients with SCA is included in 
the American National Institute of Health and British 
National Health System guidelines, and there are many 
experiences in other countries and populations that 
show clear benefit and feasibility [39–41]. However, 
implementation of these protocols is far from ideal. 
Overburdening children and families with appoint-
ments, not including TCD in routine hematological 
visits, and poor understanding of TCD usefulness for 
prevention of serious complications are usually iden-
tified as barriers to treatment [40]. Education for staff 
and parents and same day TCD examinations and con-
sultations are suitable approaches to overcome these 
problems.

This study had a few limitations. This was a retrospec-
tive cohort study with few patients from a single center. 
However, this was a real-life study, with patients fol-
lowed according to the not-always-optimal conditions 
found in the public health system. Awareness and dis-
semination of TCD technology is beneficial to patients 
with SCA. The examination is inexpensive, non-inva-
sive, and directly related to the pathophysiology of the 
disease. New studies using this method can add great 
benefit to patient treatment without associated mor-
bidity or additional burdens on the health care system.



Page 7 of 8Modolo et al. BMC Pediatrics          (2022) 22:368  

Conclusions
Our results highlight peak systolic and end-diastolic 
velocities, measured in the MCA and the TAMMV of the 
BA. These can be used as markers of risk for occurrence 
of sickling crises in SCA. The examination is inexpensive, 
non-invasive, and directly related to disease pathology. 
Future studies should confirm our findings and examine 
the use of TCD to prevent sickling crises.
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