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m.. Intention-to-treat analyses of randomized controlled trials (RCTs) of the association 
between non-white-blood-cell (WBC)-reduced allogeneic blood transfusion (ABT) 
and postoperative infection were reported as the reason why meta-analyses of RCTs 
of this association have produced discordant results. We examined three 
possible reasons for disagreements between meta-analyses: (i) sources of medical 
heterogeneity and integration of RCTs despite extreme heterogeneity; (ii) reliance on 
as-treated (vs. intention-to-treat) comparisons; and (iii) inclusion (or not) of the three 
most recent RCfs. When nine RCTs reported up to 2002 were combined despite 
extreme heterogeneity, both intention-to-treat and as-treated comparisons found an 
association between non-WBC-reduced. ABT and postoperative infection [summary 
odds ratio (OR) = 1.38, 95% confidence interval (CI) 1.03-1.85, P < 0.05; and summary 
OR = 1.56, 95% CI 1.06-2.31, P < 0.05, respectively]. When 12 RCTs reported up 
to 2005 were integrated, despite extreme heterogeneity, both intention-to-treat and. 
as-treated comparisons found no association of non-WBC-reduced ABT with post-
operative infection (summary OR = 1.24, 95% CI 0.98-1.56, P> 0.05; and summary 
OR = 1.31, 95% CI 0.98-1.75, P> 0.05, respectively). In both analyses, the separate 
integration of four RCTs transfusing red blood cells (RBCs) or whole blood filtered 
after storage showed an association between non-WBC-reduced ABT and postopera-
tive infection, whereas the separate integration of six (or nine) RCTs, reported through 
2002 or 2005, and transfusing prestorage-filtered RBCs showed no association, 
whether intention-to-treat or as-treated comparisons were used. Thus, the pub-
lished meta-analyses have produced discordant results because they did (or did not) 
investigate medical sources of heterogeneity and did (or did not) include the most 
recent RCTs. Intention-to-treat and as-treated comparisons produced concordant 
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Discordant results of meta-analyses 197 

The debate over the existence of a causal relationship 

between non-white-blood-cell (WBC)-reduced allogeneic 

blood transfusion (ABT) and postoperative bacterial infection 

has been long and sometimes acrimonious [1-4]. Initially, the 

debate focused on differing interpretations of the findings of 

approximately 40 observational studies that had compared 

the risk of postoperative bacterial infection between trans-

fused and untransfused patients undergoing gastrointestinal 

surgery, orthopaedic operations, cardiac surgery, or various 

other procedures. These studies tended to indicate that 

patients receiving perioperative transfusion (compared to 

those not receiving transfusion) almost always had a higher 

risk of developing postoperative bacterial infection [1]. The 

studies also indicated that patients receiving ABT differed 

from those not receiving transfusion in several prognostic 

factors that predisposed to adverse clinical outcomes [2]. 

Based on these two sets of observations, some authors con-

cluded that ABT has a clinically manifest deleterious effect 

on the recipient, causing an increased risk of postoperative 

bacterial infection [1,3]. Other investigators concluded that 

need for ABT can be a surrogate marker for a variety of 

adverse prognostic factors and that these other variables that 

generated the need for ABT in the published studies probably 

also determined the subsequent clinical outcome [2,4]. 

Today, the controversy is focused on the differing inter-

pretations [3,41 of the findings of the available randomized 

controlled trials (RCTs) that compared the risk of postoperative 

infection between recipients of non-WBC-reduced vs. WBC-

reduced allogeneic red blood cells (RBCs). Three meta-analyses 

[5-7] of these RCTs have produced discordant results. Fergusson 

et at. [5] and Blumberg et al. [6] integrated the results of all 

RCTs published or reported up to 2002, and they calculated 

a reduction in the risk of postoperative infection attributable 

to WBC reduction. Vamvakas [7] did not find an association 

between non-WBC-reduced (compared with WBC-reduced) 

ABT and an increased risk of postoperative infection when 

he integrated the results of medically and statistically homo-

geneous subsets of RCTs published or reported up to 2005, 

except for a deleterious ABT effect manifest across studies 

that had transfused to the WBC-reduced arm allogeneic RBCs 

filtered after storage. 

Fergusson et al. [5,8], Blumberg et al. [61, and Kunz and Guyatt 

[9] attributed the discordant findings of the meta-analyses 

to the integration of results of RCTs based on as-treated 
analyses in the meta-analyses of Fergusson et al. [5] and 

Blumberg et al. [61 vs. the integration of results of RCTs 

based on intention-to-treat analyses in the meta-analysis of 

Vamvakas [7]. In RCTs of ABT and postoperative infection, 

patients meeting the eligibility criteria for each trial were 

randomly assigned by the investigators, before their oper-

ation, to receive non-WBC-reduced vs. WBC-reduced ABT in 

the event that they needed perioperative transfusion. How-

ever, the need for perioperative transfusion cannot always be 

predicted preoperatively. Thus, some of the randomized 

patients in either arm of each trial ended up receiving peri-

operative ABT, in accordance with the transfusion criteria 

employed at the institution where they underwent surgery, 

because, based on the imperfect and incomplete data that are 

available during surgery in order to make this sort ofjudge-

ment, their surgeons determined that the local transfusion 

criteria had been met and therefore the patients needed 

ABT. Other randomized subjects were not deemed by their 

surgeons to need (and thus they did not receive) transfusion. 

Intention-to-treat analyses retained in the analysis all 

patients who had been randomized to receive non-WBC-

reduced vs. WBC-reduced ABT, regardless of whether the 

patients ended up receiving perioperative ABT or not. In con-

trast, as-treated analyses withdrew from the analysis patients 

who had been randomized to receive non-WBC-reduced vs. 

WBC-reduced ABT if these subjects did not end up receiving 

perioperative ABT; and they relied on a comparison of two 

subgroups: the transfused patients who had been randomized 

to receive non-WBC-reduced ABT in the event that they 

might need ABT, vs. the transfused patients who had been 

randomized to receive WBC-reduced ABT in the event that 

they might need ABT. When many randomized subjects end 

up not receiving perioperative ABT, the power of the analysis 

to detect a deleterious effect of non-WBC-reduced ABT can 

often be significantly increased if as-treated (as opposed to 

intention-to-treat) analyses are used. For this reason, 

Fergusson et al. [5,8], Blumberg et al. [61 and Kunz and Guyatt 

[91 advocated that RCTs and meta-analyses of RCTs investi-

gating the association between non-WBC-reduced (vs. 

WBC-reduced) ABT and postoperative infection should rely 

on as-treated (as opposed to intention-to-treat) comparisons. 

The drawback of reduced power of intention-to-treat ana-

lyses in detecting a deleterious effect of non-WBC-reduced 

ABT is acknowledged by all. However, this disadvantage of 

an intention-to-treat analysis can be remedied by increasing 

the sample size of a study, and it is thus more of a concern at 

the level of an individual RCT than at the level of a meta-

analysis of RCTs. Presently, more than 6000 patients (includ-

ing more than 4000 transfused patients) have been enrolled 

in RCTs of the association between non-WBC-reduced ABT 

and postoperative infection. When such a large sample of 

patients is available and some 50% of the subjects receive ABT, 

a meta-analysis has sufficient power to detect a clinically 

relevant ABT effect whether intention-to-treat or as-treated 

analyses are employed. Accordingly, meta-analysts should 

be more concerned about maintaining the validity of their 

findings than about avoiding any dilution of the ABT effect 

that may result from the inclusion of patients not receiving 

transfusion in an intention-to-treat analysis. 

Kunz and Guyatt [9] concluded by stating: Because it leads 

to an unbiased estimate, researchers and methodologists have 

reached a consensus that observing the intention-to-treat 
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principle is the superior approach. In some transfusion 
studies, however, it is justifiable to remove patients from 
the analysis after they have been randomized. The superiority 
of intention-to-treat (compared with as-treated) analyses 
of RCTs [10-16] had been established long before the contro-
versy about an association between non-WBC-reduced ABT 
and postoperative infection started, although the consensus 
on the imperative for adherence to the intention-to-treat 
principle had never been absolute [17,18]. The recent pro-
nouncements that the imperatives of the scientific method 
and the intention-to-treat principle can be conflicting' [61, 

however, may lead some investigators conducting RCTs of 
transfusion therapies not to adhere to the intention-to-treat 
principle, with a potential to generate biased results. 

The three available meta-analyses [5-71 of the RCTs of the 
association between non-WBC-reduced (vs. WBC-reduced) 
ABT and postoperative infection differed in at least three key 
characteristics: (i) the investigation of the pertinent sources 
of medical heterogeneity among the included RCTs [19,20] 

and the integration (or not) of the results of RCTs despite 
extreme heterogeneity; (ii) the reliance on intention-to-treat 
vs. as-treated comparisons; and (iii) the number and year of 
publication of the RCTs included in the meta-analysis. There-
fore, it cannot be taken for granted that the discrepant results 
between the three analyses were due to adherence (vs. non-
adherence) to the intention-to-treat principle. Moreover, 
whether RCTs of transfusion therapies must (or need not) 
adhere to the intention-to-treat principle is a topic with much 
more far-reaching implications for transfusion medicine 
research than the debate on whether non-WBC-reduced ABT 
is causally related to postoperative bacterial infection. 

For these reasons, the present study was undertaken to 
consider whether: (i) the disagreements between the three 

available meta-analyses are indeed due to reliance on intention-
to-treat [7] vs. as-treated [5,6] analyses; and (ii) under what 
conditions (if any) it maybe reasonable for RCTs of the asso-
ciation between non-WBC-reduced ABT and postoperative 
infection to deviate from to the intention-to-treat principle. 

Investigation of medical sources of 
heterogeneity and integration of results 
of studies despite extreme heterogeneity 

Table 1 lists the component parts of a meta-analysis of RCTs 
investigating the association between non-WBC-reduced ABT 
and postoperative infection. Meta-analysts should calculate 
a summary odds ratio (OR) across all available studies only 
when the reported RCTs are deemed (or found) to be medi-
cally and statistically homogeneous. In the absence of such 
homogeneity, meta-analysts should calculate summary ORs 
only across homogeneous subsets of studies that can be rea-
sonably considered to target an ABT effect that is biologically 
the same. Such analyses of homogeneous subsets often help 
explain the discrepant results of available RCTs. 

Table 2 shows the design attributes of the 12 RCTs [21-32] 

that examined the association of non-WBC-reduced ABT with 
an increased risk of postoperative infection between 1 January 
1992 and 31 December 2005 [7]. The risk of postoperative 
infection has varied from a 7.3-fold increase in association 
with non-WBC-reduced (compared to WBC-reduced) ABT to no 
ABT effect (Fig. 1, part A). With one exception [291, however, 
all studies reported after 1998 [26-32] have reported negative 
findings. 

These 12 RCTs differed in the RBC product transfused to 
the non-WBC-reduced arm, the RBC product transfused to 
the WBC-reduced arm, and/or the surgical setting (Table 2). 

Table 1 Component parts of a meta-analysis of RCTs of the association between non-WBC-reduced ABT and postoperative infection 

1. Retrieval of all reported RCTs of the hypothesis of increased risk of postoperative bacterial infection in association with non-WBC-reduced 

(compared to WBC-reduced) ABT 

2. Extraction of data from each study on the effect of the exposure to non-WBC-reduced (compared with WBC-reduced) ABT 

3. Assessment of whether the available reports are sufficiently similar to each other in their design (i.e. medically homogeneous) to be combined 

in a meta-analysis: assessment of their similarity in factors related to the exposure under study (receipt of non-huffy-coat-reduced vs. 

buffy-coat-reduced non-WBC-reduced allogeneic RBCs or whole blood; receipt of WBC-reduced allogeneic RBCs or whole blood filtered before vs. 

after storage), the clinical setting in which the hypothesis of interest is evaluated, and the outcome under study (e.g. diagnostic criteria for and 

frequency of postoperative infection) 

4. Assessment of whether the results of the available reports are sufficiently in agreement with one another (i.e. statistics Ily homogeneous) to be 
combined in a meta-analysis 

Followed by either: 

5a. When the available studies are medically and/or statistically heterogeneous, examination of the reasons for the disagreements between the studies: 

calculation ofa 'summary' (or 'average') estimate(s) of the effect(s) of the exposure to non-WBC-reduced ABT across medically and statistica Ily 

homogeneous subsets of studies 

or 
5b. When all studies are found to be medically and statistically homogeneous, integration of the results of all individual RCTs: calculation of a 'summary' 

(or'average') estimate of the effect of the exposure to non-WBC-reduced ABT across all available studies 
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Table 2 Attributes of RCTs investigating the association of non-WBC-reduced ABT with postoperative infection 
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Number of transfused 

randomized patients Double Multi- RBC product given to the RBC product given to the 

Study Clinical setting patients (0/0) blind centre non-WBC-reduced arm WBC-reduced arm 

Jensen etal. [211 Colorectal surgery 

Houbiers et al. [22] Colorectal cancer resection 

Jensen etal. [23] Colorectal surgery 

van de Watering Cardiac surgery 

et aL [24] 

Tartter et aL [25] Gastrointestinal surgery 

Titlestad etal. [26] Colorectal surgery 

Bilgin etal. [29] Cardiac surgery 

Wallis et aL [27] Cardiac surgery 

197 104 (52.8) No No 

697 446 (64.0) No Yes 

586 260 (44.4) No No 

914 866 (94.7) No No 

221 59 (26.7) No No 

279 112 (40.1) Yes No 

474 430 (90.7) Yes Yes 

597 509 (853) No No 

van Hilten etal. [28] Acute (n= 79) or elective (n=413) 1052 

aortic aneurysm repair; resection 

of gastrointestinal malignancy 

Bracey et al. [30] Cardiac surgery 443 

Boshkov etal. [31] Cardiac surgery 562b 

Nathens etal. [32] Trauma patients 268b 

479 (45.5) Yes Yes 

Percentage of patients 

developing postoperative 

infection 

Randomized Transfused 

patients patients 

Allogeneic whole blood Allogeneic whole blood filtered 8.1 

after storage 

Bully-coat-reduced allogeneic RBCs Allogeneic RBCs filtered before storage 33.4 

Buffy-coat-reduced allogeneic RBCs Allogeneic RBCs filtered after storage 21.0 

Buffy-coat-reduced allogeneic RBCs Allogeneic RBCs filtered before (n = 305) 193 

or after (n = 303) storage 

Allogeneic RBCs Allogeneic RBCs filtered after storage 16.7 

Buffy-coat-reduced allogeneic RBCs Allogeneic RBCs fi ltered before storage 30.1 

Buffy-coat-reduced allogeneic RBCs Allogeneic RBCs filtered before storage 28.9 

Buffy-coat-reduced (n= 204) or Allogeneic RBCs filtered before storage 13.7 

plasma-reduced' (n = 198) 

allogeneic RBCs 

Buffy-coat-reduced allogeneic RBCs Allogeneic RBCs filtered before storage 232 

365 (82.4) No No Allogeneic RBCs Allogeneic RBCs filtered before storage 14.4 

562 (1000) Yes No' Allogeneic RBCs Allogeneic RBCs filtered before storage 19.6 

268 (1000) Yes No Allogeneic RBCs stored for < 25 days Allogeneic RBCs filtered before storage 332 

'In terms of its WBC content, this component is equivalent to non-buffy-coat-reduced allogeneic RBCs. 

5Tansfused patients only (as opposed to a!I randomized subjects): see text. 

`Although patients admitted to three hnsp'tals were enrolled, the same surgical team operated upon all patients. 
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(a) Intention-to-treat analyses
---------------------- ------------------

Jensen eta{. (1992) 
Houbiers eta{. t Fig. 1 RCTs investigating the association of 

Jensen etal. (1996) --- R-- non-WBC-reduced ABT with postoperative 
van de Watering eta{. i 

t infection [21-32]. (a) For each RCT, the odds ratio 
Tartier eta{. (OR) of postoperative infection in recipients of 

Titlestad etal. 
Bilgin eta{. + -•••• non-WBC-reduced vs. WBC-reduced allogeneic 

Wallis etal. RBCs or whole blood, as calculated from an 

van Hilton etal. t intention-to-treat analysis. (b) For each RCT, the 
Bracey eta{. OR of postoperative infection in recipients of 

Boshkov eta! non-WBC-reduced vs. WBC-reduced allogeneic 
Nathens etal. t 

Summary odds ratio -- RBCs or whole blood, as calculated from an 
as-treated analysis. Each OR is surrounded by 

(b) As-treated analyses ' its 9540 confidence interval (Cl). If the 9540 CI 
Jensen eta{. (1992) ® of the OR includes the null value of 1, there is no 

Houbiers etal. association between non-WBC-reduced ABTand 
Jensen at al. (1996) 

van de Watering etal. t postoperative infection (P> 0.05). An association 

Tattier eta{. between non-WBC-reduced ABTand postoperative 
Titlestad at al. + infection (P< 005) is indicated by an OR > 1, provided 

Bilgin etal. 
Wallis etal. t 

that the associated 9540 Cl does not include the 

van Hilten etat 1 
nul I value of 1. For each of the two analyses, the 

Braceyetal. figure also shows a summary OR calculated across 

Boshkovetat t all 12RCTsinthepresenceofextrememedicaIand 
Nathens at al. I statistical heterogeneity (see text). For the 

Summary odds ratio references to the listed studies, see Table 2. 

Nine RCTs [22,24,26-32], including all RCTs published or 

reported after 1998, transfused to the WBC-reduced arm 

allogeneic RBCs filtered before storage (Table 2). Thus, for 
patients in the WBC-reduced arm, these RCTs [22,24,26-32] 

abrogated both the ABT effects mediated by immunologi-

cally competent allogeneic mononuclear cells [33-35] and 

the ABT effects mediated by WBC-derived soluble mediators 

that progressively accumulate in the supernatant fluid of RBCs 

during storage [36-39]. In contrast, four RCTs published 

between 1992 and 1998 [21,23-25] transfused to the WBC-

reduced arm allogeneic RBCs or whole blood filtered after 

storage. For patients in the WBC-reduced arm, these RCTs 

[21,23-25] prevented effects mediated by immunologically 

competent allogeneic mononuclear cells [33-35], but not 

effects mediated by WBC-derived soluble mediators that 

accumulate during storage [36-39]. 

Five RCTs [24,27,29-31] were conducted in cardiac surgery 

and five [21-23,25,26] in gastrointestinal surgery. The ABT 

effect may be enhanced in the setting of cardiac surgery, 

because WBC-derived soluble mediators and/or allogeneic 

mononuclear cells may act as a second inflammatory insult, 

compounding the diffuse inflammatory response to the 

extracorporeal circuit and predisposing to postoperative 

complications [40]. Alternatively, the ABT effect may be 

enhanced in the `unclean' setting of gastrointestinal surgery. 

Either way, it is possible for a deleterious ABT effect to become 

manifest only in the presence of co-factors, such as the special 

conditions that exist in cardiac or gastrointestinal surgery. 

In addition, there was great variation among the RCTs 

in the amount of blood transfused and the frequency of a 

diagnosis of postoperative infection (Table 2). As few as 26.7% 

of randomized subjects needed perioperative transfusion in 

some gastrointestinal surgery studies [25]; in contrast, as 

many as 94.7% of randomized subjects needed perioperative 

transfusion in some cardiac surgery studies [24]. In gastroin-

testinal surgery, the frequency of postoperative infection 

ranged from 8.1 to 33.4% [21,22]. The differences in the 

proportion of transfused patients reflected patient-related 

selection factors (severity of underlying illness) as well as 

setting- and surgeon-related selection factors (subjective 

application of liberal or conservative transfusion criteria 

during an operation when objective laboratory indicators of 

the need for transfusion are not available). The differences in 

the frequency of postoperative infection reflected differences 

in the patients' severity of illness and the diagnostic criteria 

for infection, differences in the types of infections evaluated 

in each study, and perhaps also the effects of observation 
and/or selection bias [as not all RCTs were double blind and, 

in most cases, the details of the randomization procedure(s) 

were not reported]. 

Thus, it is most unlikely that all 12 RCTs targeted an 

increase in the risk of postoperative infection mediated by a 

deleterious ABT effect that was biologically the same in all 

cases. Instead, these RCTs most likely targeted effects of 

non-WBC-reduced ABT that differed both in magnitude and 

in nature - being mediated by either allogeneic mononuclear 
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cells [33-35] or WBC-derived soluble mediators [36-39], or 

both, and being compounded (or not) by other co-factors (such 

as a diffuse inflammatory response to the extracorporeal 

circuit). Accordingly, a meta-analysis integrating the results 

of all 12 available studies would not establish an effect 

attributed to a specific biologic mediator or specific biologic 

mechanism. Stated in other words, the medical heterogeneity 

of the available RCTs made it inappropriate to combine the 

results of all 12 RCTs in a meta-analysis [41-43]. 

The extreme medical heterogeneity of the studies was also 

reflected in extreme statistical heterogeneity: the probability 

that the variation in the results of the 12 RCTs might have arisen 

by chance was less than 1W/0 (P < 0.01 for the 0-test statistic), 

offering a further reason why it would be inappropriate to com-

bine the findings of all 12 RCTs in a meta-analysis [41-43]. 

In fact, meta-analyses of clinically homogeneous subsets 

of RCTs that reported on postoperative infection (Table 2) 

produced results diametrically opposed to the findings 

expected from the titeorythat attributes the effect of non-WBC-

reduced ABT to WBC-derived soluble mediators [36-39]: 

there was a reduction in the risk of postoperative infection in 

association with poststorage (but not prestorage) WBC reduction 

[7]. More specifically, across nine relatively homogeneous 

RCTs [22,24,26-32] that transfused allogeneic RBCs filtered 

before storage to the WBC-reduced arm, no increase in the 

risk of postoperative infection was detected in association 

with non-WBC-reduced ABT [summary OR = 1.06, 95% con-

fidence interval (CI) 0.91-1.24; P> 0.051 [7]. If the ABT 

effects were mediated by WBC-derived soluble mediators, 

prestorage filtration should have abrogated an increased 

infection risk associated with non-WBC-reduced ABT, because 

it would have removed the allogeneic WBCs from the com-

ponents given to the WBC-reduced arm before the WBCs 

could release any significant amounts of mediators into the 

supernatant fluid. 

In contrast, across four RCTs [21,23-25] that transfused 

RBCs filtered after storage to the WBC-reduced arm, there 

was a more than two-fold increase in the risk of infection in 

association with non-WBC-reduced ABT (summary OR = 2-25, 

95% Cl 1.12-4.25, P < 0-05). If the ABT effects were mediated 

by WBC-derived soluble mediators, poststorage filtration 

should not have abrogated an increased infection risk asso-

ciated with non-WBC-reduced ABT, because it would not 
have removed such mediators from the supernatant fluid of 
the stored RBCs given to the WBC-reduced arm of the studies. 

Intention-to-treat vs. as-treated analyses 

Figure la shows the 12 RCTs [21-32] that had compared 

recipients of non-WBC-reduced vs. WBC-reduced allogeneic 

RBCs or whole blood and had reported on the risk of postoper-

ative infection by 31 December 2005. The results are shown 

either as presented by the authors or recalculated based on 

an intention-to-treat analysis. As already discussed, there was 

extreme medical heterogeneity among these RCTs that was 

also reflected in extreme statistical heterogeneity (P < 0-01 

for the Q-test statistic) [7]. Nonetheless, if the results of all 12 

RCTs were to be combined under such conditions of extreme 

heterogeneity by the random-effects method of D erSimonian 

and Laird [44], the effect of non-WBC-reduced ABT on post-

operative infection would not attain statistical significance 

(summary OR = 1-24, 95% CI 0.98-1.56, P> 0-05) (Fig. la). 

Figure lb shows these same RCTs [21-32], but the results 

are now shown either as presented by the authors or recalculated 

based on a as-treated analysis. The medical heterogeneity 

among the studies is the same as before, but it is now reflected 

in even greater statistical heterogeneity (P < 0.001 for the 

Q-test statistic). The reason for the greater statistical hetero-

geneity is that the results of three of the 12 RCTs [21,23,25] 

show a much larger effect of non-WBC-reduced ABT if they 

are analysed using as-treated comparisons. The results of these 

three RCTs [21,23,25] differ greatly from the results of the 

remaining RCTs (Fig. la), and the difference between their 

results and those of the remaining RCTs is further accentuated 

when as-treated comparisons are used (Fig. lb). Nonetheless, 

if the results of all 12 RCTs (analysed based on as-treated 

comparisons) were to be combined under such conditions of 

extreme heterogeneity, the effect of non-WBC-reduced ABT 

on postoperative infection would not attain statistical signifi-

cance (summary OR = 1.31, 95% CI 0.98-1.75, P> 0.05). 

Table 3 shows the results of meta-analyses investigating 

possible sources of variation in the findings of RCTs that 

examined the association between non-WBC-reduced ABT 

and postoperative infection. Both intention-to-treat and 

as-treated meta-analyses are shown, and there is agreement 

between the findings of the intention-to-treat and as-treated 

meta-analyses in all cases. The effect of WBC-containing 

ABT on postoperative infection attains significance (P < 0.05) 

only when the results ofRCTs transfusing to the WBC-reduced 

arm allogeneic RBCs or whole blood filtered after storage are 

integrated separately. When these four RCTs [21,23-25] are 

combined, the risk of postoperative infection in association 

with WBC-containing ABT is more than doubled in the 

intention-to-treat analysis and more than quadrupled in 

the as-treated analysis (summary OR = 2.25, 95% CI 1.12-

425, P < 0.05; and summary OR = 4.05, 95% CI 1.09-15.10, 

P < 0.05, respectively). 
In all other subgroup analyses, neither the intention-to-

treat nor the as-treated meta-analysis detects a statistically 

significant association between non-WBC-reduced ABT and 

postoperative infection. In particular, in the case of the nine 

homogeneous RCTs [22,24,26-32] that transfused to the 

WBC-reduced arm allogeneic RBCs filtered before storage, 

the findings of the two meta-analyses are virtually identical 

(summary OR = 1-06,95°/a CI 0.91-1.24, P> 0-05; and summary 

OR = 1.09, 95% CI 0.91-1.32, P > 0.05, respectively). 
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Thus, when all 12 RCTs available today are considered 

together in a meta-analysis, the type of analysis used (intention-

to-treat vs. as-treated) does not explain the discordant findings 

reported by the three meta-analyses [5-7]. In contrast, there 

is agreement between the results of the intention-to-treat 

and as-treated analyses. Therefore, the controversy whether 

intention-to-treat or as-treated analyses should be used [3- 91 
is no longer relevant to the debate whether non-WBC-reduced 

ABT is (or is not) causally related to postoperative bacterial 

infection. 

Despite this, the controversy whether intention-to-treat or 

as-treated analyses should be used [3-9] is hardly of just 
academic relevance to transfusion medicine. In fact, it is 

crucial for the future of clinical research that the reasons why 

it is important to adhere to the intention-to-treat principle be 

understood by researchers and clinicians alike; and that it 

also be understood that deviations from this principle maybe 

reasonable only in specific situations where other conditions 

are met to ensure that non-adherence to the intention-to-

treat principle will not bias the results. 

The intention-to-treat principle dictates that no withdrawals 

of patients be allowed after the randomization step, and that 

all randomized subjects be analysed within the arm to which 

they were randomly assigned, regardless of how much (or 

how little) treatment they actually received [10-17]. Therefore, 

patients randomized to receive non-WBC-reduced or WBC-

reduced ABT (in the event that they needed perioperative 

transfusion) [21-32] had to be analysed within the non-WBC-
reduced or WBC-reduced arm, regardless of whether they 

received transfusion or not. 

The purpose of randomization is to prevent confounding 

variables (associated with both the need for transfusion and 

the risk of postoperative infection and occurring differen-

tially in one vs. the other arm of the RCT) from generating a 

spurious association between non-WBC-reduced ABT and 

postoperative infection. By assigning subjects to arms ran-

domly, randomization ensures that, in terms of the levels of 

both known and unknown confounders, the entire arm of 

subjects randomized to receive non-WBC-reduced ABT is 

equivalent to the entire arm of subjects randomized to receive 

WBC-reduced ABT. This does not mean, however, that the 

transfused patients from the non-WBC-reduced arm are also 

equivalent to the transfused patients from the WBC-reduced 
arm. In fact, because the subjects who did not need perioper-
ative transfusion represent the least sick patients rather than 

a random subset of the randomized subjects, the transfused 

patients from the non-WBC-reduced arm may well differ 

from the transfused patients from the WBC-reduced arm in 

the levels of known and/or unknown confounding factors. 

Kunz and Guyatt [9] stated that `in some transfusion studies, 

it is justifiable to remove patients from the analysis after they 

have been randomized'. The rationale for this opinion was 

that 'as long as the decision to transfuse is uninfluenced by 
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the patient's allocation to WBC-reduced or non-WBC-reduced 

ABT ... one is in effect removing patients at random; that 

being the case, groups that were prognostically balanced by 

random allocation will remain balanced. 

Although this rationale has merit in some clinical situations, 

it cannot be applied unconditionally to all RCTs of the asso-

ciation between non-WBC-reduced ABT and postoperative 

infection (Table 2). Random removal of patients means that 

each randomized subject has an equal chance of being 

removed from an arm of an RCT. However, in these trans-

fusion studies, the removal of untransfused patients did not 

occur randomly, but because of selection factors, as some 

patients had less severe illness and were judged by their 

surgeons not to need transfusion. 

If (i) the RCTs subjected to as-treated analyses had been 

double blind (precluding the possibility that the decision to 

transfuse was influenced by a patient's allocation to the non-

WBC-reduced or WBC-reduced arm); and (ii) the decision to 

transfuse RBCs (in each of the perioperative settings in which 

these RCTs were conducted) had been based on objective and 

consistent data; one could consider that the patient/surgeon 

selection factors that resulted in some patients' not being 

transfused in the non-WBC-reduced arm of each RCT could 

have been the mirror image of the selection factors that 

resulted in some patients' not being transfused in the WBC-

reduced arm of that RCT. Had this been the case, the two 

groups could have remained balanced after the untransfused 

subjects were withdrawn. 

I-Iowever, several of the RCTs subjected to as-treated ana-

lyses were not double blind (Table 2); also, the decision to 

transfuse RBCs during an operation is, at least in part, based 

on the surgeon's impression of whether a patient needs to be 

transfused, rather than on reliable clinical indicators that are 

available when needed. Even when surgeons adhere to obj cc-

live criteria when possible, the values that determine whether 

the transfusion criteria have been met are often unavailable 

or unreliable during surgery. Thus, to accept the rationale of 

Gunz and Guyatt [9], one must accept that, because the decision 

to transfuse did not, presumably, depend on the arm to which 

a patient had been allocated, the same clinical impressions 

must have been engendered (thereby resulting in the trans-

fusion of some patients and the withdrawal of transfusion 

from other patients) when varying surgical teams operated 
on patients with a 'borderline need for transfusion who had 
been allocated to either the non-WBC-reduced or the WBC-

reduced arm of each study. 

In this author's opinion, such an assumption could perhaps 

be made if all patients included in an RCT were operated upon 

by the same surgeon, or at least by the same surgical team 

(consisting of individuals who adhere, consciously and sub-

consciously, to the same, liberal or conservative, transfusion 

criteria). Such an assumption cannot be made in multicentre 

studies, while the willingness to make it in single-centre 

studies is largely a matter of faith. Only in the study ofTartter 

et at. [25], in which all patients were operated upon by the 

same surgeon, could one argue that this assumption should 

be made. 

Because the RCTs of Boshkov et al. [31] and Nathens et al. 

[32] were both double blind and single centre, Vamvakas [7] 

considered that, in these studies, the transfused patients from 

the non-WBC-reduced arm could be the mirror image of the 

transfused patients from the WBC-reduced arm in terms of 

the distribution of confounding factors that predispose to 

both the need for transfusion and the risk of infection. 

Accordingly, Vamvakas [7] integrated the results from the 
as-treated analyses presented by these two studies [31,32] 

with the findings from the intention-to-treat analyses from 

all other RCTs [21-30]. Table 2 shows that this assumption 

could also be made for the study of Titlestad et al. [26], which 

was also double blind and single centre, but it could not be 

made a priori for the remaining nine RCTs. 

Importantly, this assumption could not be made for the 

studies of Jensen et al. [21,23] and Tartter et al. [25] that were 

not double blind (Table 2). As already discussed, these are the 

only studies for which the results from as-treated analyses 

deviate from the findings of intention-to-treat comparisons 

(compare the results of these studies in Fig. la and b). These 

are also the only studies whose inclusion in meta-analyses 

causes the results of as-treated meta-analyses to differ, at 

least as far as the magnitude of the calculated summary OR 

is concerned (compare the ORs from the meta-analyses of the 

gastrointestinal-surgery RCTs and of the RCTs transfusing 

poststorage-filtered allogeneic RBCs to the WBC-reduced 

arm in Table 3). Arithmetic differences in the calculated ORs 

aside, however, it should be borne in mind that both the 

intention-to-treat and the as-treated meta-analyses pro-

duced concordant results as far as statistical significance is 

concerned (Table 3). 

Number and year of publication of studies 
included in the meta-analysis 

The third possible reason why the available meta-analyses 

produced discordant results is that they relied on analyses of 

different combinations of RCTs of the association between 

non-WBC-reduced ABT and postoperative infection. At least 

in part, this difference in the number and year of publication 
of the included studies reflected which RCTs were available 

at the time that each meta-analysis was undertaken [5,7]. In 

other cases, it reflected the decision of the meta-analysts not 

to include data from RCTs not yet published in full, because 

RCTs not yet published in full cannot be subjected to a detailed 

qualitative assessment [6]. This is a valid position; however, 

because the most recent RCTs are generally the ones not yet 

published in full, it resulted in the exclusion of the three most 

recent RCTs [29-32] from the report of Blumberg et al. [6]. 
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To investigate whether the disagreements between the 

available RCTs were due to the different combinations of 

RCTs included in each meta-analysis, the analyses shown in 

Fig. 1 were restricted to a subgroup analysis of the nine 

initial RCTs [21-29] that had been included in the report of 

Blumberg et al. [6]. The data presented by Blumberg et al. [6] 

were checked to ensure that the same input data as those used 

in that report [6] were used here as well for the as-treated 

analysis of each RCT. As far as these nine studies [21-29] are 

concerned, the only difference between the input data used 

here and the input data used by Blumberg et al. [61 pertained 

to the RCT of Wallis et al. [271 that had used two arms receiving 
non-WBC-reduced RBCs (Table 2). Blumberg et al. [6] 

included in their analysis of patients receiving non-WBC-

reduced ABT only the data on recipients of plasma-reduced 

allogeneic RBCs (n = 158). Here, the data pertaining to 

recipients of both plasma-reduced and buff'-coat-reduced 

(n = 333) allogeneic RBCs make up the non-WBC-reduced arm 

of recipients of non-WBC-reduced ABT in the as-treated 

analysis of that trial [27]. 

An as-treated meta-analysis of these nine RCTs [21-29] 

calculated a statistically significant association between 

non-WBC-reduced ABT and increased risk of postoperative 

infection (summary OR = 1.56, 95% CI 1.06-2.31, P < 0.05); 

that is, an increase in the risk of infection in the non-WBC-

reduced group by 564%o - a finding similar to the previously 

reported reduction in the risk of infection in the WBC-

reduced group by 47% (as calculated by Blumberg et al. [61) 
or by 40% (as calculated by Fergusson et al. [5]). When the 

data from these same nine RCTs [21-29] were subjected to an 

intention-to-treat meta-analysis, a statistically significant 

association between non-WBC-reduced ABT and an increased 

risk of postoperative infection was again calculated (summary 

OR = 1.38, 95% CI 1.03-1.85). 

However, in both the as-treated and the intention-to-treat 

meta-analyses, such a summary OR was calculated in the 

presence of extreme medical (Table 2) and statistical (P < 

0.001 for the Q-test statistic) heterogeneity. For this reason, 

readers should resist the temptation to attribute a medical or 

biological meaning to the value of the calculated summary OR. 

These summary ORs are presented here solely for the purpose 

of illustration. 

The main reason for the discordant findings of the three 

meta-analyses [5-7] has been the non-availability [5] or 

exclusion [61 of the data from the three latest RCTs [29-32] 

from the meta-analyses of Fergusson et al. [5] and Blumberg 

et al. [6] (although Fergusson et al. [6] did include the results 

from a subset of the patients of Bracey et al. [30] that were 

available at the time of their meta-analysis). Because it is the 

inclusion or exclusion of these three latest RCTs [29-32] that, 

for the most part, explains the disagreements between the 

three published meta-analyses [5-7], these three studies 

(Table 2) deserve further comment. 

There were 1195 transfused patients in the three latest RCTs 

[29-32], and inclusion of these studies would have increased 

the total sample size of Blumberg et al. [6] from 3093 to 4288. 

Thus, the impact of these RCTs [29-32] on the results of the 

meta-analyses becomes readily apparent, as none of them 

had detected an association between non-WBC-reduced ABT 

and postoperative infection (Fig. 1). Importantly, two [31,32] 

of the three studies had reported only as-treated (as opposed 

to intention-to-treat) analyses, yet in neither case was there 

a significant association between non-WBC-reduced ABT 

and postoperative infection. All studies were single centre 
(Table 2), ruling out the possibility that a centre effect' might 
have diluted an actual ABT effect [45]. Moreover, two [31,32] 

of the three studies were double blind, and the transfused 

cellular blood components maximized the possibility of detec-

tion of a deleterious ABT effect: all three studies administered. 

non-buffy-coat-reduced allogeneic RBCs to the non-WBC-

reduced arm and allogeneic RBCs filtered before storage to 

the WBC-reduced arm. 

The same sources of heterogeneity identified in the analysis 

of all 12 RCTs (Table 3) were also identified in the subgroup 

analysis of the nine initial RCTs (data not shown). All four 

RCTs that had transfused allogeneic RBCs filtered after stor-

age to the WBC-reduced arm [21,23-25] were included in the 

analysis of Blumberg et al. [6]. The separate integration of 

the findings of these studies produced the results already 

reported in Table 3. Six RCTs that had transfused allogeneic 

RBCs filtered before storage to the WBC-reduced arm 

[22,24,26-29] were included in the analysis of Blumberg 

et al. [6]. The separate integration of the findings of these 

studies did not detect an association between non-WBC-

reduced ABT and postoperative infection, whether results 

from intention-to-treat or as-treated comparisons were 

combined (summary OR = 1.12, 95% CI 0.92-1.36, P> 0.05; 

and summary OR = 1.18, 95% CI 0.93-1.50, F> 0.05, 

respectively). 

Conclusions 

This study investigated three possible reasons for the discordant 

findings of the meta-analyses of RCTs of non-WBC-reduced 

ABT and postoperative infection, and it found that there were 

two reasons for the disagreements between the findings of 

the published meta-analyses [5-7]: the investigation (or not) 
of pertinent sources of medical heterogeneity among the 

RCTs, along with the integration (or not) of findings of RCTs 

in the presence of extreme medical and statistical hetero-

geneity; and the inclusion in the meta-analysis of nine RCTs 

reported up to 2002 [21-29] or of 12 RCTs reported up to 2005 

[21-32]. 

The use of intention-to-treat vs. untreated analyses had 

no effect on the results of the meta-analyses, whether the 

meta-analysis included all 12 RCTs presently available or 
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was limited to the nine initial RCTs included in the report of 

Blumberg et al. [6]. In the case of all 12 RCTs, neither the 

intention-to-treat nor the as-treated meta-analysis detected 

an association between non-WBC-reduced ABT and postoper-

ative infection when results were integrated under conditions 

of extreme heterogeneity (Fig. 1). In the case of the nine RCTs, 

both the intention-to-treat and the as-treated meta-analyses 

detected a statistically significant (P < 0.05) association 

between non-WBC-reduced ABT and postoperative infection 

when results were integrated under similar conditions of 

extreme heterogeneity. 

Whether the authors investigated (or not) the pertinent 

sources of medical heterogeneity was an important reason 

for the disagreements between the meta-analyses [5-7]. 

Vamvakas [71 observed a big difference between the results 

produced by RCTs administering pre- vs. poststorage-filtered 

allogeneic RBCs to the WBC-reduced arm. Fergusson et al. [5] 

also noted the unusually large protective effect of bedside 

WBC reduction, but Blumberg et al. [6] did not investigate 

pre- vs. poststorage WBC reduction as a source of medical 

heterogeneity among the available RCTs, despite the fact that 

they did report on other possible sources of heterogeneity. In 

this author's opinion, the blood component administered to 

the WBC-reduced arm is the most important source of medical 

heterogeneity, because it directly reflects the postulated mech-

anism(s) of the ABT effect: an effect mediated by immunolog-

ically competent allogeneic mononuclear cells [33-35] and 

abrogated by either pre- or poststorage filtration; vs. an effect 

mediated by WBC-derived soluble mediators [36-39] and 

prevented only by prestorage filtration. 

Thus, the deleterious ABT effect detected in the meta-analyses 

of the nine initial RCTs can be traced to three studies 

[21,23,25] that had administered components no longer used 

in modern transfusion practice. Although two [21,25] of these 

three studies had enrolled only small numbers of patients 

(especially when as-treated analyses were used - Table 2), 

their influence on the results of the meta-analyses is dispro-

portionate to their size, because the random-effects method 

used here to integrate the results of the RCTs [441 gives more 

weight to small studies than would be warranted by their 

sample size. Importantly, two [21,23] of these three studies 

[21,23,25] had been conducted by the same team of Jensen 

et al. who administered allogeneic RBCs or whole blood 

filtered after storage to the WBC-reduced arm; and allogeneic 

whole blood to the non-WBC-reduced arm of their early 

study [21] (Table 2). Tartter et al. [25] similarly administered 

allogeneic RBCs filtered after storage to the WBC-reduced 

arm. Because bedside filtration is no longer used in North 

America and Europe, the results of these three studies conducted 

before 1998 [21,23,25] are probably no longer relevant to 

modern clinical transfusion practice. 

With the current availability of 12 RCTs [21-32], it is no 

longer appropriate to rely on meta-analyses of medically 

heterogeneous studies to reach conclusions as to whether non-

WBC-reduced ABT is (or is not) associated with postoperative 

bacterial infection. As a sufficient number of medically 

homogeneous RCTs have now been reported, public-policy 

decisions should be based on an integration of results of 

medically and statistically homogeneous studies. More 

specifically, it is now possible to rely on homogeneous 

subsets of RCTs that have transfused the same RBC product 

to both comparison arms. Six RCTs [22,24,26-29] transfused 

buffy-coat-reduced allogeneic RBCs to the non-WBC-reduced 

arm and prestorage-filtered allogeneic RBCs to the WBC-

reduced arm (i.e. the blood components currently used in 

Europe). Four RCTs [27,30-32] transfused non-buffy-coat-

reduced allogeneic RBCs to the non-WBC-reduced arm and 

prestorage-filtered allogeneic RBCs to the WBC-reduced arm 

(i.e. the blood components used in North America). 

Current policy decisions regarding the use of WBC-reduced 

components in Europe or North America should be based on 

the results of the two groups of clinically homogeneous RCTs 

(Table 4). Policy decisions for all of the Western world should 

rely on the results of nine RCTs [22,24,26-32] that administered 

allogeneic RBCs filtered before storage to the WBC-reduced 

arm, the components used today in countries that have 

implemented universal WBC reduction and for selected 

patients in other countries. Meta-analyses of these nine RCTs 

(Table 3), or of the RCTs shown in Table 4, produce unequivocal 

results: whether based on as-treated or intention-to-treat 

comparisons, they detect no association between non-WBC-

reduced ABT and postoperative infection. 

Thus, the sometimes emotional debate over whether the 

RCTs of the association of non-WBC-reduced ABT and post-

operative infection should undergo intention-to-treat vs. 

as-treated analyses should not divert attention from the 

importance of adhering to the intention-to-treat principle 

when RCTs or meta-analyses of RCTs of transfusion therapies 

are conducted. The purpose of RCTs is to ensure that con-

clusions are based on a comparison of two arms that are 

balanced in terms of the levels of all confounding factors; 

not two groups that may be so balanced. Meta-analysts 

cannot determine, from the report of an RCT, whether two 

groups restricted to the transfused subjects are balanced, 

because trialists do not report data on all known confounders; 

and because there are unknown (and/or poorly quantifiable) 

confounders for which only an analysis based on the 

intention-to-treat principle can ensure their balanced dis-

tribution between the comparison arms. Therefore, meta-

analysts can integrate as-treated findings from RCTs only 

when other conditions are met to ensure that non-adherence 

to the intention-to-treat principle will not bias the results. 

In this author's opinion, as-treated results may be used by 

meta-analysts only if they are derived from double-blind 

RCTs in which all patients have been operated upon by the 

same surgical team. 
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