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Abstract
Manual erythroexchange (MEEX) was proven to be effective and safe in the management of sickle cell disease (SCD). The goal
is to quickly reduce the percentage of hemoglobin S (HbS%). A national survey of the Italian Society for Thalassemia and
Hemoglobinopathies (SITE) observed a great variability among MEEX protocols none of which were found to be predictive of
the values ofHbS% and hemoglobin (Hb) after the exchange. Two equations to estimate theHbS% andHb values to be obtained
after MEEX were developed based on the results of the MEEX procedures in place in the centers participating in the present
study. A standard protocol was subsequently defined to evaluate the volumes to exchange to obtain the target values ofHbS%and
Hb. The protocol was tested in 261 MEEX performed in SCD patients followed in the 5 participating centers that belong to the
Italian Hemoglobinopathy Comprehensive Care Network, with the support of the SITE. The results showed a correlation
between the estimated and measured values of HbS% and Hb (Rp 0.95 and 0.65 respectively, p < 0.001). A negligible bias
was found for the prediction ofHbS% and a bias of 1 g/dl forHb. From consecutive MEEX, a rate of increase ofHbS% between
two exchanges of around 0.4% per day (p < 0.001) was measured. This protocol was shown to be effective and safe, as all patients
reached the target value of HbS%. All the MEEX procedures were carried out with single venous access. No adverse events or
reactions such as hypotension or electrolyte imbalance were reported nor were any complaints concerning the procedures
received from patients.
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Introduction

Sickle cell disease (SCD) is the most relevant hemoglobinop-
athy worldwide in terms of frequency and social impact and
has recently been recognized as a global public health problem

by the World Health Organization and the United Nations [1,
2]. SCD is a hereditary red cell disorder characterized by the
presence of a point mutation on the β-globin chain, resulting
in the synthesis of the pathological hemoglobin S (HbS) [3, 4]
which determines entrapment of dense, dehydrated sickle red
cells in the microcirculation [5–8], and vaso-occlusive crisis
(VOC). Hence, therapeutic strategies aimed at lowering HbS
level and reducing its negative impact are effective in
preventing andmanaging SCD-related complications [3–5, 9].

Red blood cell (RBC) transfusion represents one of the key
treatments for the management of SCD. However,
erythroexchange, both automated (AEEX) and manual
(MEEX), has advantages over RBC transfusion only, as can
lower HbS% quicker, with less risk of hyperviscosity and a
reduced or even no iron overload. The UK 2018 clinical care
standards for adults with SCD [10–12] state that all hospitals
that admitting SCD patients should have protocols and train-
ing in transfusion for SCD in place, including MEEX
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procedures in emergency departments. MEEX requires mini-
mal specialized equipment and little staff training, so that also
in terms of cost-effectiveness it is a procedure that could be
made much more widely available than AEEX. The latter,
although with advantages in terms of clinical outcomes (faster
reduction of HbS%, longer interval between procedures) and
time needed, is not so widely available, and it is problematic in
small-weighted children [13].

A national survey by the Italian Society for Thalassemia
and Hemoglobinopathies (SITE) (unpublished data) con-
firmed what reported by others [9, 14, 15] on the use of a
number of different protocols for MEEX among specialized
centers. Although relatively simple, cheap, and effective, the
procedures for MEEX have not yet been standardized [16],
and a wide variability in their implementation and results has
been reported [10, 15]. Moreover, none of the protocols in-
clude a formula to predict the value ofHbS% and Hb after the
exchange. To our knowledge, while methods to estimate
HbS% after RBC transfusion only [17] or the number of
RBC units to exchange in AEEX [18] have been reported,
there is still no method to predict the reduction in HbS% fol-
lowing MEEX available, in spite of its potential usefulness in
the management of SCD patients.

We report the results of amulticenter study aimed at defining
a standardized protocol to evaluate the volumes to be ex-
changed to obtain the target values of HbS% and Hb and pro-
vide attending physicians with an effective and safe tool to plan
treatment according to defined therapeutic targets (i.e., the de-
siredHbS% reduction andHb).We also describe a standardized
MEEX procedure including twomathematical equations for the
predictive estimation of HbS% and total Hb after MEEX.

Material and methods

Study design and methods

The results of MEEX performed in one of the centers participat-
ing in the present study [19] were used to develop a formula to
estimateHbS%andHb afterMEEXand subsequently to develop
a protocol to evaluate the volumes to be exchanged to obtain the
desired values ofHbS%andHb. ThisMEEXprocedure has been
used in the aforementioned center for the last 35 years to perform
over 1000MEEX,with no significant adverse events or reactions
[19]. The same center coordinated the study.

A prospective studywas designed involving 5 centers belong-
ing to the Italian Hemoglobinopathy Comprehensive Care
Network to test the protocol. The coordinating center received
the patient data (age, sex, weight, height,Hb, andHbS% record-
ed on the day of the exchange) and indicated the volumes to be
exchanged according to the target values of HbS% and Hb.
When possible, the HbS% is 30% or less [4, 20–22] and a re-
duction of 15–20% is usually chosen when the values of HbS%

before theMEEX are greater than 50%. The target value ofHb is
chosen in order to avoid post-transfusion hyperviscosity [20, 21,
23]. Post-MEEXHbS% andHbwere measured 1 h after the end
of the procedure. All data were sent to the coordinating center for
processing. The measurement of HbS% was measured by high-
performance liquid chromatography (HPLC) using the β-
Thalassaemia Short Program in VARIANT (VARIANT; Bio-
Rad Laboratories, Hercules, CA, USA). MEEX was performed
with single venous access as reported by Forni et al. 2010 [19]. A
standard procedure is reported in Table 1, considering the hemat-
ocrit (Ht) of the RBC units transfused equal to 60%, in accor-
dance with reference guidelines and standards [24].
Figures reported in Table 1 should be rescaled according to Ht
value. Iron overload in patients was assessed by magnetic reso-
nance imaging T2* (MRI) [25].

Patients

The study population consisted of a total of 46 patients affected
by SCD, both homozygote HbSS and HbS-Thalassemia follow-
ed in the 5 participating centers where the MEEX procedures
were carried out. MEEX performed both in chronic and acute
therapeutic regimen were considered for analysis. The study was
approved by all the local ethics committees, and all SCD patients
included in the study gave written informed consent.

Relationship between blood volumes to be removed
and transfused and HbS% and Hb after exchange

Hemoglobin S percentage and Hb concentration after MEEX
(HbS%POST,HbPOST) can be calculated based on the volumes
exchanged during the procedure. HbS%POST is calculated as
the ratio between the total amount ofHbS and the total amount
of Hb after MEEX. HbPOST is calculated as the ratio between
the total amount of Hb and the blood volume (BV) after
MEEX, net of the volumes of phlebotomy, transfusion, and
hydration. The blood volume before the exchange (BVPRE)
was calculated according to reported formulas [17, 26–29]
using patient age, sex, and weight. For patients under 12 years
of age, the BV was calculated at 75 ml/kg [26, 27]; for ado-
lescents (older than 12 years) and adults, it was calculated at
70 ml/kg for males and 65 ml/kg for females [17, 27].
Appropriate correction was applied to over-weight subjects
with body mass index > 25 kg/m2 [28, 29].

With the whole blood drawn by phlebotomy (Vph), an
amount of Hb equal to (Vph ∙HbPRE) is removed from the
body, as well as a proportional amount of HbS equal to (Vph

∙HbPRE ∙ HbS%PRE), where HbPRE and HbS%PRE are the
values of Hb and HbS% before the MEEX.

On the other hand, the amount ofHb introduced with RBC
transfusion is equal to VRBC ⋅20 g

dl

� �
, where VRBC is the volume

of the RBC units transfused and 20 g
dl

� �
is the mean
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concentration of Hb per unit, estimated based on an average
Ht/unit of 60% and considering the ratio between Ht and Hb/
unit equal to 3 [24]. The total amount of Hb after the procedure
can be estimated as HbPRE⋅ BVPRE−Vph

� �þ VRBC ⋅20 g
dl

� �� �
.

Similarly, the total amount of HbS after the procedure can be
estimated as [HbS%PRE ∙HbPRE ∙ (BVPRE−Vph)].

Base on the above figures, the formula to preliminarily
estimate HbS% after the exchange turns out to be:

HbS%POST ¼ HbS%PRE⋅HbPRE⋅ BVPRE−Vph
� �

HbPRE ⋅ BVPRE−Vph
� �þ VRBC ⋅20

g
dl

� � ð1Þ

Likewise, the formula for the preliminary estimation of Hb
after the exchange is:

HbPOST ¼
HbPRE ⋅ BVPRE−Vph

� �þ VRBC ⋅20
g
dl

� �

BVPRE−Vph þ VRBC þ VHy ð2Þ

where VHy is the volume of hydration administered during the
procedure.

We evaluate the volumesVph andVRBC from the weight of the
patient and VHy according to the procedural scheme reported in
Table 1. All the volumes are then checked to respect the limits on
the maximum values of volumes to exchange depending on
whether the patient is adult or pediatric. The values of
HbS%POST and HbPOST are estimated with Eqs. 1 and 2 in order

to verify that a suitable couple of these variables is obtained. If
necessary, adjustments of the volumes to exchange are per-
formed to obtain optimal results for bothHbS%POST andHbPOST.

The MEEX protocol at a glance

A summary of the protocol is presented in the flow chart in
Fig. 1. The main steps are:

& Step #1—planning: the volumes to exchange are defined
from the procedure reported in Table 1 and from the
values of HbS% and Hb post MEEX estimated with Eqs.
1 and 2.

& Step #2—performing: theMEEX is performed with single
venous access following the guide reported in Table 1.

& Step #3—verification: the values of HbS% and Hb after
MEEX are estimated with Eqs. 1 and 2 in consideration of
the real volumes exchanged during the MEEX; these
values are compared with those measured.

Statistics

Descriptive analysis was performed with means and standard
deviations (SD) or medians and interquartile range

Table 1 Procedural scheme for Manual Erythroexchange (MEEX)

Hb pre-MEEX (g/dl) MEEX Hydration

Adult Pediatric Adult Pediatric

< 85 g/L* Only transfusion
(9–12 ml/kg)

Only Transfusion
(8–10 ml/kg)

– –

85–95 g/L
(or patient
weight < 40 kg)

STEP1: Hydration (500 ml)
STEP2: Phlebotomy

(10 ml/Kg*)
STEP3: Transfusion

(9–12 ml/kg)

STEP1: Hydration
STEP2: Phlebotomy

(6 ml/Kg)
STEP3: Transfusion

(8–10 ml/kg)

Before 1st phlebotomy:
500 ml

Before 2nd phlebotomy:
300 ml

Weight < 10 kg: 3–5 ml/kg
(infusion rate 2 ml/s)
Weight 10–20 kg:

5–10 ml/kg
(infusion rate 5–7 ml/s)
Weight 20–30: 10 ml/kg
(infusion rate 8 ml/s)
Weight 30–40 kg: 8–10

mk/kg
(infusion rate 8 ml/s)

95–100 g/L
(or patient
weight < 40 kg)

STEP1: Hydration (500 ml)
STEP2: Phlebotomy

(10 ml/Kg*)
STEP3: Transfusion

(9–12 ml/kg)

STEP1: Hydration
STEP2: Phlebotomy 8 ml/Kg
STEP3: Transfusion

(8–10 ml/kg)

>100 g/L STEP1: Hydration (500 ml)
STEP2: Phlebotomy

(10 ml/Kg*)
STEP3: Transfusion

(3–5 ml/Kg)
STEP1: Hydration (300 ml)
STEP4: Phlebotomy

(10 ml/Kg*)
STEP5: Transfusion

(3–5 ml/Kg)

STEP1: Hydration
STEP2: Phlebotomy

(5 ml/Kg)
STEP3: Transfusion

(2 ml/Kg)
STEP4: Phlebotomy

(5 ml/Kg)
STEP5: Transfusion

(4–6 ml/Kg)

*Maximum limit of single phlebotomy 700 ml, for a maximum limit of total phlebotomy of 1400 max

Transfusion volume is calculated according to hematocrit of the red blood cell unit 60%
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(IQR—25th and 75th percentile). Themeasured and estimated
values of HbS% and Hb were compared and subjected to
linear regression analysis. The Pearson correlation coefficient
Rp was used to evaluate the correlation between variables. The
methods were also compared using the Bland-Altman plots
[30, 31]. The correlation coefficients and linear fit coefficients

are reported with a 95% confidence interval (CI). Excel
(Microsoft, Seattle, WA, USA) was used for data manage-
ment. Statistical analysis was performed in R for statistical
computing and graphics [32]. Estimation of HbS% and Hb
after MEEX was performed with a tool developed using
Microsoft Excel.

Fig. 1 Flow chart representing
the protocol
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Results

A total of 261 MEEX procedures performed according to the
reported protocol were analyzed, resulting from data collect-
ed on the procedures carried out on 22 adult (64% males,
median age 42 years IQR 22–52 years) and 24 pediatric
(54% males, median age 9 years, IQR: 7–12 years) SCD
patients. Analysis included, MEEX procedures performed
both in chronic (89%) and in acute (11%) therapeutic regi-
mens. A single MEEX was documented for 27 out of 46
patients and multiple MEEX for 19 patients (median number
of procedures 7; IQR: 3–15). Table 2 reports patients’ demo-
graphics and clinical characteristics and details of the MEEX
procedures, the volumes exchanged, and Hb and HbS%
values before and after MEEX. Iron overload evaluated by
MRI is reported for 27 of the 32 patients on a chronic ther-
apeutic regimen. Twenty-two (81%) patients showed no iron
overload, with a liver iron concentration (LIC) < 3 mg/g of
liver dry weight tissue, while 5 patients (19%) had LIC
around 5 mg/g of liver dry weight tissue. No cardiac iron
overload was detected.

No adverse events or reactions, such as hypotension or
electrolyte imbalance, were reported nor were any complaints
concerning the procedures received from patients.

Fig. 2a reports the comparison between the measured
values of HbS% and those estimated by Eq. 1 utilizing the
volumes exchanged during the procedure: a high degree of
correlation between these two variables is shown [Rp = 0.95
(95% CI:0.94–0.96, p < 0.001)]. The differences between the
measured and estimated HbS% values were plotted against
their averages in a Bland-Altman plot (Fig. 2b). The mean
of differences between the measured and estimated values
(bias) is −0.5 (95% CI: −0.84 - −0.18), which corresponds to
a median agreement of 1% between estimates and post-

MEEX values (SD of distribution 2.7%). Figure 2c reports
the comparison between the measured values of Hb and those
estimated by Eq. 2, in consideration of the volumes exchanged
during the procedure: correlation coefficient between these
two variables Rp = 0.65 (p < 0.001). Figure 2d reports the
Bland-Altman plot for Hb values which detects a bias of
1.0 g/dl (95% CI: 0.9–1.1) in the preliminary estimate of Hb
(SD of distribution of the differences 0.7 g/dl). These results
show that the Eqs. 1 and 2 can be used to estimate bothHb and
HbS% after MEEX on the basis of the volumes exchanged
and patient data (age, sex, weight, height, pre-MEEXHb, and
HbS%).

Our data show that the measured variation ofHbS% before
and after the MEEX correlates with HbS% value before the
exchange (Rp = −0.41, p < 0.001). Table 3(A) reports the me-
dian decrease in HbS% for patients with HbS% pre-MEEX
greater and lower than 50%, respectively. The reduction in
HbS% was greater in the subset with pre-MEEX HbS%>
50%values (p < 0.001). Likewise, we found a correlation be-
tween measured variation of Hb and its value pre-MEEX
(Rp = −0.63, p < 0.001). Table 3(B) reports the median in-
crease in Hb for the three subsets of patients with values of
Hb before the exchange 8.5–9.5 g/dl, 9.5–10 g/dl, and > 10 g/
dl, showing that there is less variation inHb when pre-MEEX
values of Hb are greater (p < 0.001).

Furthermore, from 145 pairs of consecutive MEEX proce-
dures, it was possible to evaluate the mean increase in HbS%
between two consecutive procedures. Figure 3 plots the dif-
ferences betweenHbS%measured after theMEEX and before
the subsequent exchange as a function time laps (days) be-
tween the two procedures. Linear regression analysis (Rp =
0.64, p < 0.001) estimated an increase in HbS% over time of
0.39%/day (95% CI: 0.31–0.47). These data could help estab-
lish suitable intervals between procedures.

Table 2 Characteristics of the study population and of manual erythroexchange (MEEX) procedures. Median and interquartile range (IQR), 25th–75th
percentile, are reported for continuous variables

All Adults Children

N (M/F) 46 (27/19) 22 (14/8) 24 (13/11)

Age (yrs) 16.6 (9–38) 41.8 (22–52) 9.5 (7–12.5)

Weight (kg) 54 (30–67) 64 (55–74) 32 (23–45)

Number of MEEX 261 108 153

MEEX/ patients 1 (1–5) 2 (1–7) 1 (1–2)

Volume of phlebotomy (dl) 5 (2.5–7.7) 8 (5–13) 2.6 (2.0–3.1)

Volume of red blood cell transfused (dl) 5.1 (2.7–6.0) 5.8 (5.2–7.6) 2.8 (2.5–4.3)

Volume of hydration (dl) 2.5 (2.5–5) 5.5 (2.5–8) 2.5 (0–2.8)

Hemoglobin pre-MEEX (g/dl) 9.7 (9.0–10.6) 9.8 (9.4–10.6) 9.4 (8.8–10.4)

Hemoglobin post-MEEX (g/dl) 10.8 (10.4–11.3) 10.7 (10.4–11.1) 10.9 (10.4–11.8)

HbS% pre-MEEX 52 (43–57) 47 (41–55) 54 (48–61)

HbS% post-MEEX 38 (29–44) 35 (27–41) 39 (33–47)
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Discussion and conclusion

RBC transfusion is among the life-saving treatments for the
management of some acute events in SCD patients, such as
acute ischemic stroke, multi-organ failure, acute sickle
hepatopathy, acute chest syndrome, and acute priapism.
Moreover, it is indicated as a long-term treatment for pri-
mary or secondary prevention of acute events [13]. The
goals of RBC transfusion are the reduction of HbS% to safe
levels (< 30–50%) and improvement of oxygen-carrying
capacity. These goals must be achieved as rapidly and ef-
fectively as possible, as acute and life-threatening is the

complication, without inducing post-transfusion hypervis-
cosity that could exacerbate vaso-occlusive events. MEEX
represents the mainstay of treatment of acute events. It is
easy to perform at the patient’s bedside without specialized
equipment and is effective in rapidly reducing HbS%. All
hospitals admitting SCD patients should have protocols and
training in transfusion for SCD, including manual exchange
procedures, in place [10–12]. On the other hand, the chronic
transfusion regimen is indicated in the primary and second-
ary prevention of neurological and non-neurological com-
plications (i.e., recurrent acute chest syndrome, recurrent
priapism, pulmonary hypertension) where hydroxyurea is

Fig. 2 Comparison between the measured and estimated values of
HbS%andHb afterMEEX. (a) Regression analysis between theHbS%
estimated before MEEX (HbS%POST) and the measured value after the
MEEX. (b) Bland-Altman plot of differences between the HbS% POST

estimated before MEEX and the measured value after the MEEX versus

the mean of the two measurements. (c) Regression analysis between the
Hb estimated before MEEX (HbPOST) and the measured value after the
MEEX. (d) Bland-Altman plot of differences between the Hb estimated
beforeMEEX and the measured value after theMEEX versus themean of
the two measurements
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contraindicated, not tolerated or ineffective [13]. In the
chronic transfusion regimen, manual, or automated
erythroexchange is preferable than transfusion only, in or-
der to reduce the risk of iron overload and the subsequent
increase in mortality and morbidity in SCD patients [33,
34]. AEEX has clear advantages over MEEX in terms of
rapidity, duration of the interval between procedures, and
better control of HbS% and iron overload.

However, AEEX is limited by the need for specialized
equipment and staff, for multiple or central venous accesses,
and a considerable demand for blood. In cases in which
AEEX is not available or feasible, MEEX should always be
considered in the chronic transfusion regimen of SCD patients
due to the obvious advantages over transfusion only [13]. One
of the biggest problems encountered by physicians in adopting

MEEX in clinical practice is the lack of standardized and validated
protocols, leading to greater variability in post-MEEXHbS% and
Hb because of different treatment approaches adopted [16]. A
survey carried out in 32 academic centers in North America [15]
showed that the HbS% target during the transfusion regimen was
difficult to achieve and maintained in the clinical practice. The
same survey reported that theHbS% target was reached andmain-
tained more effectively with a unit-based MEEX protocol rather
than a weight-based approach. In spite of this, the desired HbS%
value was not reached in around half of the patients, showing the
need for substantial improvements in the MEEX protocol.
Moreover, it was proposed that achievement of the HbS% target
was affected by patient age, duration of transfusion therapy pre-
transfusion Hb value, and compliance to the transfusion regimen
[15]. In this study, we have demonstrated that the pre-transfusion
HbS% level has a significant impact on the outcome of exchange
procedures and that the rate of HbS% increase is 0.39% per day,
supporting the view that an evidence-based scheduling of transfu-
sions is among the most significant factors to be considered in
order to reach the HbS% target [15].

In this study, we tested and validated a standardized protocol
to evaluate the volumes to be exchanged to obtain the target
value ofHbS% and Hb after each MEEX. The protocol is inclu-
sive of two equations for predictive estimation of HbS% and Hb
after MEEX; the results presented showed the efficacy and ac-
curacy of Eqs. 1 and 2 in the estimation of both Hb and HbS%
after MEEX on the basis of the volumes exchanged and patient
data (age, sex, weight, height, pre-MEEX Hb, and HbS%).
Moreover, from the measurements collected, it was possible to
evaluate the rate of HbS% increase between exchanges. In this
way, the interval between exchanges and the quantity of blood to
exchange can be customized according to the initialHbS%value
and the individual patient’s therapeutic goal, which have been
reported as determinant factors in reaching the targetHbS%value
[16]. This means the transfusion regimen can be adapted to the
patient’s clinical condition and improve the organization of the

Table 3 Decrease in measured HbS% and increase in measured Hb according to the pre-manual erythroexchange (pre-MEEX) values. Median and
interquartile range (IQR), 25th–75th percentile, are reported

(A) HbS%

HbS% range N HbS% pre-MEEX (g/dl)
median (IQR)

Decrease in HbS%
median (IQR)

p value*

≤ 50% 92 44 (41–47) 13.0 (10.0–15.0)

> 50% 165 57 (54–61) 14.0 (11.1–17.3) <0.001

(B) Hb

Hb range
(g/dl)

N Hb (g/dl)
median (IQR)

Increase in Hb (g/dl)
median (IQR)

p value*

8.5–9.5 62 9.2 (8.9–9.4) 1.4 (1.1–2)

9.5–10 45 9.8 (9.7–9.9) 1.1 (0.6–1.6) 0.0024

> 10 149 11.4 (10.6–11.8) 0.3 (−0.2–0.8) < 0.001

*Calculated according to the difference between the previous subset

Fig. 3 Variation of HbS% between consecutive MEEX versus the time
interval between the exchanges
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exchange program to ensure the consistency of the pre-
established therapeutic target. For example, the accurate predic-
tion of the change ofHbS%andHb in a patient with acute events
allows the physicians to plan the number of exchange procedures
and the request for RBC units without running the risk of hyper-
viscosity. Furthermore, the early estimation of the change in
HbS% and Hb can facilitate a more accurate and effective
MEEX program in preparation for surgery.

The main causes of errors that affect the estimations of
HbS% and Hb with Eqs. 1 and 2 are the assessment of BV,
the hydration of the patient, and particular cases of spleno-
megaly and hypersplenism. Another factor to be considered
is that the Ht of RBC units is not consistent among the trans-
fused units. In our analysis we use a standard value of 60%,
but international standards accept a variation between 50 and
70% [24]. In this study, applying Eqs. 1 and 2 and using the
median values of variables measured in our population, it was
estimated that an increase in RBC units’ Ht from 60 to 70%
may cause a decrease of approximately 1 g/dl in the estimation
of Hb and of 1.7% in the estimation HbS%. We believe that
the use of a standardized protocol allows doctors to use
MEEX with greater confidence and reduce the margin of er-
rors associated with the procedure.

In conclusion, our study presents a practical standardized
MEEX protocol for the evaluation of the volumes to be ex-
changed to obtain the target values of HbS% and Hb that can
be used both in the chronic transfusion regimen and tomanage
acute events. HbS% and Hb values are estimated with two
equations from the volumes exchanged and patient data
(age, sex, weight, height, and pre-MEEX Hb and HbS%).
This protocol was shown to be effective and safe, as all pa-
tients, both adults and children, reached the desired HbS%
with no adverse events or iron overload. It potentially be used
for implementation in different clinical settings and without
specialized personnel, with the aim of improving the manage-
ment of SCD-related complications worldwide, especially in
low-resource settings.
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