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Cell Source and Apheresis

Aleksandra Babic and Eugenia Trigoso

Abstract

Peripheral blood stem cells have largely replaced harvested bone marrow 
stem cells both in the autologous and allogeneic settings. Advantages of 
peripherally harvested cells include higher stem cell dose, more rapid 
engraftment, reduced donor/patient discomfort, and better graft-versus-
leukemia effect in the allogeneic setting. Within the apheresis machine, 
whole blood is separated into its components by centrifugation, and the 
red cell-depleted, stem cell- rich buffy coat is extracted for use as a stem 
cell product, simultaneously returning the other blood components back to 
the donor. Prediction of procedure length is based on the required cell dose 
target but still remains challenging. Moreover, the number of apheresis 
procedures needed should be as few as possible in order to reduce costs 
and patient/donor discomfort and to increase safety. The volume of blood 
which needs to be processed in order to collect an adequate number of 
stem cells depends on several factors such as method of stem cell mobili-
zation, vascular access, and collection efficiency.

Another issue to take into consideration is cell storage: according to 
GITMO’s study (Perseghin et al. 2014) in most Italian centers, even up to 
83.4% correspond to useless storage and only the remaining 16.6% to use-
ful storage. Therefore, SIdEM and GITMO proposed a policy for autolo-
gous HPC disposal that fulfills clinical, ethical, and economic criteria.
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JACIE standards on peripheral blood stem cell (PBSC) collection by 
apheresis require that collection, manipulation, and clinical use of periph-
eral blood stem cells must be validated and monitored rigorously. The 
validation procedure consists of systematic review of all apheresis proce-
dures performed at the collection facility of a transplant program.
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5.1  Cell Source: Where Do 
We Get the Cells From?

Hematopoiesis refers to the production of all 
types of blood cells including formation, develop-
ment, and differentiation of blood cells. In adults, 
hematopoiesis primarily occurs in bone marrow 
contained in the pelvis, sternum,  vertebral col-
umn, and skull. All blood cells are derived from 
progenitor stem cells – pluripotent stem cells. 
These cells have the capacity for unlimited self-
renewal and the ability to differentiate into all 
types of mature blood cells starting from the com-
mon myeloid or the common lymphoid progeni-
tor (Fig. 5.1). This process occurs continually in 
order to maintain adequate concentrations of cir-
culating components necessary for normal 
immune system function and hemostasis.

Cells in the myeloid lineage, such as red blood 
cells, platelets, and white blood cells, are respon-
sible for hemopoiesis (tissue nourishment, oxy-
genation, coagulation) and immune function 
such as innate and adaptive immunity. The lym-
phoid lineage components, namely, T cells and B 
cells, provide the foundation for the adaptive 
immune system.

Hematopoietic stem cell (HSC) products for 
autologous or allogeneic transplantation are 
available from bone marrow, peripheral blood, 
and umbilical cord blood (UCB) sources. Bone 
marrow was the original source of cells for trans-
plantation because of the easier process of collec-
tion. UCB has been found and established to have 
an important role in treatment due to relative 
immunologic naiveté of the donor with the feasi-

bility of multiple antigen-mismatched transplan-
tations where there is a lack of related or unrelated 
volunteer donor. UCB had limited use in adult 
transplantation because of the small cell dose 
collected which may result in greater risk of post-
transplant opportunistic infection due to a longer 
time to hematologic recovery and a higher risk of 
primary engraftment failure. However, the use of 
“double cords” has to a certain extent amelio-
rated some of the difficulties by improving 
engraftment times. Nevertheless, late infections 
remain a concern, and lack of available donor 
lymphocytes means that other products are often 
favored over UCB in some settings.

Peripheral blood stem cells (PBSC) have 
largely replaced the bone marrow in both autolo-
gous and allogeneic transplantation setting. The 
rapid engraftment kinetics of PBSC compared to 
the bone marrow is widely recognized. Median 
times to achieve an absolute neutrophil count 
greater than 500/ul after autologous PBSC trans-
plantation are approximately 11–14 days in 
autologous setting (Klaus 2007).

In allogeneic settings the choice of HSC prod-
uct source for transplantation may depend on 
donor availability. The appropriate donor selec-
tion, quality control, and risk assessment are 
paramount not only for patient and donor safety 
but also impact on transplant outcome. In the 
absence of a sibling HLA-identical donor, the 
search and identification of an unrelated donor 
may take up to 5 months. Depending on recipi-
ents underlying disease and “urgency” for HSCT, 
haploidentical donors or cord blood unit(s) might 
be selected (Ruggeri et al. 2015).
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Nurses who assist patients during the donation 
procedure should be particularly aware of factors 
that influence risk for donation which include:

• Age
• Gender
• Low weight
• Duration of procedure
• Type of anesthesia (BM donation)
• CD34+ cell dose requested
• Vascular access (PBSC)

5.1.1  Cell Collection

• Bone Marrow Collection
 The bone marrow is harvested from the poste-

rior iliac crest region under general or regional 
anesthesia in a hospital operating room. For 
the healthy donor, the risk of serious compli-
cation from either general or local anesthesia 
is similar (Hoffman et al. 2008). With ade-
quate fluid and sometimes blood replacement, 
overnight hospitalization is often not required. 

Haematopoietic stem cell

Differentiation
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Fig. 5.1 Stem cell maturation cascade (Adapted from 
EBMT NG (2009)) (Epo erythroprotein, G-CSF granulo-
cyte colony-stimulating factor, GM-CSF granulocyte- 

macrophage colony-stimulating factor, IL interleukin, 
M-CSF macrophage colony-stimulating factor, SCF Stem 
cell factor, Tpo thrombopoietin)
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Multiple aspirations are performed with 
 collection of approximately 5 ml of liquid 
marrow blood from each puncture site. The 
usual volume harvested from healthy donors 
is approximately 10–15 ml of marrow per 
kilogram of recipient body weight in order to 
achieve the desired CD34+ cell doses. This 
results in an average blood loss of 800–
1000 ml for an adult donor. Some patients and 
donors receive pre-donated blood transfusions 
to alleviate symptoms of volume depletion 
usually with preharvested autologous blood, 
but salt or colloid solutions are acceptable 
replacements too. Anesthesia and blood loss 
present the greatest risk of serious complica-
tions associated with bone marrow harvesting, 
and therefore patients and marrow donors 
must undergo a detailed medical examination 
including questionnaire of health history. 
After confirming they wish to proceed to be a 
donor, they are asked to sign the written con-
sent to undergo donation.

• Peripheral Blood Stem Cells (PBSC)
 The concentrations of hematopoietic stem 

cells (HSC) in the peripheral blood are nor-
mally very low compared to 10–100 times 
greater concentration in the bone marrow 
(EBMT NG 2009). Therefore it is necessary to 
increase the circulating concentrations of HSC 
for adequate PBSC collections. HSC mobiliza-
tion into the peripheral blood can be stimulated 
by different disease-related and relatively pre-
dictable mobilization regimens. Rapid and 
widespread adoption of PBSC as a source of 
HSC for transplantation is due to rapidly avail-
able results of CD34+ count by the laboratory. 
Before commencing a  leukapheresis, we count 
the number of CD34+ cells in peripheral blood, 
and if the number is adequate, the collection 
procedure may be performed.

• Cord Blood Collection
 UCB is collected from the placental vein after 

infant delivery and transection of the cord. 
UCB can be collected either by the obstetri-
cian before delivery of the placenta or by 
laboratory personnel after delivery of the pla-
centa. The timing of cord clamping after 
delivery of the infant is associated with the 

volume of cord blood collected with earlier 
clamping relating to greater collection vol-
umes. Cell dose is an important predictor of 
outcome after UCB transplantation, and many 
cord blood units are discarded because of 
small cell doses. Greater cell quantities are 
found for infants with greater birth weight, 
independent of gender and gestational age. 
Many cord blood banks reduce the volume of 
the product by depleting red cells and plasma 
in order to minimize storage space and reduce 
possible infusion-related toxicities from 
mature blood cells contained in unfractioned 
cord blood units. UCB will maintain viability 
for period of at least 15 years if appropriately 
cryopreserved (Hoffman et al. 2008; 
Schoemans et al. 2006). Allogeneic transplant 
access can be severely limited for patients of 
racial and ethnic minorities without suitable 
sibling donors. Whether umbilical cord blood 
(UCB) transplantation can extend transplant 
access because of the reduced stringency of 
required HLA match is not proven.

Patients had highly diverse ancestries 
including 35% non-Europeans. In Barker’s 
article from 2010 (Barker n.d.), of 525 patients 
undergoing combined searches, 10/10 HLA- 
matched URDs were identified in 53% of 
those with European ancestry but only 21% of 
patients with non-European origins. However, 
the majority of both groups had 5–6/6 UCB 
units. Availability of UCB significantly 
extends allotransplant access, especially in 
non-European patients, and has the greatest 
potential to provide a suitable stem cell source 
regardless of race or ethnicity. Minority 
patients in need of allografts, but without suit-
able matched sibling donors, should be 
referred for combined URD and CB searches 
to optimize transplant access.

5.2  Mobilization of Stem Cells 
and Apheresis

Administration of hematopoietic cytokines, 
such as granulocyte colony-stimulating factor 
(G-CSF), causes a transient increase (mobiliza-
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tion) of HSC in the peripheral bloodstream and 
enables the collection of adequate numbers of 
PBSC for transplantation.

Pluripotent stem cells express the cell surface 
marker antigen CD34 (CD34+ cells). Cytokine- 
mobilized PBSC components contain much 
greater numbers of cells expressing the CD34 
antigen which then acts as a surrogate marker for 
the engraftment capacity of the stem cell 
component.

5.2.1  Cytokines

Several cytokines have been identified to play an 
important role in hematopoiesis. When progeni-
tor cells are exposed to these cytokines, the matu-
ration cascade producing committed mature 
blood cell components can occur. Examples of 
important cytokines are listed in Fig. 5.1. These 
cytokines are externally administered to patients 
in an effort to enhance the yield of stem cells 
within a short time period. An example of such a 
cytokine is glycosylated granulocyte colony- 
stimulating factor (G-CSF).

Chemokines are a subset of cytokines and 
can induce activation and migration of specific 
types of white cell and assist the process of stem 
cells homing to the marrow compartment. Stem 
cell CXCR4 is responsible for anchoring stem 
cells to the marrow matrix through interactions 
with adhesion molecules such as stem cell-
derived factor-1 alpha (SDF-1α). Blockade of 
this receptor with a receptor antagonist such as 
plerixafor has produced elevations of circulat-
ing hematopoietic progenitor cells, which has 
aided stem cell collections in patients with mul-
tiple myeloma and lymphoma “poor mobiliz-
ers,” those not able to reach the sufficient 
number of CD34+ cells for commencing a 
leukapheresis.

Because of its efficacy compared to other 
cytokines and its low toxicity profile, G-CSF is 
the cytokine most commonly used to increase 
the level of myeloid progenitor cells in the 
blood.

Recombinant methionyl human G-CSF (fil-
grastim) and recombinant human G-CSF (leno-

grastim) are the two forms of this cytokine 
available for clinical use.

In clinical practice, for autologous PBSC, the 
most frequent mobilization procedure is the 
administration of filgrastim in combination with 
chemotherapy. Nowadays we are observing 
increased use of mobilization regimens without 
chemotherapy (chemo-free mobilization regi-
mens) in patients affected by multiple myeloma 
(Afifi et al. 2016).

5.2.2  The Role of CD34+

CD34+ is the indicator most frequently used in 
clinical practice to determine the extent and effi-
ciency of peripheral blood stem cell collections 
(Brando et al. 2000). Once specific cell dose tar-
gets are achieved, cell collections are completed 
and stored for future use. Standard target levels 
can vary among treating centers, and a patient’s 
specific goal is based on the underlying disease, 
the source of stem cells, and the type of trans-
plant to be performed. In general, a target level of 
2 × 106 CD34+ cells/kg recipient body weight is 
considered the minimum for transplant with opti-
mal levels being > 5 × 106 CD34+ cells/kg for a 
single transplant and > 6 × 106 CD34+ cells/kg 
for a tandem transplant (Pierelli et al. 2012).

Peripheral blood stem cell is considered the 
preferred cell source due to patient convenience, 
decreased morbidity, and faster engraftment of 
white blood cells and platelets (Table 5.1).

Poor stem cell yields after mobilization might 
occur. The most important risk factor for inade-
quate mobilization is the amount of myelosup-
pressive chemotherapy a patient has received 
prior to their autologous collection. Agents which 
are toxic to stem cells such as cyclophosphamide 
(doses > 7.5 g), melphalan, carmustine, procarba-
zine, fludarabine, nitrogen mustard, and chloram-
bucil are particularly detrimental to stem cell 
collection yields. Other risk factors associated 
with low CD34+ cell collections include advanced 
age (> 60 years), previous radiation therapy, short 
time interval between chemotherapy and mobili-
zation, extensive disease burden, and tumor infil-
tration of the bone marrow (Olivieri et al. 2012).
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5.2.3  Chemo-mobilization

Chemo-mobilization is a combination of myelo-
suppressive chemotherapy with filgrastim which 
appears to work synergistically to mobilize HSC, 
although the exact mechanism for this observa-
tion has not been fully elucidated. Filgrastim is 
thought to stimulate HSC mobilization by 
decreasing SDF-1 gene expression and protein 
levels while increasing proteases that can cleave 
interactions between HSC and the bone marrow 
environment. These growth factors are typically 
given as subcutaneous injections at a total daily 
dose of 3–24 mcg/kg/day.

5.2.4  Alternative Mobilization 
Strategies

Despite different mobilization regimen attempts, 
some patients are not able to achieve enough 

CD34+ cells to start apheresis. Those groups of 
patients are defined “poor mobilizers.” In this 
case the use of plerixafor, CXCR4 antagonist that 
reversibly inhibits the interaction between 
CXCR4 and SDF-1, is needed. The use of plerix-
afor in combination with G-CSF has been shown 
to improve CD34+ cell collections in lymphoma 
and multiple myeloma patients (Olivieri et al. 
2012).

Because no single chemotherapy mobiliza-
tion regimen has demonstrated superiority, 
some clinicians may elect to mobilize patients 
during a cycle of a disease-directed chemother-
apy regimen. With this approach, examples of 
regimens utilized have included cyclophospha-
mide, doxorubicin, vincristine, and prednisone 
(CHOP) and ifosfamide, carboplatin, and etopo-
side (ICE).

A comparison between mobilization methods 
is listed on Tables 5.2, 5.3, and 5.4.

5.2.5  PBSC Collection by Apheresis

The quantity of CD34+ cells in a PBSC compo-
nent varies greatly, and its achievement by apher-
esis procedure depends on:

• Mobilization protocol
• Patient condition
• Timing of the PBSC collection
• Equipment
• Operator-dependent technique
• Volume of blood processed

The timing of PBSC collection has a critical 
role, and based on the mobilization regimen, 
we are able to appropriately schedule the 
apheresis procedures. For growth factor mobi-
lization alone, the first collection procedure is 
calculated on days 4–5 when the peak of 
CD34+ cell count is expected to be achieved. 
After mobilization with chemotherapy regi-
mens and growth factor, the expected day can 
vary between days 12 and 15 (Pierelli et al. 
2012).

The first day collection procedure is deter-
mined by WBC count and CD34+ cell count. 

Table 5.1 A comparison between mobilization methods

Mobilization regimen Characteristics

Filgrastim Low toxicity
Outpatient administration
High efficacy in most patients
Bone pain
Lower stem cell yield compared 
to filgrastim + chemotherapy
Shorter time from 
administration to collection 
compared to filgrastim + 
chemotherapy

Filgrastim + 
chemotherapy

Higher stem cell yield compared 
to filgrastim alone
Fewer stem cell collections
Potential for anticancer activity
May impair future mobilization 
for stem cells
Highly toxic in many patients
Inconsistent results
Longer time from 
administration to collection 
compared to filgrastim

Filgrastim + 
plerixafor

Low toxicity
High efficacy in most patients
Predictable mobilization 
permitting easy apheresis 
scheduling
Gastrointestinal side effects

Adapted from EBMT NG (2009)
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Established thresholds for apheresis initiation 
may vary across centers but typically range from 
10 to 20 CD34+ cells/mL. Once mobilization has 
reached an optimal level according to WBC and 
CD34+ levels, a patient can attend their sched-
uled sessions in the apheresis area. Optimized 
scheduling will avoid unnecessary collection 
procedures and unnecessary PBSC processing 
and will save freezing space.

The apheresis objective is to collect a product 
with requested PBSC counts with low cross cel-
lular contamination in the smallest possible col-
lect volume (ideally 80–90 ml/bag) and in as few 
procedures as possible. This will ensure cost 
optimization and enhance patient comfort and 
safety.

Clinical nurses working in the apheresis unit 
are responsible for educating the patient about 
the stem cell collection process and monitoring 
patients for any adverse reactions. The apheresis 
nurse challenges are:

• To understand how and when to administer 
agents used in the mobilization process

• To schedule mobilization regimen which 
occurs with or without chemotherapy

• To explain what medications the patient 
should and should not take during 
mobilization

• To expect adverse events and to be aware of 
their management for all agents used in 
mobilization

• To manage venous access catheter used for 
apheresis

• To be aware of the importance of laboratory 
monitoring and how to manage electrolyte 
imbalances

• To be aware of stem cell collection target level 
and options for patients who mobilize poorly 
or fail to mobilize

Patients are connected to the apheresis 
machine by their centrally or peripherally 
inserted venous catheters. One lumen is used to 
withdraw blood out of the patient and into the 
machine. Here the blood is centrifuged in a bowl 
housed within the cell separator machine. The 
desired stem cells are then siphoned off before 

Table 5.3 Complications from chemotherapeutic agents 
commonly used for mobilization

Chemotherapeutic agent 
or regimen Common side effects

Cyclophosphamide
Note: must be combined 
with mesna 
administration

Appetite loss
Color change in the skin
Diarrhea
Leukopenia
Mouth sores
Nausea, vomiting
Skin rash
Stomach discomfort or pain
Texture change in nails
Thrombocytopenia
Weakness
Hemorrhagic cystitis

Etoposide Myelosuppression
Infusion-related side effects 
(such as hypotension, 
flushing, chest pain, fever, 
diaphoresis, cyanosis, 
urticaria, angioedema, and 
bronchospasm)
Nausea and vomiting
Alopecia

Adapted from EBMT NG (2009)

Table 5.2 Advantages and disadvantages of hematopoi-
etic stem cell collection methods

Collection 
method Advantages Disadvantages

Bone marrow Single collection
No need for special 
catheter placement
No need for growth 
factors

Performed in an 
acute care setting 
as it requires 
general 
anesthesia
Slower 
neutrophil and 
platelet 
engraftment
Associated with 
higher rates of 
morbidity

Peripheral 
blood

Does not require 
general anesthesia 
and can be 
performed in an 
outpatient setting
Faster recipient 
neutrophil and 
platelet engraftment
Associated with 
lower rates of donor 
morbidity
Tumor cell 
contamination of 
product may be less

Collection may 
take several days
Sometimes 
requires 
placement of 
large double 
lumen catheter 
for collection
Citrate toxicity

Adapted from EBMT NG (2009)
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the remaining blood components are returned to 
the patient through the second lumen of their 
catheter. This second lumen can be used to 
administer intravenous fluids, electrolyte sup-
plements, and medications to the patient if nec-
essary. Each apheresis session lasts 
approximately 2–4 h during which an average of 
7–10 l of blood, or twice the average total human 
blood volume, is exchanged or processed. 
Collections can occur on a daily basis until tar-
get CD34+ levels are achieved, which can last 
for up to 3–4 days depending on patient charac-

teristics and mobilization regimen used 
(Figs. 5.2 and 5.3).

5.3  Vascular Access

Appropriate catheter selection and placement is 
scheduled prior to the first stem cell collection 
(Toro et al. 2007). Catheters used for apheresis 
procedures must be able to tolerate large fluctua-
tions in circulating blood volume on more than 
one occasion. Peripheral catheters are preferred 

Table 5.4 Common apheresis complications

Side effect Cause Signs and symptoms Corrective action

Citrate toxicity Anticoagulant (citrate) 
given during apheresis

Hypocalcemia
Common: dizziness, tingling in 
hands and feet
Uncommon: chills, tremors, 
muscle cramps, tetany, seizure, 
cardiac arrhythmia

Slowing rate of apheresis, 
increasing the blood/citrate 
ratio, calcium replacement 
therapy

Hypomagnesemia
Common: muscle spasm or 
weakness
Uncommon: decrease in 
vascular tone and cardiac 
arrhythmia

Slowing rate of apheresis, 
increasing the blood/citrate 
ratio, magnesium 
replacement therapy

Hypokalemia
Common: weakness
Uncommon: hypotonia and 
cardiac arrhythmia

Slowing rate of apheresis, 
increasing the blood/citrate 
ratio, potassium 
replacement therapy

Metabolic alkalosis
Common: worsening of 
hypocalcemia
Uncommon: decrease in 
respiration rate

Slowing rate of apheresis, 
increasing the blood/citrate 
ratio

Thrombocytopenia Platelets adhere to 
internal surface of the 
apheresis machine

Low platelet count, bruising, 
bleeding

Priming apheresis machine 
with blood products in 
place of normal saline, 
platelet transfusion

Hypovolemia Patient intolerant of 
large shift in 
extracorporeal volumes

Dizziness, light-headedness, 
tachycardia, hypotension, 
diaphoresis, cardiac arrhythmia

Slowing rate of apheresis 
session or temporarily 
stopping, intravenous fluid 
boluses

Catheter malfunction Blood clot forms or 
catheter is not well 
positioned to allow for 
adequate blood flow

Inability to flush catheter, fluid 
collection under the skin around 
catheter site, pain and erythema 
at catheter site, arm swelling, 
decrease in blood flow

Repositioning of catheter, 
gentle flushing of catheter, 
treatment of blood clot

Adapted from EBMT NG (2009)
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where possible and placed in the cubital vein for 
drawing. If available, a port-a-cath or other previ-
ously inserted central catheters can be used for 
blood return.

In the absence of adequate peripheral veins, a 
large-bore, double lumen device can be inserted. 
These can be used temporarily during cell col-
lections only, or they can be placed permanently 
and used throughout the transplant process. As 
with most centrally placed catheters, when 
placed in the area of the upper extremities, 
patients should be monitored for signs and 
symptoms of hypotension, shortness of breath, 
and decreased breath sounds as these can be 
indicative of venous wall perforation and require 
urgent attention. Hemothorax and pneumotho-
rax, which are rare but serious complications, 
can occur and also require immediate attention. 
In some cases, catheters for apheresis may be 
placed in a femoral vein. In case of catheter 
positioning in the jugular vein, radiographic 
evaluation is used to verify catheter placement 
prior to clearance for its use. Instructions on 
caring for the catheter to prevent infection and 
maintain patency should be extensively reviewed 
with the patient and/or caregivers. Internal SOPs 
need to be observed.

Fig. 5.2 Frequently used apheresis machines (https://www.google.it/search?q=apheresis+machines&biw=1920&bih=
1018&tbm=isch&tbo=u&source=univ&sa=X&sqi=2&ved=0ahUKEwj2lui0gKvPAhUmLMAKHRDNAf8QsAQILQ)

Fig. 5.3 Separation of components by G-force (https://
www.google.it/search?q=separation+of+components+b
y+G-force&client=safari&rls=en&source=lnms&tbm=is
ch&sa=X&ved=0ahUKEwiHmv36gKvPAhVbF8AKHU
f8BVEQ_AUICSgC&biw=1920&bih=1018#tbm=isch&
q=apheresis+separation+of+components+by+G-force&i
mgrc=dKciXWNMkHikzM%3A)
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5.4  Adverse Reactions

Apheresis procedures are relatively safe for the 
patient. While the procedure-related mortality 
rates are low at an estimated 3 deaths per 10,000 
procedures, apheresis-associated morbidity is 
more frequently reported (Halter et al. 2009).

5.4.1  Citrate Toxicity

One of the most common adverse effects seen 
during the cell collection process is citrate toxic-
ity, frequently manifested by hypocalcemia. 
Sodium citrate is used during apheresis to prevent 
blood from clotting while it is being processed by 
the machine. Citrate is known to bind to ionized 
serum calcium leading to hypocalcemia. Signs 
and symptoms of this complication can include:

• Burning
• Numbness and tingling in the extremities and/

or the area around the mouth
• Muscle twitching
• Abdominal cramps
• Shivering

5.4.2  Treatment

Citrate toxicity complication can be managed by 
slowing the apheresis flow rate and providing 
patients with oral calcium supplements. In severe 
cases, intravenous supplementation of calcium 
may be given to the patient in order to prevent 
severe reactions such as tetany, seizure, and car-
diac arrhythmia. Serum monitoring of calcium 
levels prior to each apheresis session is often help-
ful in decreasing the likelihood of hypocalcemia.

Other effects stemming from citrate toxicity 
include hypomagnesemia, hypokalemia, and 
metabolic alkalosis. Magnesium, like calcium, is 
a bivalent ion that is bound by citrate. Declines in 
serum magnesium levels often are more pro-
nounced and take longer to normalize compared 
to aberrations in calcium levels. Signs and symp-
toms of hypomagnesemia are muscle weakness 

or spasm, decreased vascular tone, and abnormal 
cardiac contractility. Oral and intravenous sup-
plementation with magnesium and potassium is 
often effective.

5.4.3  Hypovolemia

Because large fluctuations in blood volume can be 
experienced throughout each collection, patients 
are at risk of hypovolemia. Prior to starting the 
collection, baseline pulse and blood pressure 
should be measured and continually rechecked at 
designated intervals of approximately 1 h. It is 
also recommended that hemoglobin and hemato-
crit be monitored after the procedure as well.

5.4.4  Risk Factors

Patients at risk for developing hypovolemia 
include those with anemia, a previous history of 
cardiovascular compromise, and children or 
adults with a small frame.

5.4.5  Preventative Measures

Preventative measures are aimed at minimizing 
the extracorporeal volume shift by priming the 
apheresis machine with red blood cells and fresh 
frozen plasma in place of normal saline.

5.4.6  Clinical Manifestations

Clinical manifestations of hypovolemia can 
include dizziness, light-headedness, tachycardia, 
hypotension, and diaphoresis. Most concerning is 
the development of a cardiac dysrhythmia which 
can be life-threatening.

5.4.7  Treatment

Sessions should be interrupted and symptoms 
should subside before proceeding with collec-
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tions. Hypovolemia may also be managed with 
providing intravenous fluid boluses and slowing 
the rate of flow on the apheresis machine.

5.4.8  Thrombocytopenia

Thrombocytopenia is another complication 
encountered during stem cell collections. When 
the patient’s blood is in the cell separator 
machine, platelets can stick to the bowl used dur-
ing the centrifuge process. Decreases in platelet 
concentrations can be precipitous, and obtaining 
platelet counts prior to each collection is 
essential.

5.4.9  Treatment

If platelet levels are low, patients may receive a 
platelet transfusion prior to the procedure. Also 
helpful, but not necessarily therapeutic, in man-
aging thrombocytopenia is returning the col-
lected platelet-rich plasma to the patient at the 
conclusion of the collection session.

5.5  Patient Assessment 
and Preparation

Prior to initiation of the stem cell collection pro-
cess, patient candidates for autologous transplan-
tation procedure must be thoroughly evaluated 
and determined fit to be able to tolerate all 
involved procedures.

5.5.1  Medical Assessment

The medical evaluation is the first step that a 
patient must complete when undergoing treat-
ment. This involves the patient’s primary medical 
oncologist making a referral to a transplant cen-
ter or service. The physician provides the trans-
plant team with information which often includes 
specifics relating to the care of the patient up to 

this time point including past medical history, 
cancer status, summary of cancer treatments and 
response, and complications experienced during 
therapy. Accompanying this information are any 
available radiographic information and labora-
tory testing results. After review of the patient’s 
medical information, the transplant team will ini-
tiate their own procedure-specific tests and evalu-
ations to assess a patient’s eligibility to proceed 
with stem cell collection and transplant. This 
involves restaging the patient to verify or estab-
lish their current disease status, ascertaining the 
function of various organ systems (e.g., renal, 
hepatic, pulmonary, etc.), documenting the 
absence of certain comorbid conditions and dis-
eases (e.g., the presence of human immunodefi-
ciency virus), and evaluating the overall 
performance status and psychosocial condition of 
the patient.

5.5.2  Patient Education

Education of the patient and their respective fam-
ily and/or caregivers is integral to preparatory 
phase. Often a member of the nursing profession 
(clinic nurse, nurse educator, or nurse coordina-
tor) will coordinate the education process for the 
patient and carers.

5.5.3  Donor Assessment 
and Preparation

Allogeneic related or non-related donors are sub-
mitted initially to interview and medical history 
questionnaire evaluation, including vaccination 
and travel history, blood transfusion, and risk for 
transmission of communicable disease together 
with physical and psychological exams that 
involves multidisciplinary teamwork and coordi-
nation as well.

The risks of donation shall be evaluated, dis-
cussed, and documented as a possible need for 
central venous access, the risk of hemoglobinop-
athy prior to administration of the mobilization 
therapy for collection of HPC, apheresis, and 
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vascular access or anesthesia for collection of 
HPC by bone marrow harvesting.

Allogeneic donor eligibility, as defined by 
applicable laws and regulations, shall be deter-
mined by a physician after history, exam, medical 
record review, and testing. The donor eligibility 
determination shall be documented clearly in the 
recipient’s medical record before the recipient’s 
preparative regimen is initiated and before the 
allogeneic donor begins the mobilization regimen 
(EBMT NG 2009; Pierelli et al. 2012; JACIE n.d.).

The collection procedure shall be explained in 
terms the donor can understand the risks and ben-
efits of the procedure, tests and procedures per-
formed, and the rights according to applicable 
laws and regulations. Alternative collection 
methods need to be explained, and confidentiality 
must be guaranteed (EBMT NG 2009; JACIE 
n.d.). The donor shall have the right to refuse to 
donate but shall be informed of the potential con-
sequences to the recipient of such refusal. 
Informed consent from the allogeneic donor shall 
be obtained by a licensed health-care profes-
sional who is not the primary health-care profes-
sional overseeing care of the recipient.

5.6  Quality in Apheresis

FACT-JACIE International Standards Accreditation 
(sixth edition) (JACIE n.d.) requires that the clini-
cal program has access to personnel who are for-
mally trained, experienced, and competent in the 
management of patients receiving cellular therapy. 
The Apheresis Collection Facility shall be licensed, 
registered, or accredited as required by the appro-
priate governmental authorities for the activities 
performed. The quality management plan should 
include, or summarize and reference, policies and 
standard operating procedures addressing person-
nel requirements for each key position in the 
Apheresis Collection Facility.

5.6.1  Training and Competencies

Core competencies are specified within the 
JACIE standards, and evidence of training in 
these competencies must be documented. This 

may be achieved by evidence of in-service train-
ing, attendance at conferences, etc. While initial 
supervised training is easily documented, annual 
competency maintenance can be difficult to dem-
onstrate. Ongoing training for clinical personnel 
should reflect their experience, individual com-
petencies and proficiencies, orientation for new 
staff, and necessary training. Training also needs 
to be undertaken in a timely manner to demon-
strate annual updating (Babic et al. 2015).

5.7  Cell Source and Apheresis 
in the Pediatric Population

Abstract Hematopoietic stem cell transplanta-
tion has become a well-established treatment for 
many malignant and nonmalignant disorders in 
children. Small body weight, venous access, and 
ethical dilemmas in minors represent a challenge 
in the pediatric population.

Keywords Apheresis • Cell source • Children  
• Pediatric population

5.7.1  Introduction

During the past three decades, bone marrow 
transplantation and transplantation of peripheral 
blood stem cells have become a well-established 
treatment for many malignant and nonmalignant 
disorders in children and in adult patients (Bader 
et al. 2005).

Research has shown a continued and constant 
increase in the annual numbers of hematopoietic 
stem cell transplant (HSCT) and transplant rates 
(number of HSCT/10 million inhabitants) for 
both allogeneic and autologous HSCT (Passweg 
et al. 2013).

Indications for pediatric HSCT have changed 
considerably during the last 7 years. These 
changes provide tools for decision-making in 
health-care planning and counseling (Miano 
et al. 2007).

There is accumulating evidence of the role of 
hematopoietic SCT in non-hematological disor-
ders such as autoimmune diseases (Sureda et al. 
2015).
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Some common nonmalignant diseases treated 
with hematopoietic stem cell transplant are (Nuss 
et al. 2011):

• Hematologic (severe aplastic anemia, Fanconi 
anemia, thalassemia, sickle-cell disease, 
Diamond- Blackfan anemia, Chédiak-Higashi 
syndrome, chronic granulomatous disease, 
congenital neutropenia)

• Solid tumors (Ewing’s sarcoma, soft tissue 
sarcoma, neuroblastoma, and Wilms’ tumor, 
where there is high risk or 4CR1, osteogenic 
sarcoma, and brain tumors)

• Immunodeficiency (severe combined immuno-
deficiency disease, Wiskott-Aldrich syn-
drome, functional T-cell deficiency)

• Genetic (adrenoleukodystrophy, metachro-
matic leukodystrophy, Hurler syndrome, 
Hunter disease, Gaucher syndrome)

 – Cell Source in Pediatric Population

There are three commonly used sources of 
hematopoietic stem cells:

• BM
• Cytokine-mobilized PB progenitor cells 

(PBSC)
• UCB cells

The proportion of autologous to allogeneic 
HSCT is different in pediatric population (29% 
autologous) compared with adults (62% autolo-
gous) and is mainly used for treating solid tumors 
(Passweg et al. 2013).

Stem cells may be collected from the bone 
marrow (BM), peripheral blood, or umbilical 
cord blood (UCB). Each of these sources has sev-
eral advantages and disadvantages.

Despite the increased use of peripheral blood 
and umbilical cord blood, BM is the primary 
graft source in pediatric patients.

For children and adolescents aged 8–20, allo-
geneic transplantation of HLA antigen-identical 
sibling peripheral blood stem cells is associated 
with higher mortality than the bone marrow 
(Eapen, et al JCO 2004). In contrast, previous 
work showed that peripheral blood was superior 
to the bone marrow as a stem cell source for adult 
and adolescent (aged 12–55) recipients of 

matched related donor grafts (Bensinger et al. N 
Engl J Med. 2001). More pediatric patients 
receive BM than PBSC, irrespective of donor 
type. This is explained by the higher incidence of 
nonmalignant conditions and the higher risk for 
chronic GvHD with peripheral blood as a stem 
cell source (Passweg et al. 2013).

The bone marrow remains the most common 
graft source for unrelated donors accounting for 
49% in 2013. The use of umbilical cord blood is 
declining steadily, after peak in 2009, from 46% 
to 32% of all unrelated donor transplants per-
formed in this age group (Sureda et al. 2015).

However, the recently completed NMDP/
CIBMTR randomized study of unrelated marrow 
versus PBSC, which included pediatric patients, 
found that there were no significant differences in 
mortality between recipients of PBSC compared 
to the bone marrow.

The donor’s preferences must also be taken 
into account as there are differences in the side 
effects experienced by the donors from a BM or 
PBSC harvest (Sureda et al. 2015; Pasquini and 
Zhu 2016).

From 2012 onward, there was an increase in 
the numbers of transplants from other relatives, 
which is likely due to rapid adoption of the strat-
egy of posttransplant cyclophosphamide in the 
haploidentical setting. In 2014, the numbers of 
transplants using other relatives surpassed the 
total numbers of umbilical cord transplant per-
formed in the USA, accounting for 11% of all 
allogeneic transplants performed in the USA 
(Pasquini and Zhu 2016).

Box: Bone marrow stem cell source in 

nonmalignant diseases in pediatric 

population

• The BM remained the preferred source 
of stem cells for allogeneic transplants 
for nonmalignant disorders (62%). For 
diseases that do not require graft- 
versus- tumor effect, such as aplastic 
anemia, sickle-cell disease, or meta-
bolic disorders, many consider it advan-
tageous to use the bone marrow. 
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Annual numbers for allogeneic transplants in 
pediatric population demonstrate increase in the 
overall utilization of alternative donors.

From 2003 to 2011, there was a steady 
increase in the numbers of transplants using 
umbilical cord blood as a result of several pub-
lished studies demonstrating its benefit in both 
children and adults.

Umbilical cord blood (UCB) characteristi-
cally differs from the marrow in a number of 
ways. The median doses of total nucleated cells 
(TNC), CD34+ cells, and CD3+ cells in UCB 
unit are approximately ten times lower than that 
of a bone marrow graft (Moscardo et al. 2004; 
Barker and Wagner 2003).

The indications for the use of UCB as a source 
for stem cells in children are identical to the indi-
cations for matched unrelated donor transplants 
(Sureda et al. 2015).

5.7.2  Apheresis in Pediatric 
Population

Experience with pediatric stem cell apheresis 
collections is limited. Challenges of apheresis in 
small children (<20 kg) include:

• Small total blood volume
• Vascular access issues

• Concerns about tolerable anticoagulant doses
• Limitations in product volumes that can be 

safely collected

Therefore, in many countries worldwide, chil-
dren under the age of 18 years are not allowed to 
donate hematopoietic stem cells (HSCs) for unre-
lated recipients (Sörensen et al. 2013).

Adequate peripheral vascular access is diffi-
cult to find in young children, so we often need to 
consider a central apheresis catheter placement 
with its attendant risks.

Placement of central venous catheter (5–7 Fr 
with double offset lumens) is widely used for 
apheresis procedure; therefore, some PBSC 
donors receive a general anesthesia, and others 
have conscious sedation.

The apheresis team must consider the size and 
type of catheter that will yield the highest flow 
rate during apheresis, as well as patient or donor 
comfort. Often the catheter used for apheresis 
may be used for venous access during the high- 
dose therapy, reinfusion of stem cells, and recov-
ery phases. We should try to avoid adverse events 
such as pain, hemorrhage, and inadequate seda-
tion. A trained team in pediatric apheresis is 
mandatory as well as central line placement by 
ultrasound technique.

5.7.3  Key Differences: Pediatric  
vs Adult

Apheresis procedure in children differs from 
adult in device (machine set) priming.

Priming of the apheresis circuit with heterol-
ogous packed red blood cells is widely under-
taken where donors weigh less than 20 kg. We 
should consider the risk of heterologous blood 
product administration in healthy donors – such 
as transfusion reaction and the risk of system 
overload if primed blood for some reason is rein-
fused. Usually we prime with RBC cross-
matched, irradiated and leukocyte-depleted in 
patient and prime with 4% albumin solution in 
donors.

Disadvantages include the need for gen-
eral or epidural anesthesia and the risk 
of infection, bleeding, and bone dam-
age. Also this population, although a 
minority, is still a significant minority 
that includes a number of unique diag-
noses such as the hemoglobinopathies, 
immune deficiencies, immune dysregu-
lation, and metabolic diseases, all of 
which are not common or present at all 
in the adult HSCT population (Passweg 
et al. 2013).
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In the pediatric setting, the most common 
adverse event is pain, observed after central 
venous catheter (CVC) placement for PBSC col-
lection. Pain at the site of puncture occurs more 
frequently in donors with a central (58%) than 
peripheral vein access (38%) (Hequet, 2015).

Often reported side effects after pediatric apher-
esis are:

• Hematoma formation
• Hypotension and cyanosis
• Allergic reaction to red blood cells
• Thrombocytopenia

Rare side effects reported are:

• Low-grade fever during the mobilization
• Hypovolemic signs: tachycardia >120 (most 

cases), hypotension, systolic blood pressure < 
80 mmHg, pallor, and diaphoresis

• Nausea related to citrate effects during the 
apheresis procedure

In the absence of consensus and in order to pre-
vent signs and symptoms of hypocalcemia, some 
centers administrate orally calcium gluconate (adult 
patients), and some centers routinely replace cal-
cium i.v. during the entire apheresis procedure 
(mostly in pediatric apheresis). Nurses who perform 
pediatric procedures need to achieve competence in 
machine settings to allow the proper anticoagulation 
of the patient during the procedure (ACD-A or hepa-
rin or combination anticoagulation). The nurse must 
be competent in blood priming and in use of diluted 
or undiluted packed red blood cells, in prevention of 
hypocalcaemia and fluid balance, etc.

5.7.4  Ethical Dilemmas

The approach to minor donors is different in 
many countries.

A donor is a person, no matter how small 
(Styczynski et al. 2012; Pulsipher et al. 2005).

Styczynski and colleagues compared donor 
and recipient children’s age, both being small 

where donors were with smaller body weight 
than recipient and at higher risk for requiring a 
blood transfusion, additional apheresis proce-
dures, pain, and cardiovascular complications 
after anesthesia. Most pediatric physicians who 
perform transplants believe it is acceptable to 
expose minors to the risks of a stem cell donation 
when donation offers a substantial prospect of 
benefit to a close family member and when 
proper consent is obtained (often from parents of 
both, donor and recipient).

The key issue that must be addressed with 
childhood HSC donors is their initial inability to 
understand and to voluntarily consent the proce-
dure. Understanding increases as they age into an 
ability to assent and then finally to legally con-
sent. Because HSC donation can benefit their sib-
ling more than any other tissue sources and 
because the procedure can be performed with 
limited risk, sibling donation under parental con-
sent has been considered appropriate to date 
(Bitan et al. 2016).

Summarizing:

• Advocacy and medical review of donors by 
individual(s) without dual responsibility to the 
recipient are recommended.

• Regarding the relationship between a pediat-
ric donor and a family recipient, it is 
 recommended to focus on avoiding psycho-
logical harm rather than predicting whether 
donation will result in a psychological benefit 
to the donor.

• Pediatric donors may be considered for 
research that carries minimal risk above the 
standard procedure or studies aimed at 
improving the safety and efficacy of the dona-
tion process.

• Donors with medical conditions that may 
increase the risk of complications associated 
with donation are not ever to be considered fit 
for donation.

• Centers should always avoid performing 
human leukocyte antigen typing on potential 
donors with medical/psychological reasons 
not to donate (Bitan et al. 2016).
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5.7.5  Psychosocial Risks 
and Benefits

The primary benefit to the donor is the psychoso-
cial value of helping a sibling or other close fam-
ily members. This benefit may accrue even if the 
transplant is unsuccessful, because the donor and 
family can at least be reassured that the stem cell 
transplant was tried. There is a small but growing 
literature on the psychosocial risks and harms 
caused by hematopoietic stem cell donation by 
children. Data show that many children experi-
ence distress related to their role as a donor. Many 
pediatric donors believe that they did not have a 
choice about whether to serve as a marrow donor, 
report being poorly prepared for the procedures, 
and describe feeling responsible for the recipi-
ent’s course after transplantation (Weisz 1996).
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