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Abstract
Introduction: Collection of peripheral blood stem cells
(PBSCs) from healthy donors is a well-established process.
We aimed to identify factors predictive of successful CD34+
PBSC collection and established a formula capable of pre-
dicting CD34+ cell yield. Methods: We retrospectively eval-
uated 588 healthy adult donors (median age 29 years, range
18–69 years) at our institution from 2017 to 2022. The
predicted minimal number of CD34+ cells was calculated
as follows: (peripheral CD34+ cells/µL × adjusted collection
efficiency of 30%) × total liters processed. This formula was
further modified according to donor and recipient body
weight (BW). Results: Median total collection was 8.0 × 106

CD34+ cells/kg BW (range 1.0–47.1 × 106 cells/kg BW) with
522 donors (89%) collecting ≥5.0 × 106 cells/kg of recipient
BW. A second leukapheresis (LP) was performed in 49
donors. Need for two LPs was more common in female
donors (OR 6.68, 95% CI, 2.62–17.05; p < 0.001), donors with
higher age (OR for 10 years difference 1.53, 95% CI,
1.15–2.03, p = 0.003), donors with WBC count <30 × 109/
L after 5 days of granulocyte-colony stimulating factor
(G-CSF) stimulation (OR, 4.33; 95% CI, 1.59–11.83; p =
0.004), and a donor/recipient weight ratio <1 (OR 6.21,

95% CI, 2.69–14.34; p < 0.001). Predictive factors for optimal
LP (i.e., ≥5.0 × 106 CD34+ cells/kg of recipient BW) were
peripheral blood (PB) CD34+ cell count >50/µL (OR 12.82, range
6.34–25.92, p < 0.001), male donor (OR 2.77, range 1.06–7.23, p =
0.04), and a donor/recipient weight ratio >1 (OR 3.12, range
1.57–6.24, p = 0.001). WBC, platelets, hemoglobin, and age had
no significant predictive value. Predicted versus observed num-
ber of CD34+ cells/kg BW collected demonstrated a very strong
linear correlation (r = 0.925, 95% CI, 0.912–0.936, p < 0.0001).
Conclusions: Of the routinely monitored indicators in PBSC
donors, CD34+ cell count in PB is the most important factor
in predicting G-CSF-induced PBSC yields. Higher age, female sex,
WBC <30 × 109/L, and a donor/recipient weight ratio <1 are
useful indicators for identifying suboptimalmobilizers. Themodi-
fied formula has shown successful and consistent performance in
the prediction of key outcomemeasures including theminimum
CD34+ cell collection, determination of the required length of
apheresis, and whether a second day of PBSC collection was
necessary to achieve the respective collection goal.
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Introduction

Collection of peripheral blood stem cells (PBSCs) after
stimulation with granulocyte-colony stimulating fac-
tor (G-CSF) for allogeneic hematopoietic stem cell
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transplantation is a routine procedure worldwide that
has replaced bone marrow as the major source for
allogeneic hematopoietic stem cell transplantation
[1–4]. The required minimum cellular content is still
a matter of debate. Depending on patient’s diagnosis
and the type of transplant, a minimum of ≥3 × 106

CD34+ cells/kg body weight (BW) is commonly war-
ranted [5]. However, the European Society for Blood
and Marrow Transplantation recommends a mini-
mum of >4.0 × 106 CD34+ cells/kg BW for hemato-
logical diseases to guarantee timely engraftment and
thus successful PBSC transplantation [6]. Since the
SARS-CoV-2 pandemic in 2020, transplant centers
have regularly requested even higher PBSC transplant
doses of >5.0 × 106 CD34+ cells/kg BW as a precau-
tionary measure, most likely due to the many un-
knowns presented during this time (e.g., possibility
of further collections, shortage of collection kits).
Additionally, a larger proportion of products were
cryopreserved than before. In terms of donor safety,
it is important to limit the duration and number of
leukapheresis (LP) sessions to a minimum, particularly
in view of ever-growing requested PBSC numbers.
Thus, predictive factors for sufficient mobilization
are highly desirable, and a benchmarking system
would provide significant value as a mean to ensure
both consistent and realistic PBSC collection outcomes
for LP events. Regarding PBSC collection, several
groups have proposed formulas to predict daily
CD34+ cell yields for PBSC products based on param-
eters such as peripheral CD34+ count and patient
blood volume to be processed [7–11]. The collection
efficiency coefficient, abbreviated interchangeably as
either CEC or CE2, varies from 30% to 50% and
depends on the automatic LP system used, the skills
of the operators, and the peripheral vein conditions of
the donor [11]. The number of CD34+ cells in pe-
ripheral blood (PB) is highly predictive for a successful
PBSC collection. A variety of additional factors that
might influence the PBSC mobilization and collection
process have been described, such as biological sex,
donor age, and weight, as well as WBC count [11–18].
Nevertheless, studies evaluating predictive factors of
successful PBSC collection in healthy donors are
scarce. Furthermore, a major challenge that remains
is balancing the PBSC collection goal with pre-
collection planning aimed to minimize duration
and number of procedures – an effort intended to
avoid side effects, particularly those induced by
anticoagulation.

Thus, our study aimed to identify factors predictive of
successful CD34+ collection. In addition, we propose a
refined formula that predicted the minimal CD34+ cell
yield and took the donor’s and the recipient’s BW into
account.

Methods

Donor Selection and LP Procedure
Approximately 3 weeks prior to the scheduled collection day,

donors were evaluated at our center by trained physicians to
determine if donors were suitable candidates for PBSC collection.
Donors were required to fulfill German guidelines for hemother-
apy (apheresis subsections) [19]. If the peripheral vein status of a
donor was judged to be insufficient for a successful LP during the
qualification visit, the donor was also excluded from PBSC col-
lection. All donors provided written informed consent, including
data collection.

G-CSF (filgrastim) was administered subcutaneously on five
consecutive days of the donor, and HSPC was collected via a
peripheral venous catheter on the fifth day. Filgrastim dosing is
outlined in Table 1. Complete blood cell counts were performed on
donors immediately pre- and post-LP using the Sysmex XN-350
automated hematology analyzer (Sysmex GmbH, Norderstedt,
Germany). CD34+ cells in PB and collected products were meas-
ured by flow cytometry (Becton Dickinson, FACSLyric system,
USA) using a protocol based on the guidelines of the International
Society of Hematotherapy and Graft Engineering (ISHAGE) [20].
Leukapheresis was performed using a Spectra Optia® (Terumo
BCT, Garching, Germany) apheresis machine using the cMNC
program, software version 11.3. Collection time was restricted to a
maximum of 5 h per LP session, as per German hemotherapy
guidelines [19]. Acid-citrate-dextrose was used at an inlet ratio of
14:1, with an inlet flow rate of 40–100 mL/min. The requested
number of CD34+ cells varied according to the TC from ≥4.0
to ≥5.0 × 106 CD34+ cells/kg BW. A sufficient PBSC collection was
defined as ≥4.0 × 106 CD34+ cells/kg BW of the recipient (over no
more than 2 LP sessions), whereas a PBSC collection of ≥5.0 × 106

CD34+ cells/kg BW of the recipient was regarded as optimal. No
more than two consecutive LP sessions were allowed as per
German hemotherapy guidelines [19].

Calcium was substituted orally as needed to prevent symptoms
of hypocalcemia as common side effect of citrate. Calcium admin-
istration was switched to intravenous infusion, if necessary. Po-
tassium was substituted orally, as needed.

Calculation of Performance Variables
We reviewed data from donors (age, biological sex, and

BW), donor laboratory results (CD34+ cells in PB, WBC,
hemoglobin, and platelets) before and after LP, recipient
data (age and BW), and LP parameters for each LP session,
including processed blood volume, collected volume of the
product, and number of collected CD34+ cells/µL in the
product. We also calculated the collection result (in CD34+
cells × 106/kg BW of the recipient) as follows: ([CD34+ cells/µL
in the product] × [collection volume of the product in mL] ÷
[BW of the donor in kg] ÷ 1,000).

To predict the minimal CD34+ cell number within the
collection and to determine the required blood volume, we
used the formula validated by Rosenbaum et al. [9] (2012):
{([PB CD34+ cells/µL] × [adjusted CE2 of 30%]) ÷ [donor BW
in kg]} × (processed blood volume in L). Since this formula was
originally developed for autologous stem cell collection, we
adopted it for the allogeneic setting by taking the BW of the
recipient into account.

First Step
We calculated the CD34+ cells per kg BW of the donor/L PB

(named S1) as follows:

S1 = (CD34+ cells per µL PB × CE2) ÷ BW of the donor in kg.
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Second Step
We calculated the CD34+ cell yield per kg BW of the donor (in

CD34+ cells/kg BW of the donor) (named S2) as follows:

S2 = S1 × processed blood volume in liters.

Third Step
We calculated the CD34+ cell yield per kg/BW of the recipient

(in CD34+ cells/kg BW of the recipient) (named S3) as follows:

S3 = (S2 × BW of the donor in kg) ÷ BW of the recipient in kg.

This value ultimately predicts the number of collected CD34+ cells/kg
BWof the recipientwith aCE2of 30%at a givenprocessed blood volume.

Example
• BW of the donor: 60 kg
• BW of the recipient: 70 kg
• CD34+ cells in PB of the donor: 80/µL
• Processed blood volume: 15 L
• CE2: 30% = 0.3

Step 1: S1 = ((80 × 0.3) ÷ 60) = 0.4 CD34+ cells × 106 per kg BW
of the donor/L PB

Step 2: S2 = (S1 × 15) = 6.0 × 106 CD34+ cells per kg BW of the
donor

Step 3: S3 = (S2 × 60) ÷ 70 = 5.14 × 106 CD34+ cells per kg BW
of the recipient

In this example, we would expect 5.14 × 106 CD34+ cells/kg
BW of the recipient as yield.

As a matter of fact, using a CE2 of 30% delivers the expected
minimumnumber of collectedCD34+ cells. Thismeans that in 95% of
the cases, the actual CD34+ cell yield will be higher. In clinical reality,
obtaining less than the desired minimum CD34+ cell yield presents a
significant challenge for transplant, whereas exceeding the expected
yield is never a problem. Thus, the rather low CE2 of 30% was
intentionally used to ensure the expected yield would be achieved in
the majority of cases. In addition, this formula was used to avoid
unnecessary long LPs by calculating the required processed PB volume
and adjusting it to the respective collection goal.

Upon completion of each LP procedure, the number of col-
lected CD34+ cells were compared with the predicted number and
a performance ratio (collected/predicted CD34+ cells in %) was
calculated. In addition, the true collection efficiency (CE2 in %) of
every LP session (in contrast to the assumed CE2 of 30% as
described above) was calculated as follows: {([CD34+ concentra-
tion of the product/µL] × [collection volume of the product]) ÷
([CD34+ cells/µL in PB] × [processed blood volume in L])} ÷ 10.

Statistical Analyses
Comparisons of donor characteristics were performed using

the Kruskal-Wallis rank sum test for continuous variables and the
Fisher’s exact test for categorical variables. Unadjusted and ad-
justed analyses were conducted using logistic regression models to
determine the association of covariates with binary outcome.
Unadjusted and adjusted analyses were conducted using linear
regression models to determine the association of covariates on a
continuous outcome scale. Variables includedWBC count, platelet
count, hemoglobin level prior to apheresis, age and weight of the
donor, as well as biological sex. Linear correlations were evaluated
using the Pearson correlation coefficient (r). All statistical analyses
were performed with the statistical software environment R,
version 4.2.1, using the R packages rms, version 6.3.0 [21].

Results

Study Cohort
Data for 637 LP sessions from 588 healthy adult

donors were collected from our center between 2017
and 2022. In 49 donors, a second LP was performed to
achieve the target CD34+ cell count. Of the 588 donors,
125 donors (21%) were female. Median age of the donors
was 29 years (range 18–69 years) with 80% being younger
than 40 years of age (n = 471/588). The number of LPs

Table 1. Dosage of filgrastim according to BW of the donor

Body weight of
the donor, kg

Filgrastim dosage
subcutaneously

Dosage, µg/kg
BW/day

50 48-0-0 9.6
51 48-0-0 9.4
52 48-0-0 9.2
53 48-0-0 9.1
54 48-0-0 8.9
55 48-0-0 8.7
56 48-0-0 8.6
57 30-0-30 10.5
58 30-0-30 10.3
59 30-0-30 10.2
60 30-0-30 10.0
61 30-0-30 9.8
62 30-0-30 9.7
63 30-0-30 9.5
64 30-0-30 9.4
65 30-0-30 9.2
66 30-0-30 9.1
67 30-0-30 9.0
68 30-0-30 8.8
69 30-0-30 8.7
70 30-0-30 8.6
71 48-0-30 11.0
72 48-0-30 10.8
73 48-0-30 10.7
74 48-0-30 10.5
75 48-0-30 10.4
76 48-0-30 10.3
77 48-0-30 10.1
78 48-0-30 10.0
79 48-0-30 9.9
80 48-0-30 9.8
81 48-0-30 9.6
82 48-0-30 9.5
83 48-0-30 9.4
83 48-0-30 9.3
85 48-0-30 9.2
86 48-0-30 9.1
87 48-0-30 9.0
88 48-0-30 8.9
89 48-0-30 8.8
90 48-0-30 8.7
91 48-0-30 8.6
92 48-0-48 10.4
93 48-0-48 10.3
94 48-0-48 10.2
95 48-0-48 10.1
96 48-0-48 10.0
>96 48-0-48 10.0
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increased over time with n = 40 performed in 2017, n = 60
in 2018, n = 51 in 2019, n = 152 in 2020, n = 148 in 2021,
and n = 186 in 2022. Baseline characteristics are sum-
marized in Table 2.

In 539 (92%) donors, one LP session was sufficient to
reach ≥4.0 × 106 CD34+ cells/kg BW, whereas n = 49
donors needed two LPs. In 495 (84%) donors ≥5.0 × 106

CD34+ cells/kg, BW were collected after one LP. The
necessity of two LPs were more common in female
donors (OR 6.68, 95% CI, 2.61–17.05, p < 0.001), donors
with higher age (OR for 10 years difference 1.53, 95% CI,
1.15–2.03, p = 0.003), donors withWBC <30 × 109/L after
5 days of G-CSF stimulation at the date of first apheresis
(OR 4.33, 95% CI, 1.59–11.83, p = 0.004), and a weight
ratio donor/recipient <1 (OR 6.21, 95% CI, 2.69–14.34,
p < 0.001), whereas platelet count and hemoglobin level
prior to apheresis had no significant impact.

Pre-LP Conditions and LP Variables
The minimal predicted CD34+ result and the pro-

cessed blood volume required to reach the collection goal
were calculated prior to each LP session based on the pre-
LP CD34+ cell count in PB. Prior to first LP (n = 588),
WBC, hemoglobin, platelet, and CD34+ counts in the PB
were 44.3 × 109/L (range 9.5–92.7 × 109/L), 14.7 g/dL
(range 10.8–17.8 g/dL), 207 × 109/L (range 102–424 ×
109/L), and 83/µL (range 6.7–322/µL), respectively. In 49
donors, a second LP was necessary. Of those, WBC,
hemoglobin, platelet, and CD34+ cell counts before
second LP in the PB were 39.8 × 109/L (range,
18.9–58.7 × 109/L), 13.3 g/dL (range 11–15.7 g/dL),
134 × 109/L (range, 80–213 × 109/L), and 37.8/µL (range
14.2–74.0/µL). Overall, a cell count of ≥50 CD34+ cells/
µL in PB could be achieved in n = 481 (76%) donors.

The median weight ratio of donor to recipient was 1.04
(range 0.49–19) with no correlation between weights (p =
0.61). Median PB CD34+ cell counts at first and second LP
were 83.0/µL (range 6.7–322/µL, n = 588) and 37.8/µL
(range 14.2–74/µL, n = 49), respectively. The median pro-
cessed volume at first LP was 12 L (range 3.8–19.2 L) and
was adapted after receipt of CD34+ cell counts in the PB as
outlined above [9]. Shown by linear regression modeling
(adjusted r2, 0.41), processed volume during first LP was
inversely correlatedwithCD34+ cells in PB (slope,−0.04; p<
0.0001), female donor (slope, −1.83; p < 0.0001), and
positively correlated with donor weight (slope, 0.02; p =
0.028); neither WBC count (p = 0.97), platelet count (p =
0.51), hemoglobin level (p = 0.51) nor age (p = 0.12) were
correlated with the processed volume. Median processed
volume at second apheresis was 11 L (range 1.4–18.1 L).

LP Performance Assessment
Right in the first LP session, a product with ≥5.0 × 106

CD34+ cells/kg of the recipient’s BW was collected in
495 of 588 donors (84%). This ratio did not vary among

the year of apheresis (p = 0.14). In 49 of 93 (53%) donors
with CD34+ cell collection below 5.0 × 106 CD34+
cells/kg, a second LP was performed on the next day
after ongoing G-CSF stimulation. Of those, median
CD34+ × 106 cells/kg of recipient BW was 2.2 (range
0.3–5.3) and n = 27 achieved ≥5.0 × 106 CD34+ cells/kg
of recipient BW if the CD34+ cell count totals of both
LPs were combined. Of the remaining 22 of 49 donors
having undergone two LPs, the total CD34+ × 106

cells/kg of recipient BW was <5.0 and ≥4.0 in n =
10 – this cohort fell in the gray zone of what was
regarded as the collection goal, as described above.
The total CD34+ × 106 cells/kg of recipient BW
was <4.0 and ≥3.0 in n = 8, and <3.0 in n = 4 donors,
respectively.

Of the remaining 44 donors having undergone one LP,
n = 32 achieved products containing <5.0 and ≥4.0 × 106

CD34+ cells/kg of recipient BW, n = 9 products con-
taining<4.0 and≥3.0 andn=3products containing<3.0 ×
106 CD34+ cells/kg of recipient BW, respectively. Of the
latter cases, only one product was transplanted, the other
two products were discarded, and the recipients received
HPSC from another donor. No cases of failure to engraft
were reported.

Overall, median total collection result of the 588
donors was 8.0 × 106 CD34+ cells/kg (range
1.0–47.1 × 106 cells/kg) with n = 522 (89%) donors
collecting ≥5.0 × 106 CD34+ cells/kg of recipient BW
(1 LP, n = 495; 2 LPs, n = 27). A logistic regression model
again showed that low CD34+ harvest (<5.0 × 106 cells/kg
CD34+ of recipient BW) was associated with female sex
(OR 2.77, range 1.06–7.23, p = 0.04), a weight ratio <1
(OR 3.12, range 1.57–6.24, p = 0.001), PB CD34+ cell
count <50/µL (OR 12.82, range 6.34–25.92, p < 0.001),
whereas WBC, platelets, hemoglobin, and age had no
significant association.

Based on the collected and processed CD34+ cell count, a
CE2 was calculated with a median of 59% (range 29–142%).
In only one LP (0.2%), a CE2 below 30% was noted.
Referring to the minimal predicted and the actual

Table 2. Baseline characteristics of 637 LPs from healthy donors
(n = 637)

n or value % or range

Female sex 155 26
Median age, years 29 18–69
Peripheral blood values

Median WBC, ×109/L 43.9 9.5–92.7
Median platelets, ×109/L 203 80–3,424
Median hemoglobin, g/dL 14.6 10.8–17.8

Results may not add up to 100 due to rounding. WBC, white
blood cell count.
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CD34+ cell collection result, a performance ratio was
calculated that was 195% (range 98–473%). Predicted versus
observed data showed a high correlation coefficient of 0.925
(95% CI, 0.912–0.936, p < 0.0001), demonstrating a very
strong linear correlation (shown in Fig. 1).

Post-LP Conditions
After the first LP (n = 588), median hemoglobin and

platelets declined marginally from 14.7 g/dL (range
10.8–17.8 g/dL) to 13.6 g/dL (range 9.7–17.2) and
more pronounced from 207 × 109/L (range 102–424)
to 135 × 109/L (range 60–290), respectively. In donors
with a second LP (n = 49), median PB hemoglobin and
platelets declined from 13.3 g/dL (range 11–15.7) to
12.2 g/dL (range 9.7–15.9) and from 134 × 109/L (range
80–213) to 94 × 109/L (range 60–183), respectively.

Discussion

The focus of our study was to determine predictive factors
for successful CD34+ PBSC collection. We also validated for
the first time a modified formula capable of predicting
CD34+ cell yield in allogeneic donors that takes BW of
the recipient into account [8–10]. In line with the data by de
Almeida-Neto, a predictive factor of a successful CD34+ cell
collection was >50/µL CD34+ cells in PB [11]. In accordance
with other publications, additional predictive factors were
male sex [11, 22–24] as well as a donor/recipient weight ratio
ofmore than one [11]. In contrast,WBCwas not a predictive
factor, when accounting for CD34+ cells in PB [11]. Addi-
tional variables influencing G-CSF responsiveness might be
related to genetic factors involved in migration and homing
of CD34+ cells, such as VCAM1 [25]. Identification of risk
factors associated with poor mobilization in healthy donors
may help improve donor selection and develop strategies to
ensure successful and efficient engraftment in recipients.

In the analyzed cohort, a sufficient number of CD34+
cells could be mobilized and collected in most cases with a
G-CSF dosage of >8.5 to ≤11/kg BW/day as outlined in
Table 1. Actually, mobilization failure with <2.0 × 106

CD34+ cells/kg BW occurred in only 0.45% of donors,
which compares favorably to other data [26].

We could demonstrate that the number of predicted
CD34+ cells by our formula and the actual number of
CD34+ cells collected showed a very strong linear corre-
lation. However, as we used our formula to predict the
expected minimumCD34+ cells to be collected, we used a
CE2 of only 30% [27] rather than 40% [28] since collect-
ing an insufficient CD34+ stem cell product due to a
shortened LP session based on yield overestimation
would be detrimental. In contrast, collecting a higher
number of CD34+ cells than predicted would be bene-
ficial. Our rather conservative approach of setting the
CE2 at 30% proved clinically translational, as only one LP

in this study fell below 30%. This CE2 prevents premature
stop of the LP collection in the overwhelming majority of
procedures. The reliable prediction of the minimal
CD34+ cells to be collected by our formula allowed to
safely adjust the necessary total blood volume needed for
the respective collection goal [27]. From the donor
perspective, the use of the formula allowed to stop LP
as soon as the predicted minimum cell number was
reached. Moreover, our formula helped reduce the un-
certainty regarding the need of a second LP session the
following day. This represented an important measure to
limit the strain of the donor. For transplant centers, a
collection result that reached or exceeded the initial
request could be achieved in most cases.

The stepwise calculation, as described above, was
applied and documented on a regular basis in our in-
stitution since 2017. As a result, it allows an instant
comparison of the collection yields over the years in
relation to the donor BW (S2) and the recipient BW
(S3). In addition, the performance ratio (collected/pre-
dicted CD34+ cells in %) allows a quantitative assessment
of the efficacy of the individual LP run, thus providing an
advanced benchmarking value for quality assurance [27].
These data can be obtained with very low effort and no
costs, and represent a valuable tool to expedite measures
of quality control and management including product
quality reports etc. As a limiting factor, we did not collect
data of baseline blood values measured prior to starting
G-CSF, potentially limiting the identification of addi-
tional predictive factors not covered in this study, which
might have an impact on the mobilization result.

Fig. 1. Predicted versus actual collected CD34+ cells × 106/kg BW
of the recipient in 588 LP sessions. Equation: log10(actual CD34+
cells collected) = 0.932 × [log10(predicted CD34+ cells to be
collected)] − 0.237.
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In conclusion, the CD34+ cell count in PB is the most
important factor in predicting G-CSF-induced PBSC
yields. Higher age, female sex, WBC <30 × 109/L, and
a donor/recipient weight ratio <1 are useful indicators for
identifying poor mobilizers. The formula for predicting
CD34+ cell yields allowed to determine the required
duration of apheresis and whether a second LP session
is necessary to achieve the collection goal. This is partic-
ularly important if collection time and resources may be
limited (e.g., supply chain shortage during pandemics,
social factors limiting a donor’s ability to return for
another collection etc). Thus, our innovative benchmark-
ing system can be implemented easily and without costs
and may serve as a blueprint for any stem cell collection
center.
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