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Introduction

Platelet (PLT) transfusion in pediatric oncology is used for 
prevention or treatment of bleeding in thrombocytopenic pa-
tients with malignancies who have bone marrow failure 
caused by their disease or its treatment. 

Transfusion-associated graft-versus-host disease (TA-
GVHD) is a rare but usually fatal complication of trans-
fusion of cellular blood components that results from the 
engraftment and clonal expansion of contaminating alloge-
neic donor lymphocytes, eliciting an acute immune dysregu-
lation in the host [1, 2]. The risk associated with an individ-
ual transfusion depends on the number and viability of con-
taminating lymphocytes, the susceptibility of the patient’s 
immune system to their engraftment, and the degree of im-
munological (HLA) disparity between donor and recipient. 
Since at least one case of TA-GVHD has been reported 
after transfusion of only 8 × 104 lymphocytes per kg of body 
weight, the threshold of the quantity of transfused lym-
phocytes that can cause TA-GVHD remains unknown [3]. 
Quality guidelines for leukocyte-reduced apheresis PLT 
 concentrates (APCs) define a maximal leukocyte count of 
<5 × 106/l [4]. Since this limited number of remaining leuko-
cytes may cause TA-GVHD, even leukocyte-reduced PLT 
concentrates have to be gamma-irradiated [5, 6]. For PLTs 
and plasma, but not for red blood cell concentrates (RBCs), 
photochemical pathogen reduction technologies like ribofla-
vin plus ultraviolet light irradiation may be an alternative  
[7, 8]. Nonetheless, gamma irradiation is currently the only 
recommended method to prevent TA-GVHD [3, 9, 10]. By 
damaging the DNA of lymphocytes, ionizing radiation abol-
ishes their mitotic capacity [9]. According to earlier trans-
fusion studies, gamma irradiation of PLTs did not influence 
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Summary
Background: Gamma irradiation is currently the stan-
dard care to avoid transfusion-associated graft-versus-
host disease. Guidelines on gamma irradiation of blood 
components state that platelets (PLTs) can be irradiated 
at any stage in their 5-day storage and can thereafter be 
stored up to their normal shelf life of 5 days after collec-
tion. In this study, we explored whether the timing of 
 irradiation has an effect on transfusion efficacy of apher-
esis PLT concentrates (APCs). Methods: Based on the 
1-hour percent PLT recovery (PPR1h), transfusion efficacy 
of 1,000 eligible APCs transfused to 144 children were 
evaluated retrospectively. PPR1h was compared in trans-
fused APCs irradiated at the day of transfusion and APCs 
irradiated in advance. Results: In univariate analysis, 
transfusion efficacy of APCs irradiated in advance was 
significantly lower than that of APCs irradiated at the day 
of transfusion (mean PPR1h 27.7 vs. 35.0%; p = 0.007). 
This was confirmed in multivariate analysis (p = 0.030). 
Compared to non-irradiated APCs, transfusion efficacy of 
APCs irradiated at the day of transfusion was not signifi-
cantly inferior (mean difference –2.8%; 95% CI –6.1 to 
0.5%; p = 0.092), but APCs irradiated in advance were 
clearly less efficient (mean difference –8.1%; 95% CI 
–12.2 to –4.0%; p < 0.001). Conclusion: Our data strongly 
support that APCs should not be irradiated in advance, 
i.e., 24 h before transfusion. 
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PLTs, corresponding to the minimum content required by the standards 
of the Swiss Red Cross until the end of 2006 and starting with 2007, re-
spectively. APCs produced with the Amicus device were stored in 65% 
T-Sol  (PAS II, Baxter) and 35% autologous plasma according to the 
manufacturer’s instructions, whereas PLTs derived from the Trima and 
Spectra devices were stored in 100% autologous plasma. APCs were 
stored at 22 ± 2 °C for a maximum of 5 days on a flat-bed shaker with 
constant agitation until delivery for transfusion. Older products were 
 delivered first, in line with the policy of our Division of Transfusion 
 Medicine to avoid expiration of APCs. 

PLT Transfusions
Most patients received prophylactic PLT transfusions, with only a few 

receiving PLT transfusions for therapeutic purposes. In uncomplicated 
thrombocytopenia no threshold for prophylactic PLT transfusion was de-
fined. However, as shown in table 2, depending on clinical circumstances 
various thresholds between 10 and 100 × 109/l were applied. For example, 
in children with a PLT count  10 × 109/l before RBC transfusion, an 
APC was given. This was done due to the observation that in patients 
with severe anemia there is significant peripheral vasoconstriction that 
will dissolve after transfusion of RBCs, probably increasing the bleeding 
risk. In children with severe neutropenia and uncomplicated thrombocy-
topenia, no threshold for prophylactic PLT transfusion was defined. 
However, due to the increased bleeding risk when fever appears, a PLT 
trigger of  10 × 109/l was applied. 

Bleeding episodes due to thrombocytopenia were managed with PLTs 
until controlled. In all other situations, infants received 10–15 ml/kg body 
weight of an APC. Children <2 years old received half an APC, and pa-
tients aged 2 years received a full APC. In line with our routine practice, 
we recorded pulse rate and blood pressure before starting the transfusion 
as well as every 3 min during transfusion. Body temperature was meas-
ured before and after transfusion. Patients were monitored for adverse 
events until 1 h after the end of transfusion. 

Efficacy Measures: 1-Hour Percent PLT Recovery (PPR1h) 
Because in infants and children, blood volume is proportional to body 

weight and is only sub-optimally related to body surface area, we meas-
ured transfusion efficacy by the PPR1h instead of the more widely used 
1-hour corrected count increment (CCI1h) [18, 19]. This surrogate out-
come measure is calculated as PPR1h (%) = (post-transfusion count (109/l) 
– pre-transfusion count (109/l)) × blood volume (l) / PLT dose (1011/l). 
Blood volume was determined according to Linderkamp et al. [20]. Ac-
cording to the British Committee for Standards in Haematology, an un-
successful PLT transfusion was defined as one with a PPR1h of 30% or 
less [4]. 

Determination of PLT Count
PLT count in blood samples of patients was measured with a CELL 

DYN 3500 R analyzer (Abbott Laboratories, Abbott Park, IL, USA). In 
case of a PLT count < 30 × 109/l or an abnormal histogram pattern, man-
ual counting with a modified Neubauer counting chamber was 
performed.

In each APC, PLT count was determined with an ADVIA 120 Hema-
tology System (Bayer, Leverkusen, Germany) according to the pre-ana-
lytic recommendations of the apheresis device manufacturers. After the 
donation, the APCs were stored during at least 1 h without agitation and 
then put on a PLT agitator for an additional 1-hour period. Thereafter 
the PLT count was measured.

Gamma Irradiation
When clinically required, gamma irradiation of APCs was performed 

with a cesium irradiator Gammacell 3000 Elan (MDS Nordion, Ottawa, 
ON, Canada) at a dose of 25 Gy. Gamma-irradiated APCs were adminis-
trated to the following patients: children undergoing allogeneic or auto-
logous stem cell transplantation, patients after treatment with anti-thy-

post-transfusion PLT increments [11–14], whereas more re-
cent work showed decreased increments [15, 16].

In everyday transfusion practice, both pre-storage gamma 
irradiation as well as irradiation of blood components imme-
diately before transfusion are common. Both approaches are 
consistent with international guidelines, stating that gamma 
irradiation of PLT concentrates can be applied at any stage in 
their five-day storage, and thereafter PLTs can be stored up 
to their normal shelf life of 5 days after collection [3, 9, 10]. 
The impact of gamma irradiation of PLT concentrates on 
their transfusion efficacy in vivo is poorly investigated, and 
the results are inconsistent [11–13, 15, 16]. Therefore, taking 
into account all significant covariates affecting transfusion ef-
ficacy from our previous work [16, 17], the aim of the present 
study was to investigate whether gamma irradiation of APCs 
adversely affects transfusion efficacy and whether the timing 
of irradiation has an effect on transfusion efficacy.

Patients and Methods

Study Design 
Within the hemovigilance program of our hospital, efficacy and ad-

verse events of PLT transfusions are registered prospectively in all pa-
tients. Adverse events, however, were not analyzed in this study. In the 
present study, the prospectively registered transfusion efficacy of APCs 
was analyzed retrospectively by reviewing the records of all patients hav-
ing received at least one APC between January 2004 and December 2010 
at the Division of Pediatric Hematology and Oncology, Department of 
Pediatrics, University of Bern, Switzerland. This data set included the 
data of our two former prospective trials evaluating the effects of high-
yield thrombocytapheresis on the quality of APCs [16] and the influence 
of ABO blood group matching between PLT donor and recipient on post-
transfusion PLT increment [17]. In addition to the 1-hour percent PLT 
recovery (PPR1h), side effects of PLT transfusions and data on the pro-
duction process of APCs were recorded. The latter included information 
on the apheresis procedure, storage medium, storage time, APC volume, 
gamma irradiation, and timing of irradiation. 

Patients
Between January 2004 and December 2010, all consecutive patients 

with hematological malignancies, solid tumors, or aplastic anemia requir-
ing at least one PLT transfusion at the Division of Pediatric Hematology 
and Oncology, Department of Pediatrics, University of Bern, Switzer-
land, were assessed for their eligibility for this retrospective analysis. Ex-
clusion criteria were fever 38.5 °C before transfusion, clinically enlarged 
spleen, thrombosis, adverse events requiring interruption of transfusion, 
immune thrombocytopenia (ITP), and hemorrhage  WHO grade 3. 
During the observation period there was no patient with PLT transfusion 
refractoriness. This study was approved by the institutional review board 
with waiver of informed consent.

Preparation and Delivery of APCs
PLTs were obtained from healthy volunteer donors, either by single- 

or double-needle thrombocytapheresis using an Amicus Crescendo de-
vice (n = 117; software version 2.51; Baxter, Deerfield, IL, USA), or by 
single-needle procedures using a Trima Accel device (n = 865; software 
version 5.0 or 5.1; Gambro BCT, Lakewood, CO, USA) or a Cobe Spec-
tra device (n = 18; software version 7.0; Gambro BCT). Apheresis time 
was limited to 100 min. Depending on the yield, the apheresis product 
was split into APCs containing at least 2.0 × 1011 PLTs and 2.4 × 1011 
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Results

Patient Characteristics, PLT Transfusions, and Indications
During the study period, 152 children and adolescents re-

ceived 1,272 APC transfusions of which 272 (23%) were ex-
cluded from analysis for the following reasons: fever  38.5 °C 
before transfusion (n = 125), missing pre- or post-transfusion 
PLT count (n = 48), clinically enlarged spleen (n = 16), thrombo-
sis (n = 14), APC obtained from a foreign blood bank (n = 32), 
refusal of study participation (n = 22), adverse events requiring 
interruption of transfusion (n = 9), ITP (n = 4), and hemorrhage 

 WHO grade 3 (n = 2). Adverse reactions were shivering (n = 
6), dyspnea (n = 1), urticaria (n = 1), and transfusion-related 
acute lung injury (n = 1). The eligible study population consisted 
of 144 children (69 girls, 75 boys) with a median age of 6.1 years 
at first transfusion (range 0.1–20.0 years). They presented with 
thrombocytopenia due to the malignancy itself or the applied 
chemotherapy, or because of aplastic anemia (table 1). The me-
dian number of APCs transfused per patient was 5 (interquartile 
range 3–10). Of 1,000 PLT transfusions, 961 (96%) were given 
prophylactically and 39 (4%) therapeutically (table 2). 

mocyte globulin, and infants undergoing highly myelotoxic chemother-
apy. The choice of APCs and the timing of the gamma irradiation were at 
the discretion of the staff of the Division of Transfusion Medicine. Since 
only the date, but not the exact time of gamma irradiation was docu-
mented, transfusions were categorized as irradiated at the same day as 
transfused (<24 h) in the case when irradiation and transfusions occurred 
on the same date. Being well aware that in some transfusions the time lag 
between irradiation and transfusion could be less than 24 h, all transfu-
sions with different dates of irradiation and of transfusion were catego-
rized to 24 h. According to these definitions, transfusions were divided 
into three groups: non-irradiated APCs, APCs gamma-irradiated at the 
day of transfusion (<24 h before transfusion), and APCs gamma-irradi-
ated in advance ( 24 h).

Statistical Analysis 
Means and their standard deviation (SD) were calculated. For analy-

sis, univariate and multivariate linear mixed-effect (LME) regression was 
used. With a random intercept per patient, LME accounts for the correla-
tion among multiple transfusions given to the same patient. For multivari-
ate analysis, storage time, applied apheresis procedure, apheresis yield, 
ABO transfusion constellation, body weight of recipients, and PLT count 
before transfusion were used as covariates [16, 17]. Two-sided tests were 
used throughout, and p values < 0.050 were considered significant. The R 
2.10.1. software (R Foundation for Statistical Computing, Vienna, Aus-
tria) was used.

Table 1. Patient’s diagnoses, number of transfused APCs, and distribution of non-irradiated and gamma-irradiated APCs

Diagnosis Patients (%) Transfused APCs (%)

total non-irradiated irradiated at the  
day of transfusion

irradiated 24 h 
before transfusion

Acute lymphoblastic leukemia  61 (42%)  404 (40%) 323 (80%)  48 (12%)  33 (8%)
Acute myeloid leukemia  13 (9%)  187 (19%)  29 (16%)  85 (45%)  73 (39%)
Lymphoma   5 (3%)   19 (2%)   6 (32%)  10 (52%)   3 (16%)
Tumor of the central nervous system  23 (16%)  141 (14%)  31 (22%)  78 (55%)  32 (23%)
Extracranial solid tumor  34 (24%)  157 (16%)  38 (24%)  94 (60%)  25 (16%)
Aplastic anemia   8 (6%)   92 (9%)  34 (37%)  50 (54%)   8 (9%)

Total 144 (100%) 1,000 (100%) 461 (46%) 365 (37%) 174 (17%)

Indications Pre-transfusion PLT  
count × 109/l

Transfusions (%)a

median range

Therapeutic use
Minor bleeding (WHO grade <3) 20 2–95  39 (4%)

Prophylactic use
Before red blood cell transfusion 10 1–4 314 (31%)
Before invasive interventionb 19 0–97 238 (24%)
Fever in severe neutropenia  9 1–90 133 (13%)
Prevention of further bleeding after major  

hemorrhage
18 2–66  90 (9%)

Before discharge from hospital  9 1–32  63 (6%)
Autologous stem cell transplantation 13 2–55 123 (12%)

an = 1,000.
bIntramuscular injection, surgery, insertion of a central venous catheter, lumbar puncture. 
In case of circulating leukemic cells in the peripheral blood before lumbar puncture, PLTs were  
transfused when the PLT count was <100 × 109/l [27].

Table 2. Indications for transfusion and 
corresponding pre-transfusion PLT counts
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( 24 h) was clearly inferior compared to APCs irradiated at 
the day of transfusion (mean PPR1h 27.7 vs. 35.0%; p = 0.007) 
(table 4). 

These results were confirmed by multivariate analysis, cor-
rected for storage time of APCs, applied apheresis procedure, 
apheresis yield, ABO transfusion constellation between 
donor and recipient, body weight of recipients, and PLT count 
before transfusion (tables 3–5, fig. 1). Noteworthy, beyond 
this variety of parameters significantly influencing transfusion 
efficacy, the negative impact of gamma irradiation in advance 
(  24 h) remained statistically significant. 

Discussion 

Although, since the introduction of allogeneic bone mar-
row transplantation to the medical armory, GVHD has been a 
known complication, it was not until the 1970s that TA-
GVHD was recognized as a distinct entity [2]. It is a rare but 
usually fatal complication of transfusion of cellular blood 
components that results from the engraftment and clonal ex-

Distribution of Gamma-Irradiated and Non-Irradiated APCs
The 1,000 eligible PLT transfusions included 461 (46%) 

non-irradiated and 539 (54%) gamma-irradiated APCs. 
Among the 539 gamma-irradiated APCs, there were 365 
(68%) irradiated at the day of transfusion and 174 (32%) ir-
radiated in advance ( 24 h). In all groups of patients, except 
those with acute lymphoblastic leukemia (80% of APCs non-
irradiated), the majority of APCs transfused were gamma- 
irradiated (table 1).

PLT Transfusion Efficacy
Table 3 shows the transfusion efficacy depending on 

gamma irradiation and timing of irradiation. In univariate 
analysis, the transfusion efficacy of gamma-irradiated APCs 
was inferior compared to non-irradiated APC (mean PPR1h 
32.7 vs. 39.3%; p = 0.014). However, this was obviously due 
to APCs irradiated in advance ( 24 h) (mean PPR1h 27.7%; 
p < 0.001), while the efficacy of APCs irradiated at the day  
of transfusion was not significantly inferior than that of non-
irradiated APCs (mean PPR1h 35.0%; p = 0.092). Correspond-
ingly, the efficacy of APCs gamma-irradiated in advance 

Table 3. Linear mixed analysis of transfusion efficacy of non-irradiated and gamma-irradiated APCs

APCs n Mean PPR1h PPR1h univariate PPR1h multivariate

% SD difference, % 95% CI, % p difference, % 95% CI, % p

Total 1,000 35.7 19.3
Non-irradiated 461 39.3 19.4 reference reference
Gamma-irradiated 539 32.7 18.7 –3.8 –6.8 to –0.8 0.014 –3.8 –6.6 to –1.1 0.006

Day of transfusion 365 35.0 18.5 –2.8 –6.1 to 0.5 0.092 –3.3 –6.3 to –0.3 0.030
24 h 174 27.7 18.0 –8.1 –12.2 to –4.0 <0.001 –6.3 –10.1 to –2.6 <0.001

Table 4. Linear mixed analysis of transfusion efficacy of APCs irradiated at the day of transfusion and in advance ( 24 h)

Gamma-irradiated APCs n Mean PPR1h PPR1h univariate PPR1h multivariate

% SD difference,  
%

95% CI,  
%

p difference,  
%

95% CI,  
%

p

 Day of transfusion 365 35.0% 18.5 reference reference
24 h 174 27.7% 18.0 –4.2 –7.2 to –1.2 0.007 –3.0 –5.7 to –0.3 0.030

Factors analyzed Difference in PPR1h, results of LME analysis

estimate, % 95% CI, % p value

Apheresis procedure with Amicus vs. others –5.5 –7.1 to –4.0 <0.001
Platelet yield × 1011 –1.6 –2.2 to –1.0 <0.001
ABO minor-mismatched vs. ABO identical 2.2 –2.6 to 6.9 0.37
ABO major-mismatched vs. ABO identical –5.8 –9.1 to –2.5 <0.001
Storage time per day –2.5 –3.6 to –1.5 <0.001
Platelet count before transfusion per 10 × 109/l –0.7 –1.5 to 0.1 0.098
Body weight of recipient per kg 0.3  0.2 to 0.4 <0.001
Irradiation 24 h vs. at the day of transfusion –3.0 –5.7 to –0.3 0.030

Table 5. Multivariate association of transfusion 
efficacy of APCs gamma-irradiated at the day 
of transfusion versus irradiated 24 h, n = 539
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Further, in our study population the frequency of major or 
minor bleeding episodes was very low. Therefore, we based 
our analysis on a surrogate parameter. As previously men-
tioned, in children PPR1h is a more appropriate surrogate 
marker for transfusion efficacy than the more widely used 
CCI1h. The aim of the present study was to investigate 
whether gamma irra diation of APCs adversely affects trans-
fusion efficacy and, particularly, whether the timing of irra-
diation has an effect on transfusion efficacy. Transfusion 
 efficacy of gamma-irradiated APCs was significantly inferior 
as compared to non-irradiated APCs. However, this was par-
ticularly due to APCs irradiated 24 h before transfusion. 
Comparing non-irradiated APCs with APCs irradiated at the 
day of transfusion, no significant difference was observed. 
Correspondingly, transfusion efficacy of APCs irradiated  

24 h before transfusion were significantly inferior to prod-
ucts irradiated at the day of transfusion (tables 3–5, fig. 1).  
In view of the fact that in some trans fusions which were cate-
gorized as APCs irradiated in advance ( 24 h) (see meth-
ods), the time lag between gamma irradiation and transfusion 
could have been less than 24 h, the difference between the 
PPR1h obtained with APCs irradiated at the day of trans-
fusion and APCs irradiated in advance ( 24 h) may have 
even been underestimated here. 

One of the shortcomings of the present study is its retro-
spective nature, though data were collected prospectively, and 
also the fact that for the timing of gamma irradiation only two 
groups could be defined, irradiation 24 h before transfusion 
and irradiation at the day of transfusion, which were com-
pared with non-irradiated PLT transfusions. Further, there is 
an unbalance between APCs gamma-irradiated at the day of 
transfusion and those irradiated in advance in favor of the 
former. It would be of interest to evaluate in more detail both 

pansion of contaminating allogeneic lymphocytes. The patho-
physiology of TA-GVHD, the patient population at risk, and 
the preventive measurements have been reviewed by Rühl et 
al. [2]. Although treatment of blood components by riboflavin 
plus ultraviolet light irradiation or other pathogen reduction 
techniques are considered to be equivalent alternatives [7, 8], 
gamma irradiation of cellular blood products is still the stand-
ard of care method for TA-GVHD prevention. Doses of 
2,500–3,000 cGy completely inhibit T-cell proliferation and, 
thereby, initiation of TA-GVHD [3]. According to a more 
than 30-year-old study, there seems to be no evidence that 
blood components irradiated up to 5,000 cGy have undesired 
effects or are less effective than non-irradiated products. No 
demonstrable negative effect on the clinical efficacy of red 
blood cells, PLTs, and granulocytes was observed [14]. How-
ever, only recently proteomic technologies have been intro-
duced to evaluate and optimize the quality of APCs [21]. By 
comparing photochemical pathogen reduction technologies 
(e.g., riboflavin plus ultraviolet light irradiation) with gamma 
irradiation at day 1 and day 5, it emerged that both methods 
induced proteome changes reflecting increasing PLT storage 
lesions at day 5, potentially influencing negatively transfusion 
efficacy [22, 23]. 

Various international guidelines state that gamma irradia-
tion of PLT concentrates can be applied at any stage during 
storage, and thereafter PLTs can be stored up to their normal 
shelf life of 5 days after collection [3, 9, 10]. These guidelines 
are mainly based on studies published in the 1980s. Besides a 
multiplicity of in vitro studies, mainly three groups, Button et 
al. [14], Read et al. [11] and Duguid et al. [12], evaluated in 
vivo recovery and/or survival of gamma-irradiated PLTs. Dif-
ferent irradiation dosages, different timing of irradiation, and 
different storage times after gamma irradiation were evalu-
ated. In conclusion, these studies showed that survival and 
 recovery of gamma-irradiated PLTs were not different from 
non-irradiated PLTs. However, within the frame of a large, 
multi-institutional PLT transfusion trial (TRAP trial) on adult 
patients,  Slichter and colleagues [15] demonstrated signi-
ficantly decreased PLT responses after transfusion in both 
gamma-irra diated, filtered, pooled random donor PLT con-
centrates and ultraviolet B-irradiated pooled random donor 
PLT concentrates, but not in APCs. However, within our own 
pediatric study on the effect of high-yield thrombocytapher-
esis on the quality of PLT products, transfusion efficacy was 
significantly reduced in APCs by gamma irradiation [16]. In 
agreement with this observation, PLT storage lesions 5 days 
after gamma irradiation documented by proteome changes 
have been described [22, 23]. Additionally, gamma irradiation 
may suppress significantly the formation of immature PLTs in 
APCs and thereby potentially decrease the efficacy of PLT 
transfusions [24]. 

Although bleeding would be the only meaningful end-
point, such evaluations are very challenging, last but not least 
due to the difficulties to standardize their classification [25]. 

Fig. 1. Transfusion efficacy of 1000 APCs  according to gamma irra-
diation, timing of irradiation, and storage time (error bars = 95% CI). 
Dotted blue line: According to the British Committee for Standards in 
Haematology an unsuccessful PLT transfusion is defined as one with a 
PPR1h of 30% or less [4].
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the association between transfusion efficacy and the time 
frame between gamma irradiation of APCs and transfusion as 
well as the effect of treatment by riboflavin or amotosalen-
HCI plus ultraviolet light also including the time frame be-
tween irradiation and transfusion, which in the later proce-
dure could be up to 7 days [26]. 

In conclusion, in view of the present data, we suggest that 
at optimal conditions, PLTs should be gamma-irradiated as 
shortly as possible before transfusion, and in any other situa-
tion at least within 24 h before transfusion.
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