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Abstract
BACKGROUND—It is often a clinical dilemma to determine when to collect autologous
peripheral blood progenitor cells (PBPCs) in patients who received prior chemotherapy. It is also
challenging to predict if the collected cells will be enough for one or two transplants.

STUDY DESIGN AND METHODS—A total of 103 PBPC donors were followed to evaluate
factors that predict poor autologous PBPC collection. The donors were categorized into three
groups: plasma cell disorders (PCDs), lymphomas, and normal allogeneic donors.

RESULTS—Our evaluation showed that platelet (PLT) count before growth factor administration
significantly correlated with total CD34+ cell yield (Spearman r = 0.38, p < 0.001). Further
analysis showed this correlation was only significant in plasma cell disease patients who received
prior chemotherapy (Spearman r = 0.5, p = 0.008). Baseline PLT counts did not correlate with
PBPC collection yield in untreated PCD, lymphoma, and normal allogeneic donors. In addition,
daily PLT count during PBPC harvest correlated with CD34+ cell yield for that day (Spearman r =
0.41, p < 0.001). With a multiple linear regression model (adjusted R2 = 0.31, AIC = 63.1), it has
been determined that the baseline PLT count significantly correlates with total CD34+ cell yield in
treated PCD patients.

CONCLUSION—Baseline PLT count is a sensitive indicator of autologous PBPC mobilization in
PCD patients who received prior chemotherapy. This finding may be considered before growth
factor administration to determine the optimal period to mobilize treated PCD patients and to
predict if enough cells can be collected for one or two transplants.

Leukapheresis collection of peripheral blood progenitor cells (PBPCs) after granulocyte–
colony-stimulating factor (G-CSF; filgrastim) administration has become the preferred
method of collecting CD34+ cells for patients with hematologic malignancies receiving
high-dose chemotherapy and autologous hematopoietic stem cell transplant (AHSCT). There
is no general consensus about adequate number of CD34+ PBPC cell dose needed for
successful engraftment after a transplant. In general, 5 million CD34+ cells per kg recipient
body weight is considered an adequate cell dose and 2 million CD34+ cell per kg is
considered as the minimum acceptable cell dose for an AHSCT.1 The required number of
CD34+ stem cells needed for a successful allogeneic stem cell transplant is less well
defined.2 In the past 5 years, a handful of studies have reported that infusing higher numbers
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of allogeneic CD34+ cell per kg is associated with a higher incidence of chronic graft-
versus-host disease and higher transplant related mortality.3,4

G-CSF is the most common growth factor used to mobilize patients for PBPC collection.5

When a patient fails to mobilize adequate number of CD34+ cells after G-CSF
administration, a combination of two growth factors, usually G-CSF and granulocyte-
monocyte–colony-stimulating factor (GM-CSF; sargramostim) or G-CSF and a
chemotherapeutic agent, most commonly cyclophosphamide are frequently used. Peripheral
CD34+ cell count is performed before collection is begun by apheresis. Most transplant
centers in the United States use peripheral CD34+ cell count of 10 per μL as the cutoff to
determine when to start collection. Approximately 20 to 30 percent of autologous donors
and 10 percent of allogeneic donors fail to mobilize an adequate number of PBPCs for
collection. Only about one in four poor mobilizers reaches target CD34+ cell dose despite
multiple attempts of remobilization and marrow harvest.6–8

Previous studies have identified several factors that correlate with poor mobilization of
PBPCs after G-CSF stimulation. These factors include the effects of prior chemotherapy as
well as suppressive effects of the malignant cells on normal hematopoietic progenitors.5

Additional studies have documented the effects of prior chemo-therapy on the ability to
harvest sufficient numbers of marrow stem cells or to mobilize CD34+ stem cells for
collection by apheresis9,10 Other factors that contribute to poor mobilization include patient
age,11 patient diagnosis,12 circulating immature cells,13 immature myeloid cells,14 and white
blood cell and mononuclear cell (MNC) counts.15 There is no single established clinical or
laboratory test, however, that reliably correlates with marrow reserve and PBPC
mobilization.

Several studies have shown a significant correlation between the postmobilization,
preapheresis peripheral blood CD34+ cell count (pCD34) with PBPC mobilization and
yield.15–17 Predicting the ultimate CD34+ cell yield before mobilization treatment would be
of great benefit. Potential risks and complications after mobilization treatment, including the
risks associated with central line placement and treatment with high-dose G-CSF, will be
avoided.

Previous studies have demonstrated that stem cell–megakaryocyte–platelet (PLT) lineage is
particularly sensitive to damage of marrow microenvironment.18 It was shown that decrease
in stem cell numbers after chemo-and radiotherapy exposures directly affect PLT count. In
addition, decrease in maturation from altered marrow environment, accessory cells, and
growth factor levels affect megakaryocyte maturation, PLT release, and their migration into
circulation.19,20

Peripheral CD34+ cell count is only useful in predicting adequate mobilization after growth
factor administration. By that time, patients are already exposed to the risks and side effects
of the growth factor and clinicians frequently feel compelled to collect despite the low
peripheral CD34+ cell count. We therefore attempted to identify other factors that could be
used clinically to predict mobilization before growth factor administration.

We performed this study to assess if premobilization PLT count is a sensitive predictor of
adequate CD34+ cell yield in AHSCT candidates. In addition we determined if PLT count
on the day of leukapheresis collection is predictive of CD34+ cell yield for the day. We
envision that PLT count would serve as a surrogate marker for hematopoietic stem cell
mobilization and would correlate with leukapheresis yield. PLT count, unlike peripheral
CD34+ count, is simple to perform, inexpensive, and readily available. We have further
assessed the confounding factors that could influence the relationship between the PLT
count and the CD34+ cell yield. We developed models that predict adequate CD34+ cell
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collection. We propose that PLT count in addition to patient clinical profile could be used to
identify AHSCT candidates at risk for poor mobilization before initiation of mobilization
therapy.

MATERIALS AND METHODS
Patient and graft characteristics

We have followed 103 autologous PBPC transplant candidates evaluated at the Mayo Clinic
Jacksonville from 2004 to 2006. Patients were followed from the time of initial evaluation to
transplant. Factors that may correlate with mobilization potential and poor autologous PBPC
collection were evaluated. This is a prospective-retrospective study as it was part of a larger
National Institutes of Health funded study entitled “Characterization of Hematopoietic Stem
Cells.” Since the main predictor, baseline PLT count, was obtained retrospectively,
however, we defined the study design as retrospective. Mayo Clinic Institutional Review
Board approval (IRB No. 0242) was obtained before the study was conducted. The median
patient age was 51 years (range, 22–76 years). Thirty-eight of the 103 patients were
diagnosed with plasma cell disorders (PCDs), primarily multiple myeloma, and 26 patients
had lymphoma, while the remaining 39 were normal allogeneic donors (Table 1). The
median number of PBPC collections was 3 (range, 1–7).

PBSC collection procedure
Patients were first mobilized with 10 μg per kg G-CSF for approximately 4 to 5 days. On the
day their peripheral CD34+ cell count reached 10 per μL or higher, collection was initiated.
Leukapheresis procedures were performed with an apheresis system (COBE Spectra,
Gambro BCT, Lakewood, CO). The machine was run with operating software version 5.1.
The venous access for all autologous donors was via a trilumen central venous catheter and
all allogeneic donors were collected via bilateral puncture of the antecubital or forearm vein.
All donors were subjected to 4-blood-volume collection which took approximately 4 to 5
hours to complete. The same operator and machine were used for all collections from each
donor. Each donor, however, is randomly assigned to an operator and a machine. All
operators were competent and passed their annual competency evaluations. All apheresis
machines were validated and received routine biannual preventive maintenance.

Adequate mobilization is defined as the ability of a donor to reach peripheral CD34+ cell
count of 10 per μL and/or have a total of 2 million or more CD34+ cells per kg collection
yield. In general, the target total CD34+ cells per kg was 5 × 106 for one transplant and 8 ×
106 for two transplants. Those who failed to mobilize the first time were mobilized with a
combination of G-CSF and either GM-CSF or cyclophosphamide. Occasionally, PBPC
products were collected from poor mobilizers with peripheral CD34+ cell counts less than
10 per μL.

PLT counts
PLT counts were part of complete blood count (CBC). CBC was performed with a cell and
particle counter (Coulter Counter, Beckman Coulter, Fullerton, CA). Baseline PLT count
was the latest count before growth factor administration. PLT count on the day of collection
was measured before each collection. Therefore, PLT count on the first day of collection
was not affected by the collection procedure. Subsequent daily PLT counts might be
affected by the previous day collection procedure but so also the CD34+ cell yield. None of
the patients received PLT transfusion during collection.
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CD34+ cell enumeration
The stem cell product was assayed for the total number of MNCs and CD34+ cells. Total
CD34+ cell yield is defined as cumulative total number of CD34+ cells from all collections.
MNCs were stained with anti-CD45-FITC (Phar-Mingen, San Diego, CA) and anti-CD34-
PE (Becton Dickinson Immunocytometry Systems, San Jose, CA) and analyzed with a flow
cytometer (FACSCalibur, BD Biosciences, Waltham, MA). The number of CD34+ cells for
autologous marrow products was determined before cryopreservation. The data analysis was
performed with computer software (CellQuest, BD Biosciences) after acquisition layouts
(Procount, BD Biosciences). The percentage of CD34+ cells in each sample was determined
and the total number of CD34+ cells infused was calculated. The median peripheral CD34+
count on the first day of collection was 16.9 per μL (range, 1.9–135.9 μL). The median
CD34+ cell per kg count on the first day of collection was 1.78 × 106 per kg (range, 0.06–
14.53/kg) and the median total CD34+ cell yield per patient was 5.78 × 106 per kg (range,
0.06–14.53/kg; Table 2).

Statistical analysis
The primary endpoint was CD34+ cells per kg yield and the primary predictor was PLT
count at baseline. We used regression models to ascertain if the PLT count predicted CD34+
cell yield, unadjusted and adjusted for other factors. Factors included in the regression
analyses were patient weight, previous treatment status, and disease. Our objective was to
determine if baseline PLT count can be used to predict total CD34+ cell yield.

Associations between continuous and categorical variables were assessed by the two-sample
t test or the Wilcoxon rank-sum test. The linear correlation between two continuous factors
was assessed by Spearman's rank correlation. Receiver operating curve (ROC) was used to
evaluate the best cutoff for baseline PLT count that predict collection of 5 × 106 CD34+
cells per kg from treated PCD patients. No statistical adjustment was made for performing
multiple tests. All probability values are two-sided.

RESULTS
Baseline PLT count before growth factor mobilization correlates with total CD34+ cell yield

The median baseline PLT count (PLT count before growth factor administration began) was
253 × 109 per L (range 6 × 109–593 × 109/L). Our evaluation showed baseline PLT count
before growth factor administration significantly correlated with total CD34+ cell yield
(Spearman r = 0.38, p = 0.001; Fig. 1A). In addition, baseline PLT count significantly
correlated with peripheral blood CD34+ cell count (Spearman r = 0.36, p = 0.002).

PLT count on day of harvest correlates with CD34+ cell yield
We examined whether PLT count on the first day of harvest correlated with CD34+ cell
yield for that day. Figure 1B shows a significant linear correlation between PLT count on
the first day of collection and the CD34+ cell yield for that day (r = 0.4, p < 0.001).
Similarly, a significant relationship was observed when the peripheral CD34+ cell count on
first day of collection was compared with CD34+ cell yield for the day (r = 0.78, p < 0.001;
Fig. 1C). In addition, daily PLT count during PBPC harvest correlated with CD34+ cell
yield for the day (data not shown).

Influence of disease and prior treatment on PBPC mobilization and CD34+ cell yield
We also examined the influence of disease characteristics on PBPC mobilization and
collection. Donors were stratified based on their diseases: lymphoma and PCD with normal
allogeneic donors as control group. The median baseline PLT count was 253 × 109, 176 ×
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109, and 257 × 109 per L for PCD, lymphoma, and normal donors, respectively. The median
total CD34+ cell yields per kilogram of body weight were 7.04 × 106, 3.6 × 106, and 5.98 ×
106 for PCD, lymphoma, and normal allogeneic donors, respectively. The median number of
collections was 4, 3, and 2 for PCD, lymphoma, and normal donors, respectively. Only
baseline PLT counts from donors with PCD have significant correlation with total CD34+
cell yield (Spearman r = 0.46, p = 0.003; Fig. 2A). Patients with lymphoma and normal
donors showed no significant correlation between baseline PLT count and CD34+ cell yield
(Figs. 2B and 2C).

Forty-nine percent of our donor cohort received prior therapies. Among the treated donors,
54 percent were PCD donors and 46 percent were lymphoma donors. Among the donors
without history of prior therapies, 74 percent were normal allogeneic donors, 6 percent
lymphoma patients, and 20 percent PCD patients. When the donors were stratified according
to their disease and prior therapies, only treated PCD patients showed significant correlation
between baseline PLT counts and total CD34+ cell yield (Spearman r = 0.5, p = 0.008). PCD
donors who received prior therapies significantly yield higher total CD34+ cells than
previously treated lymphoma donors (p < 0.001). There was no significant difference,
however, in total CD34+ cell yield between the untreated PCD and untreated lymphoma
donors (Fig. 3A). Similarly, median baseline PLT count for previously treated PCD donors
was significantly higher than median PLT count for previously treated lymphoma donors (p
= 0.05; Fig. 3B).

Multiple regression models for prediction of PBPC mobilization and total CD34+ collection
for PCD patients

Univariate and multivariate linear regression was used to predict the total CD34+ cell yield
for PCD patients. Four potential predicting covariates were considered: baseline PLT count,
donor weight, peripheral CD34+ cell count, and the treatment status (treated, 1; untreated,
0). In univariate analysis, baseline PLT count (p = 0.006), donor weight (p = 0.021), and
peripheral CD34+ cell count (p = 0.023) were identified as the significant predicting factors
for the total CD34+ cell yield. In a multivariate analysis, baseline PLT count (p = 0.034),
donor weight (p = 0.024), and peripheral CD34+ cell count (p = 0.038) remain significant.
The regression model with best goodness of fit is the model that includes baseline PLT
count, peripheral CD34+ cell count, and patient weight in kilograms (total CD34+ cell ×
106/kg = 0.01 × baseline PLT count [in 103] + 0.03 × peripheral CD34+ cell count – 0.06 ×
weight [kg]; adjusted R2 = 0.31, AIC = 63.1).

ROC analysis to determine the best baseline PLT count cutoff that predicts 5 × 106 CD34+
cells per kg yield from treated PCD patients

Total CD34+ cell yields from treated PCD patients were categorized into less than 5 and at
least 5. We then performed ROC analysis to determine the baseline PLT count cutoff that
has the best sensitivity and specificity to predict 5 × 106 CD34+ cell yield from these
patients. We have determined PLT count of 192 × 109 per L will predict at least 5 × 106

CD34+ cell yield with 95 percent sensitivity and 71 percent specificity and estimated correct
classification of 88 percent. Increasing the cutoff to 220 × 109 per L will decrease the
sensitivity to 85 percent but increase the specificity to 86 percent The ROC analysis result
was summarized in Table 3 and Fig. 4.

DISCUSSION
Our analysis shows PLT count is a significant predictor of mobilization potential. In
addition, PLT count correlates with daily yield of CD34+ cell yield. This correlation was
observed in treated PCD patients, because when the data set was stratified by donor disease
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and prior treatment only treated PCD patients showed significant correlation. Therefore,
treated PCD patients were influencing the results of our initial analysis (presented in Fig. 1)
in such a way to make the correlation of PLT count and CD34+ count significant for all
donors. This suggests that the patient's disease and treatment status significantly influences
the correlation between PLT count and CD34+ cell collection yield. The importance of a
subtle interaction between the underlying disease, in this case PCD, and prior treatment was
suggested by our observation. Patients with non-Hodgkin's lymphoma tend to be heavily
treated,7 whereas patients with multiple myeloma commonly undergo PBSCT without prior
exposure to alkylating agent chemotherapy. Exposure to alkylating agents may influence
CD34+ cell yield; nevertheless, in our study this did not appear to impact the relation
between PLT count and CD34+ cell yield since we did not observe a significant relationship
between baseline PLT and CD34+ cell yield in treated lymphoma donors who commonly
receive prior alkylating agents. None of the treated PCD patients in our study received prior
melphalan treatment, a common alkylating agent for treatment of multiple myeloma that is
known to be myelosuppressive. Therefore, it is the combination of biologic nature of the
disease and prior treatments that influences the quantity and quality of marrow reserve and
mobilization potential.

PLT count is an important factor to consider among many other factors that influence
successful mobilization and collection of treated PCD patients. We provided a multivariate
regression model that could be used to predict total CD34+ cell yield. Our institution
considers all the significant factors when determining who to mobilize. To further enhance
the utility of our study for those who prefer a simple algorithm based on baseline PLT count,
we performed ROC analysis to examine the sensitivity and specificity of potential baseline
PLT count cutoffs that has the highest correct classification. We determined that PLT count
of at least 192 × 109 per L was likely to result in at least 5 × 106 per kg CD34+ cell yield in
treated PCD patients. We point out that prognostic models, like our PLT cut point under
ROC, however, are very data dependent; that is, what we obtained here is based on our data
only, which may not be applicable to other institutions. Further prospective confirmation is
needed to validate our data.

We did not consider number of collections as a good correlate measure because some
patients were mobilized and collected with intention to collect cells enough for two
transplants. Naturally, those that would be having two transplants would have higher target
cell numbers and hence would have more collections than those who would be receiving a
single transplant.

Multiple direct and indirect factors interact together to maintain the quality and quantity of
marrow stem cells in their niche. Among the direct factors are the accessory cells that
constitute the marrow microenvironment. The marrow microenvironment also contains
many extracellular membrane proteins such as fibronectin, collagen, laminin, and
osteopontin. The physical interaction of multiple myeloma cells with these proteins and the
accessory cells has a significant role in the disease pathogenesis.21 The association of high
levels of interleukin-6, a potential mobilizing agent, with most plasma cell diseases22 may
contribute to the increased CD34+ cell mobilization observed in our PCD patients.

Seventy-one percent of the PCD patients studied have their PBPC collected after they
received some type of therapies for their disease. The majority of those who received prior
therapies were treated with dexamethasone alone or in combination with other agents such
as prednisone, thalidomide, lenalidomide, vincristine, and doxorubicin. We suspect that
dexamethasone, the most common steroid treatment for PCD, may be responsible for the
observed correlation between PLT count and PBPC yield. This is unsubstantiated, however,
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and is currently part of an ongoing study in our lab. More studies will be needed to validate
this perception.

PLT count is a simple inexpensive test that is routinely performed as part of CBC during
patient evaluation. It therefore does not increase cost of patient care. Unlike peripheral
CD34+ cell count, it does not require special flow cytometry equipment and technicians.
Very recently, Fu and colleagues23 reported a retrospective study that shows premobilization
therapy blood CD34+ cell count predicts the likelihood of successful HSC mobilization. The
study proposed a complicated algorithm for predicting postmobilization CD34+ cell yield.
The overall correlation coefficient between the premobilization CD34+ cell count and
CD34+ cell yield was 0.37, which is comparable with the correlation coefficient between
baseline PLT count and total CD34+ cell yield.

PLT production is closely associated with overall hematopoiesis. Thrombopoietin, the only
growth factor known to stimulate thrombopoiesis, is also a powerful inducer of
hematopoiesis.24 Thrombopoietin has been used successfully to mobilize PBPCs for
leukapheresis collection.25 In addition, CD34+ cell dose correlates with time to PLT
engraftment after transplant and time to PLT engraftment was shown to be the best indicator
of short-term engraftment.5 A study was conducted in 2005 by Lysak and colleagues11 from
Czechoslovakia to examine the factors affecting PBSC mobilization and collection in
healthy donors. The study seemed to suggest in a univariate regression model prestimulation
PLT counts correlated with CD34+ cell yield in healthy donors. The R2 for the model was
only 14 percent. This observation was not true in a multivariate model, however. It was
unclear from the report when the prestimulation PLT counts were performed and whether
the PLT counts in the paper were equivalent to our baseline PLT counts, which were
obtained before growth factor stimulation. Therefore, it is challenging to make a comparison
between the two studies. If the conclusion from the study was prestimulation PLT counts in
healthy donors have no significant correlation with total CD34+ cell yield, then our findings
agree with their report as we did not observe significant correlation in normal donors. The
mechanism of how PLT counts predict marrow reserve and mobilization potential warrant
further studies to assess the molecular basis of marrow damage that impedes PLT production
and survival.

We believe that taking PLT count into consideration when evaluating treated PCD patients
for bone marrow transplantation will have a significant clinical impact by minimizing
patient exposure to unnecessary and potentially risky mobilization therapies. This will
improve quality of patient care and potentially save money.
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Fig. 1.
(A) Correlation of baseline PLT count and total CD34+ cell yield for all donors. (B)
Correlation of first day PLT count and first day CD34+ cell harvest for all donors. (C)
Correlation of peripheral blood CD34+ cell count and first day CD34+ cell harvest for all
donors.
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Fig. 2.
Correlation of baseline PLT count and total CD34+ cell yield.
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Fig. 3.
(A) Distribution of total CD34+ cell yield by disease and prior treatment status. *Significant
difference between the treated PCD and treated lymphoma groups (p < 0.001). (B)
Distribution of baseline PLT count by disease and prior treatment status. *Significant
difference between the treated PCD and treated lymphoma groups (p = 0.05).
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Fig. 4.
ROC analysis of baseline PLT count as a predictor of at least 5 × 106 CD34+ cells per kg
yield from treated PCD patients. The best cutoff PLT count was 192 × 109 per L (sensitivity,
95%; specificity, 71%; correct classification, 89%).
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TABLE 1

Donor characteristics

Disease category PCDs Lymphoma Normal Total

Donor 0 0 39 39

Treated 27 23 0 50

Untreated 11 3 0 14

Total 38 26 39 103
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TABLE 2

Donor collection profile

Variable Median Minimum Maximum

Age (years) 51 22 76

Weight (kg) 78.3 49 143

Number of collections 3 1 7

Baseline PLT count (×109/L) 253 6 593

Peripheral blood CD34 count (/μL) 16.9 1.9 135.9

Day 1 CD34+ cell count (×106/kg) 1.78 0.06 14.53

Total CD34+ cell yield (×106/kg) 5.98 0.06 14.53
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TABLE 3

ROC analysis for determining baseline PLT count with best sensitivity and specificity to predict 5 × 106

CD34+ cells per kg yield from treated PCD patients

Baseline PLT count cut point Sensitivity (%) Specificity (%) Correctly classified (%)

≥151 95 14 74

≥166 95 28 77

≥179 95 42 81

≥192 95 71 89

≥203 90 71 85

≥220 85 86 85

≥235 75 86 78

≥266 55 86 63

Transfusion. Author manuscript; available in PMC 2014 February 10.


