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BACKGROUND: A before and after study was under-
taken to investigate the effect of universal leukoreduction 
(ULR) in the UK on postoperative length of hospital stay 
(LOS) and infections. 
STUDY DESIGN AND METHODS: Consecutive patients 
undergoing elective coronary artery bypass grafting or 
total hip and/or knee replacement in 11 hospitals received 
non-WBC-reduced RBCs before implementation of ULR 
(Ti, n = 997) or WBC-reduced RBCs after implementation 
of ULR (T2, n = 1098). 
RESULTS: Patients in Ti and T2 were comparable 
except patients in T2 received on average more units of 
RBCs but had lower discharge Hct levels. Postoperative 
LOS (Ti, 10 ± 8.9 days; T2, 9.6 ± 6.9 days) and the 
proportion of patients with suspected and proven post-
operative infections (Ti, 21.0%; T2, 20.0%) were 
unchanged before and after ULR (LOS, hazard ratio 1.01, 
95% Cl 0.92-1.10; infections, OR 0.83, 95% Cl 0.77-
1.02). Subgroup analysis showed no significant 
interaction between storage age or dose of blood on 
responsiveness of primary outcomes to ULR. Secondary 
outcomes were unchanged overall. Analysis by surgical 
procedure gave conflicting results with both increased 
mortality (p = 0.031) and an increased proportion of 
cardiac patients with proven infections (p = 0.004), 
whereas the proportion of orthopedic patients with proven 
infections was reduced (p = 0.002) after ULR. 
CONCLUSION: Implementation of ULR had no major 
impact on postoperative infection or LOS in patients 
undergoing elective surgical procedures who received 
transfusion(s). Smaller effects, either detrimental or 
beneficial of ULR, cannot be excluded. 

T
here is evidence that perioperative transfusion 
is an independent risk factor for postopera-
tive infection in orthopedic'' and cardiac5.6
patients. This so-called immunomodulatory 

effect of transfusion has been attributed to donor WBCs' 
and consistent with this hypothesis is the observation 
that blood from which the buffy coat had been removed 
failed to induce beneficial immunosuppression in 
potential renal transplant recipients.° A great deal of 
effort has been expended in trying to establish whether 
removal of WBCs from blood components results in 
measurable reductions in postoperative infection and 

ABBREVIATIONS: BC-RBC(s) = RBCs with huffy coat removal; 
CABG = coronary artery bypass grafting; C1= control patients 
who did not receive a transfusion (1999); C2 = control patients 
who did not receive a transfusion (2000); LOS = postoperative 
length of stay; LRTI(s) = lower respiratory tract infection(s); 
RCP(s) = randomized controlled trial(s); Ti = patient group that 
received RBCs before implementation of ULR (1999); T2 = patient 
group that received WBC-reduced RBCs after the implementation 
of ULR (2000); THR(s) = total hip replacements; TKR(s) = total 
knee replacement(s); UL.R = universal leukoreduction of blood 
supply by filtration before storage; UTI(s) = urinary tract 
infection(s). 
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cancer recurrence in surgical patients who received 
transfusion(s) 7 .9-11 Other benefits associated with provi-
sion of WBC-reduced blood have been reported recently 
such as decreased fever12-'" and resultant antibiotic 
use,13.14 reduced RBC alloimmunization,16 reductions in 
mortality and multiple organ dysfunction syndrome,14.16

and improved clinical outcomes in premature infants.'7

When the study described here began, randomized 
trials examining the effect of leukoreduction on postoper-
ative outcomes had given conflicting results. Reduced 
postoperative infection rates were reported in trials of 
patients undergoing surgery for colorectal cancer1A-20 and 
cardiac bypass grafting,21 whereas other trials in colorectal 
cancer patients ' and in patients undergoing gas-
trointestinal surgery25 failed to show any benefits. 

Because hospital-acquired infection is a major pre-
dictor of postoperative stay,26.27 some investigators have 
also reported cost savings in surgical patients receiving 
WBC-reduced RBCs attributable to shortened postopera-
tive length of stay (LOS),25 whereas others have not.13 In 
mid-1998, a decision was taken by the Department of 
Health that all blood components in the UK should be 
leukoreduced to minimize the risk of variant CJD trans-
mission. The planned implementation of universal leu-
koreduction of blood supply by filtration before storage 
(ULR) provided an opportunity to examine clinical out-
comes in surgical patients who would not previously 
have received leukoreduced components. Because a ran-
domized trial was no longer possible, we performed a 
prospective cohort study in patients undergoing elective 
cardiac or orthopedic surgery before and after ULR, to 
examine the effect of ULR on a large group of surgical 
patients who received transfusion(s). We also sought to 
determine whether patient treatment costs would 
increase after implementation of ULR owing to a combi-
nation of increased manufacturing costs and either 
unchanged or detrimental outcomes or, alternatively, 
whether ULR had the potential to be a cost-neutral 
intervention if costs were fully balanced by savings aris-
ing from improved outcomes. To provide large numbers 
of patients in each cohort who did not receive a transfu-
sion, we chose to study patients having total hip replace-
ment (THR) and total knee replacement (TKR) surgery, 
for which prestudy transfusion rates were 40 to 60 per-
cent. To provide a more heavily transfused group, we 
also studied patients having coronary artery bypass 
grafting (CABG) surgery, where transfusion rates were 
greater than 80 percent. Data from patients who did not 
receive a transfusion in both cohorts were collected to 
monitor possible temporal changes in the outcomes 
being studied. In contrast to some previous studies'2oz1.2.3 

patients in the "before" WBC-reduction arm were trans-
fused with RBCs from which the buffy coat had not been 
removed, thus maximizing their exposure to donor 
WBCs. 

MATERIALS AND METHODS 

Study population and design 

A two-cohort prospective, observational multicenter 
study recruiting consecutive adult patients undergoing 
elective cardiac (four hospitals) or orthopedic surgery 
(seven hospitals) was performed with ethics committee 
approval. Cardiac patients underwent nonemergency 
CABG, whether primary or redo procedures, with or with-
out aortic or mitral valve replacement or endarterectomy. 
Orthopedic patients underwent elective THR or TKR, 
whether primary or redo operations. Bilateral procedures 
were included if performed during the same operation. 

Data collection of Cohort 1 (before implementation 
of ULR) began at each site between January and May 1999 

and continued until an agreed number of patients had 
been recruited at each hospital (approx., 5 months). 
Cohort 2 was studied in the same months in 2000 when 
all patients received leukoreduced blood. Each hospital 
followed its own transfusion protocols to determine when 
patients received transfusion(s). Data were also collected 
on all patients who did not receive a transfusion undergo-
ing the same procedures during the study period for 
comparison. 

Data collection and analysis 
Data were collected by research nurses or audit staff by 
review of hospital notes and computer information sys-
tems after the patient's discharge. The same data collec-
tors were used in both years, except at two sites. Data 
were compiled onto a database (Access 97, Microsoft) 
and converted to computer software (STATA U6, Stata-
Corp LP, College Station, TX) for analysis. Specified pri-
mary outcomes were postoperative LOS, defined as days 
between the operation and discharge from the acute 
ward (days on intensive care unit and/or high depen-
dency unit plus orthopedic or cardiac ward) and new 
suspected and proven postoperative infections for which 
antibiotics were prescribed (excluding topical antibiotics 
and antibiotics given for routine operative cover or con-
tinuation of a preoperative prescription) plus local symp-
toms and/or signs as follows: urinary tract infections 
(UTIs) with two of 1) fever with no other recognized 
cause, 2) urgency, 3) frequency, or 4) dysuria; lower respi-
ratory tract infections (LRTIs) with new or increased pro-
duction of sputum and/or fever (>38°C) with appropriate 
chest signs including consolidation and/or chest X-rays 
showing new or progressive infiltrate; or wound infec-
tions with purulent discharge in or exuding from the 
wound. Bacteremia and/or septicemia were also 
recorded, as were infections at other sites. All infections 
occurring up to final discharge home (including any stay 
in rehabilitation) were included in the analysis, regard-
less of when the first transfusion was given. Infections 
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where a clinical decision was made not to treat with anti-
biotics were excluded from the analysis. 

Secondary outcomes were hospital-proven postoper-
ative infection, requiring clinical symptoms as described 
above leading to antibiotic prescription plus positive 
microbiology culture (except that a physician's diagno-
sis of pneumonia sufficed as confirmation of LRTIs) 
and major noninfectious postoperative complications 
(defined as one or more of the following: cardiac arrest, 
infarction, renal impairment requiring dialysis, confirmed 
deep vein thrombosis and/or pulmonary embolism, re-
spiratory failure, and return to operating room for bleed-
ing from surgical wound site). Other secondary outcomes 
were postoperative mortality (in hospital plus up to 90 
days after discharge home), hospital readmissions, and 
evidence of new infections after discharge. Data on post-
discharge events were collated from hospital computer 
systems and the patient case record and censored at 90 
days. 

Blood component preparation and characteristics 

During 1999 (Cohort 1), UK Transfusion Services were pro-
ducing both unmodified RBCs and RBCs with buffy coat 
removal (BC-RBCs), the latter required for PLT produc-
tion. Increasing numbers ofWBC-reduced RBCs were also 
appearing in hospital stock as the change over to UI.R 
commenced. During Cohort 1, blood banks in participat-
ing hospitals directed RBCs to patients having the proce-
dures under study. Patients inadvertently receiving 
transfusions with BC-RBCs or WBC-reduced RBCs were 
excluded from analysis. unless they had also received at 
least 2 units of unmodified RBCs. Patients undergoing 
previously deposited autologous blood donation were 
excluded. During 2000 (Cohort 2), all blood was WBC-
reduced in UK Transfusion Service processing laborato-
ries within 48 hours of collection by filtration either of 
whole blood (LSTI, MacoPharma, Mouvaux, France; 
T2926, NPBI, Bad Homburg, Germany; RS2000, R7,200, 
Baxter, Deerfield, IL) or of BC-RBCs (R2000, Baxter; T2916, 
NPB1). WBC counting was performed with PI staining and 
flow cytometry according to manufacturers' instructions. 
The required specification was fewer than 5 x 106 WBCs 
per unit in 99 percent of units with 95 percent statistical 
confidence." Quality monitoring was performed accord-
ing to BEST guidelines29 and showed that the specification 
was being met in all processing centers during the period 
of the study. 

Statistical analysis 

At 80 percent power and 5 percent significance, a sample 
size of 400 to 500 patients who received transfusion(s) was 
adequate to allow the study to detect an effect size of 
0.125, where effect size = mean difference + SD difference. 

This calculation was based on mean baseline LOS (± SD) 
of 6.8 ± 7.9 days for cardiac and 13.7 ± 7.6 days for ortho-
pedic patients. Comparisons of patient characteristics for 
patients who received non-WBC reduced RBCs before 
implementation of ULR (Ti) versus patients who received 
WBC-reduced RBCs after implementation of ULR (T2) 
and control patients who did not receive a transfusion in 
1999 (Ci) versus control patients who did not receive 
a transfusion in 2000 (C2) were performed by t test or chi 
square test. No corrections were made for multiple com-
parisons. Binary outcomes were analyzed by logistic 
regression, and time-dependent variables by Cox propor-
tional hazards method; these were expressed as ORs or 
hazard ratios with 95 percent CIs, respectively. Patients 
who died postoperatively had their results censored in the 
LOS analysis. The model was adjusted for baseline char-
acteristics (age, sex, preoperative infection rate, comor-
bidity, preoperative Hb level, primary procedure [or not], 
and center). Comorbidity was predefined as presence of 
one or more of the following on admission: congestive 
cardiac failure, coronary heart disease (for orthopedic 
patients only), respiratory failure, renal failure, hepatic 
failure, diabetes mellitus, rheumatoid arthritis, patient on 
steroids or other immunosuppressive drugs, hemiplegia 
or paraplegia, chronic mental illness, or hospitalization 
within the past 3 months for a medical condition. Missing 
values for preoperative Hb level (19/3942) were replaced 
by inmputation. It was decided not to adjust for operation 
time, blood loss, cumulative drain loss, lowest postopera-
tive Hb level, or predischarge Hb levels, given the level of 
missing values for these variables. The (subgroup) effect 
of RBC dose and storage age of blood were examined with 
interaction terms within the regression model to investi-
gate the effect on the primary outcomes of RBC dose 
(receipt of >_ 3 units vs. <3 units) and storage age of blood 
(receipt of > 3 units > 17 days old vs. <3 units > 17 days 
old). Mean ward bed occupancy figures for the months of 
March to July between Cohort 1 and 2 were compared by 
the paired t test (two-tailed). Hospital costs per inpatient 
stay were calculated from The National Health Service 
Reference Costs Initiative, which is an annual compre-
hensive cost assessment of services across all hospitals 
in the UK.31 The costs of ULR were obtained from 
the National Blood Service management accounts and 
expressed as the additional cost of WBC-reduced RBCs 
charged to hospitals. 

RESULTS 

Patient enrollment and follow-up 

Eighty-eight percent (3942/4482) of patients assessed for 
inclusion were evaluable, of which approximately half 
were transfused with RBCs (Fig. 1). The exclusion rate 
was higher in Cohort 1 owing to patients who inadver-
tently received a transfusion with WBC-reduced RBCs 
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(184 patients, 82 at one cardiac center that received an 
unexpectedly high proportion of WBC-reduced RBCs in 
the run-up to ULR). Follow-up data to 90 days after 
discharge were obtained for 75 percent (2989/3942) of 

Assessed for eligibility 

Cohort 1 2327 
Ineligible Cohort 2 2155 

Cohort 1 374 
Cohort 2166 

Evaluable 

Cohort 2 1989 
Cohort 1 1953 (84%) 

(99%) 

Received transfusion(s) 
Ti 997 (51%) 
T2 1098 (55%) 

Lost to follow-up 
Ti 206 
T2 196 

Lost to follow-up 
C1 261 
C2 290 

Followed-up 
Ti 791 (79%) 
T2 902 (82%) 

patients (Fig. 1). Missing follow-up data were accounted 
for mainly by patients attending outpatient clinics at 
referring hospitals, where there was no ethical approval 
for data collection. 

Controls 
Cl 956 (49%) 
C2 891 (45%) 

Followed-up 
C 1 695 (73%) 
C2 601 (68%) 

Fig. 1. Number of patients enrolled in study, number of patients evaluable, and num-

ber of patients followed up In Cohort I (1999) and Cohort 2 (2000), respectively. 

Patient characteristics and blood 
and drain losses 

Table 1 shows the baseline characteris-
tics of patients enrolled in the study 
before and after ULR. Overall, patients 
in each cohort who received transfu-
sion(s) were similar with respect to 
weight, age, comorbidity, and preopera-
tive Hb levels, with the majority under-
going primary surgical procedures. 
More men received operations in T2 and 
the incidence of preoperative infections 
(mainly UTIs diagnosed in the pread-
mission clinic and treated before sur-
gery) decreased in T2. These differences, 
which were adjusted for in the ana-
lysis, were attributable to orthopedic 
patients. Cardiac patients underwent 
longer operation times in T2, but this 
was not accompanied by changes in the 

TABLE 1. Patient characteristics in the two cohorts studied before and after ULR* 

Received transfusion(s) Did not receive transfusion 
Before ULR (T1). After ULR (T2), Before ULR (Cl). After ULR (C2), 

n = 997 n = 1098 p value n = 956 r = 891 p value 
Baseline characteristics 

Weight (kg) 75.1 ± 15.7 75.7 ± 14.8 0.367 79.6 ± 15.6 80.6 ± 16.0 0.195 
Age (years) 68.6 ± 11.1 69.2 ± 10.2 0.172 68.0 ± 10.4 68.1 ± 10.3 0.760 
Sex (male (%) 471 (47.2) 600 (54.6) 0.001 422 (44.1) 423 (47.5) 0.151 
Infection (%) 65 (6.5) 45 (4.1) 0.013 29 (3.0) 32 (3.6) 0.503 
Comorbidityt (%) 318 (31.8) 341 (31.1) 0.680 309 (32.3) 249 (28.0) 0.041 
Hb level (g/dL) 13.2±1.4 13.3±1.4 0.066 13.7±1.2 13.8±1.2 0.306 

Before and after operation 
Primary procedure (%) 842 (84.5) 959 (87.3) 0.058 896 (93.7) 857 (96.2) 0.017 
Drair losses (mL) 886 ± 666 967 ± 753 0.014 663 ± 422 618 ± 409 0.026 
Lowest Hb level (g/dL) 9.6 ± 1.6 9.3 ± 1.5 <0.0001 10.5 ± 1.3 10.4 ± 1.3 0.013 
Discharge Hb level (g/dL) 11.0 ± 1.3 10.7 ± 1.3 <0.0001 10.8 ± 1.3 10.6 ± 1.2 0.012 

Cardiac procedures 
Total number (%) 391 (39.2) 461 (42.0) 85 (8.9) 92 (10.3) 
Rados 10 (2.6) 10 (2.2) 0.709 2 (2.4) 8 (8.7) 0.068 
Valve replacement (%) 40 (10.2) 46 (10.0) 0.903 2 (2.4) 5 (5.4) 0.293 
Operation length (min) 215 ± 63 234 ± 69 0.001 184 ± 57 199 ± 64 0.125 

Orthopedic procedures 
Total number (%) 606 (60.8) 637 (58.0) 871 (91.1) 799 (89.7) 
Redost 145 (23.9) 129 (20.2) 0.118 58 (6.7) 26(3.3) 0.001 
TKR (%) 194 (32.0) 242 (38.0) 0.027 443 (50.9) 408 (51.1) 0.934 
Operation length (min) 135±51 135±56 0.786 116±37 119±35 0.101 

Data presented as mean ± SD or number (%) of patients. 
t Patients with one or more of following conditions: coronary heart disease, congestive cardiac failure, chronic mental illness, dementia, diabetes 

mellitus, hemiplagia and/or paraplegia. hospitalization within past 3 months, hepatic failure, renal failure, respiratory failure, rheumatoid 
arthritis, on steroids and/or immunosuppressants. 

t Includes bilateral procedures and THR plus TKR. 
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percentage of cardiac patients undergo-
ing aortic and/or mitral valve replace-
ment in addition to coronary artery 
grafts (Table 1) or in the proportion 
undergoing single versus multiple 
bypass grafts (data not shown). Overall, 
baseline characteristics did not differ in 
patients who did not receive a transfu-
sion over the same time period, except 
for a slight rise in the proportion of 
patients having primary procedures and 
a fall in comorbidity (Table 1). 

Estimated operative blood losses 

TABLE 2. Transfusion data before and after ULR* 
Before ULR (Ti), After ULR (T2), 

0=997 0=1098 p value 
Number of RBC units/patient 2.8 1.56 3.3 ± 2.98 <0.0001 

Cardiac 3.1 ± 1.8 4.0 ± 4.0 <0.0001 
Orthopedic 2.7 ± 1.5 2.9±2.0 0.115 

Number of patients (%) receiving 
1 unit of RBCs 114 (11.4) 78(7.1) 
2-3 units of RBCs 476 (47.7) 540 (49.2) 
>3 units of RBCs 407 (40.8) 480 (43.7) 0.0031 
FFP/cryoprecipitate 84 (8.4) 108 (12.1) 0.008 
PLTs 75(7.5) 110 (12.3) 0.0004 

' Mean number ± SD of RBCs or WBC-reduced RBCs (12). 
t Chi-square test for trend. 

were not available for cardiac patients 
and were recorded in only 50 percent of 
orthopedic case notes. No difference in mean (± SD) blood 
loss was observed between cohorts for orthopedic 
patients who received transfusion(s) (TI. 938 ± 686 mL, 
n = 384; T2, 916 ± 753 mL, n = 380) or those who did not 

receive a transfusion (C1, 487 ± 413 mL, n = 377; C2, 499 ± 

305 mL, n = 326). Data on cumulative postoperative drain 

losses were available for 90 percent of patients in each 
cohort. Drain losses increased in patients who received 
transfusion(s) and decreased in patients who did not 
receive a transfusion after ULR (Table 1). These findings 
were attributable to cardiac patients, with losses un-
changed in orthopedic patients. Postoperative cell salvage 
from drains was undertaken at four orthopedic centers, 
mostly in patients not receiving RBCs and in those under-
going TKRs. The proportion of orthopedic patients receiv-
ing postoperative cell salvage from drains was 5.0 percent 
(30/606) in Ti and 4.4 percent (28/637) in T2, with corre-
sponding values in controls of 14.5 percent (126/871) and 
16.4 percent (146/799), respectively. 

Transfusion data 

Overall, 41 percent of patients in Ti received a total of 2838 
units of RBCs, and 44 percent in T2 received a total of 3649 
units ofWBC-reduced RBCs. Transfusion rates before ULR 
varied between centers from 16 to 69 percent among 
orthopedic centers (n = 7) and from 67 to 95 percent 
among cardiac centers (n = 4) and remained consistent 1 
year later after introduction of ULR (orthopedic center 
range, 26%-82%; cardiac center range, 66%-89%). The 

mean number of units of RBCs transfused per patient 
increased after ULR, owing largely to increased RBC trans-
fusion in cardiac patients (Table 2), notably at two cardiac 
centers where mortality increased after ULR. Patients 
tended to receive more RBC units in T2, with fewer 
patients receiving a single RBC unit (Table 2). The timing 
of RBC transfusions was similar in each cohort, with 83 
percent (n = 2355) of units in Ti and 82 percent (n = 2987) 
in T2 being given up to 24 hours from the time of surgery. 
The proportion of patients receiving FFP and/or cryopre-

cipitate rose from 8 to 12 percent after ULR, as did the 
proportion given PLTs (Table 2). Both patients who 
received transfusion(s) and patients who did not receive a 
transfusion exhibited a significant fall in the lowest and 
discharge Iib levels between cohorts (Table 1), the magni-
tude of which is not clinically relevant. 

Primary outcomes 
Postoperative LOS. Postoperative LOS values given in 

Table 3 (interval between operation and discharge from 
acute ward) do not include the interval between admis-
sion and operation which was comparable between 
cohorts both for patients who received transfusion(s) (Ti 
1.6 ± 2.2 days vs. T2 1.5 ± 2.6 days) and patients who did 
not receive a transfusion (C 1 1.3 ± 2.7 days vs. C2 1.2 ± 2.1 
days), as was LOS in intensive care unit and/or high 
dependency unit (data not shown). Postoperative LOS 
also excludes any extra period of rehabilitation care 
received (usually at local referring or other hospitals) 
before final discharge home. The proportion of patients 
who received additional rehabilitation did not change 
between cohorts (Ti 23% vs. T2 23%), with LOS in reha-
bilitation of 9.1 ± 9.8 (n = 191) days in Ti and 8.0 ± 8.7 days 
(n = 221) in T2. Fewer patients who did not receive trans-
fusion(s) received rehabilitation care in Cohort 2 (CI 16% 
vs. C2 11%) and LOS in rehabilitation was reduced (C1, 8.9 
± 7.7 days, n = 127; C2, 6.5 ± 7.5 days, n = 86). 

Overall, there was no difference in postoperative LOS 
for patients who received transfusion(s) before or after 
ULR, with postoperative LOS for cardiac and orthopedic 
patients going in opposite directions (Table 3A). In cardiac 
patients, the increase in postoperative LOS was approxi-
mately 1 day, which just reached significance before 
adjustment for covariates but was not significant after 
adjustment. Postoperative LOS was comparable between 
cohorts for cardiac patients who did not receive a transfu-
sion. In orthopedic patients, there was a significant 
decrease in LOS of 1.2 days after ULR, both before and 
after adjustment for covariates. Nevertheless, LOS also fell 
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TABLE 3. Comparison of primary outcomes before and after ULR in (A) patients who received transfusion(s) and 
(B) patients who did not receive a transfusion' 

Before ULR After ULR Unadjusted ratio p value Adjusted ratiot p value 

A. Received transfusion(s) n = 997 n = 1098 
Postoperative LOS 10.0 ± 8.9 9.6 ± 6.9 1.05 (0.96-1.14) 0.321 1.01 (0.92-1.10) 0.905 

Cardiac 7.4 ± 3.6 8.3 ± 6.4 0.87 (0.76-1.00) 0.048 0.89 (0.77-1.02) 0.089 
Orthopedic 11.7 ± 10.6 10.5 ± 7.1 1.15 (1.03-1.28) 0.017 1.16 (1.04-1.30) 0.010 

Postoperative infections$ 209 (21.0) 220 (20.0) 0.94 (0.76-1.17) 0.600 0.83 (0.67-1.04) 0.099 
Cardiac 118 (30.2) 144 (31.2) 1.05 (0.78-1.41) 0.739 0.91 (0.67-1.23) 0.501 
Orthopedic 91 (15.0) 76 (11.9) 0.77 (0.55-1.06) 0.112 0.72 (0.52-1.00) 0.056 

B. Did not receive a transfusion n = 956 n = 891 
Postoperative LOS 8.2 ± 4.1 7.8 ± 3.7 1.11 (1.02-1.22) 0.020 1.10 (1.00-1.20) 0.050 

Cardiac 7.3 ± 8.3 6.6 ± 3.2 0.95 (0.70-1.28) 0.729 0.99 (0.72-1.34) 0.923 
Orthopedic 8.3 ± 3.4 7.9 ± 3.8 1.12 (1.02-1.23) 0.024 1.11 (1.00-1.22) 0.042 

Postoperative infections§ 93 (9.7) 93 (10.4) 1.08 (0.80-1.46) 0.631 1.08 (0.80-1.46) 0.627 
Cardiac 14 (16.5) 18 (19.6) 1.23 (0.57-2.66) 0.593 1.42 (0.60-3.40) 0.426 
Orthopedic 79 (9.1) 75 (9.4) 1.04 (0.75-1.45) 0.823 1.03 (0.74-1.44) 0.851 

Values given are mean ± SD or number (%) of patients; with ratios expressed as hazard ratios or ORs for postoperative LOS and postoperative 
infections, respectively, with 95% Cl in parentheses. 

t Adjusted for following covariates: age, center, comorbid conditions, preoperative Hb level, preoperative infection, type of operation (primary 
vs. redos + bilateral procedures) and sex. 

i Excludes 12 patients in Ti and 15 patients in T2 with clinical symptoms of infection not treated with antibiotics. 
§ Excludes 5 patients in Cl and 7 patients in C2 with clinical symptoms of infection not treated with antibiotics. 

significantly in orthopedic patients who did not receive a 
transfusion by 0.4 days (Table 3B). This raised the possi-
bility that part or all of the shortening in LOS seen in 
transfused orthopedic patients may be due to factors 
other than ULR, such as increased pressure on beds. Nev-
ertheless, mean monthly bed occupancy for the 27 wards 
contributing orthopedic patients did not differ between 
cohorts (data not shown). 

It was assumed at the beginning of the study that 
patients who developed suspected and proven postoper-
ative infections requiring antibiotic treatment would stay 
in hospital longer than patients who did not and that the 
subset of patients with microbiologically proven infec-
tions would have the longest postoperative IOS. This 
assumption held true both before and after ULR, in 
patients who received transfusion(s) and patients who did 
not receive a transfusion. Combining data for all evaluable 
patients (n = 3942) gave mean (± SD) postoperative LOS 
values of 8.3 ± 4.8, 12.4 ± 11.2, and 17.8 ± 15.3 days for 
patients with no infections, suspected and proven infec-
tions treated with antibiotics, and proven postoperative 
infections, respectively. 

New suspected and proven postoperative infections. 
A total of 235 suspected and proven infections were 
recorded in 209 patients in Ti compared to 254 infections 
in 220 patients in T2. Thirteen percent (28/209) of these 
patients in Ti and 12 percent (27/220) in T2 had infec-
tion(s) before receipt of the first transfusion. These were 
not excluded from the analysis. Suspected and proven 
infections occurring within 24 hours of surgery (Ti, n = 50; 
T2, n = 55) may not have been influenced by perioperative 
transfusion. Excluding these would not have altered the 
conclusions. Overall, the proportion of patients who 

received transfusion(s) with new suspected and proven 
postoperative infections treated with antibiotics did not 
differ before or after ULR (Table 3A). Patients who did not 
receive a transfusion showed no change in postoperative 
infection rate between cohorts, either overall or when data 
were analyzed by surgical procedure (Table 3B). 

When analyzed by procedure, suspected and proven 
infection rates in cardiac patients were unchanged 
(approx., 30%) but in orthopedic patients declined from 
15 to 11 percent (adjusted OR, 0.72; 95% CI, 0.52-1.00; p = 
0.056). Table 4 lists all new suspected and proven postop-
erative infections by site. A total of 11.5 percent (24/209) 
of patients in Ti and 12.2 percent (27/220) of patients in 
T2 had infections at more than one site. In cardiac 
patients, there was a doubling in the proportion with bac-
teremia and/or septicemia, surgical wound infections, 
and infections at other sites (not LRTI or UT!) after UI.R. 
Orthopedic patients showed a small decrease in surgical 
wound infections, with no marked change in infections at 
other sites. Patients in both cohorts who did not receive 
a transfusion had similar rates of infections at all sites 
(Table 4). 

Effect of dose of blood or storage age on primary 
outcomes before and after ULR. Subgroup analysis 
showed no interaction between either dose of blood or 
storage age on responsiveness of primary outcomes to 
ULR (Table 5). 

Secondary outcomes 
Mortality. There was no significant difference 

between cohorts in overall mortality to 90 days after dis-
charge in patients who received transfusion(s). Death rate 
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TABLE 4. Site of new suspected and proven postoperative infections for which antibiotics were prescribed before and 
after ULR in patients who received transfusion(s) and patients who did not receive a transfusion' 

- ............................................................................................................................................................................................................................................................................................. 
Received transfusion(s) Did not receive a transfusion 

Before ULR (T1), After ULR (T2), Before ULR (Cl). After ULR (C2), 
n=997  n=1098  n=956  n=891 

Surgical wound 59 (5.9) 63 (5.7) 34 (3.6) 26 (2.9) 
Cardiac 16 (4.1) 31 (6.7) 3(3.5) 4 (4.3) 
Orthopedic 43 (7.1) 32 (5.0) 31 (3.6) 22 (2.8) 

Lower respiratory tract 117 (11.7) 123 (11.2) 32 (3.3) 34 (3.8) 
Cardiac 96 (24.6) 97 (21.0) 12 (14.1) 12 (13.0) 
Orthopedic 21 (3.5) 26 (4.1) 20 (2.3) 22 (2.8) 

Urinary tract 28 (2.8) 23 (2.1) 19 (2.0) 28 (3.1) 
Cardiac 6 (1.5) 8 (1.7) 2 (2.2) 
Orthopedic 22 (3.6) 16 (2.5) 19 (2.0) 26 (3.3) 

Bacteremia/septicemia 5 (0.5) 10 (0.9) 5 (0.5) 
Cardiac 2 (0.5) 9 (2.0) 1(1.2) 
Orthopedic 3 (0.5) 1 (0.2) 4 (0.5) 

Other sitet 26(2.6) 34(3.1) 13(1.4) 14 (1.6) 
Cardiac 9(2.3) 21 (4.6) 1 (1.1) 
Orthopedic 17(2.8) 13(2.0) 13(1.5) 13(1.6) 

• Data presented as total number of infections, with percentage infected patients shown in parentheses. 
t Includes IV access sites, gastrointestinal tract, cellulitis, subacute bacterial endocarditis, pericarditis, ear, mouth, nonsurgical wounds, and 

pyrexia of unknown origin where treated with antibiotics. 

TABLE 5. Subgroup analysis of storage age and dose of blood on primary outcomes before and after ULR 

Before ULR (11), After ULR (72). OR,HR• 
n = 997 n = 1098 (95% Cl) p value 

Postoperative infectionsf 
Dose of blood 

>3 units 123/407 (30.2%) 122/480 (25.4%) 0.79 (0.59-1.06) 0.111 
<3 units 86/590 (14.6%) 98/618 (15.9%) 1.10 (0.81-1.51) 0.536 

Age of blood 
>_3 units >_ 17 days old 44/188 (23.4%) 52/192 (27.1%) 1.21 (0.76-1.93) 0.410 
<3 units ? 17 days old 165/809 (20.4%) 168/906 (18.5%) 0.89 (0.70-1.14) 0.359 

Postoperative LOSS 
Dose of blood 

23 units 11.03 ± 10.33 10.06 ± 6.77 1.06 (0.93-1.21) 0.411 
<3 units 9.28 ± 7.61 9.18 ± 7.01 1.05 (0.94-1.18) 0.396 

Age of blood 
~3 units >_ 17 days old 12.16 ± 12.87 10.59 ± 7.17 1.08 (0.86-1.33) 0.427 
<3 units >_ 17 days old 9.49 ± 7.55 9.34 ± 6.86 1.02 (0.93-1.12) 0.588 

• OR = OR for postoperative infections; HR = hazard ratio for LOS. Values given are unadjusted for covariates. 
t Values given are numbers of patients with suspected and proven postoperative infections/total number transfused (%): p = 0.073 and p = 

0.371, respectively, for interaction of dose and storage age of RBCs on postoperative infections. 
t Values given are means ± SD: p = 0.912 and p = 0.598, respectively, for interaction of dose and storage age on LOS. 

was unchanged in orthopedic patients, but increased in 
cardiac patients after UI.R (Table 6A) with the majority of 
cardiac deaths (16/18) in Cohort 2 occurring at two car-
diac centers that recorded concomitant rises in proven 
postoperative infections (Ti, 5%; T2, 20%) and the num-
ber of patients returned to the operating room for bleed-
ing (Ti, 4.4%; T2, 12.6%), respectively. All cardiac deaths 

owing to infection were recorded in Cohort 2 at the two 
centers where mortality rose. 

The results of this analysis do not take into account 
losses to follow-up, but because 84 percent (31/37) of 
deaths occurred in the hospital, it has been assumed that 

all patients lost to follow-up were still alive at 90 days. A 
sensitivity analysis was carried out in which all patients 
without follow-up data were presumed dead at 90 days. 
This had the effect of changing the mortality data from a 
nonsignificant increase in Cohort 2 to a nonsignificant 
reduction. Mortality rates did not differ between cohorts 
in patients who did not receive a transfusion (Table 6B). 

Proven postoperative infections. There was no over-
all difference in proven postoperative infections in 
patients who received transfusion(s) before or after ULR, 
with changes in cardiac and orthopedic patients of 
roughly equal magnitude but in opposite directions (Table 
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TABLE 6. Secondary outcomes before and after ULR in (A) patients who received transfusion(s) and 
(B) patients who did .................................. ........................................................................-.......................................................................... ........ not receive transfusion* 

Unadjusted ORt Adjusted ORt 
Before ULR After ULR (95% Cl) p value (95 ;o CI) 

-------------- 
p value 

A. Received transfusion(s) n = 997 n = 1098 
Proven infections f 69 (6.9) 75 (6.8) 0.99 (0.70-1.38) 0.935 0.92 (0.65-1.29) 0.617 

Cardiac 19 (4.9) 49 (10.6) 2.32 (1.34-4.03) 0.002 2.27 (1.30-3.94) 0.004 
Orthopedic 50 (8.3) 26 (4.1) 0.47 (0.29-0.77) 0.003 0.45 (0.28-0.74) 0.002 

Major complications§ 83 (8.3) 106 (9.7) 1.17 (0.87-1.59) 0.289 1.07 (0.40-1.52) 0.478 
Cardiac 43 (10.9) 67 (14.5) 1.38 (0.91-2.07) 0.126 1.33 (0.87-2.03) 0.179 
Orthopedic 40 (6.6) 39 (6.1) 0.92 (0.58-1.46) 0.730 0.86 (0.54-1.38) 0.542 

Mortality ¶ 12 (1.2) 25 (2.2) 1.82 (0.91-3.65) 0.088 1.74 (0.86-3.52) 0.124 
Cardiac 5 (1.3) 18 (3.9) 3.08 (1.14-8.29) 0.026 3.05 (1.11-8.37) 0.031 
Orthopedic 7 (1.2) 7 (1.1) 0.82 (0.28-2.43) 0.716 0.85 (0.28-2.61) 0.775 

Readmissions ¶ 86 (8.6) 81 (7.4) 0.84 (0.61-1.16) 0.292 0.84 (0.61-1.16) 0.286 
Cardiac 40 (11.6) 32 (8.2) 0.65 (0.40-1.06) 0.087 0.64 (0.39-1.06) 0.085 
Orthopedic 46 (10.3) 49 (9.6) 1.10 (0.67-1.54) 0.946 1.03 (0.67-1.58) 0.891 

Post-discharge infections ¶ 28 (2.8) 29 (2.6) 0.93 (0.56-1.59) 0.814 0.96 (0.56-1.63) 0.869 
Cardiac 14 (4.0) 10 (2.6) 0.60 (0.27-1.35) 0.216 0.78 (0.33-1.83) 0.569 
Orthopedic 14 (3.1) 19 (3.7) 1.30 (0.65-2.61) 0.735 1.31 (0.64-2.69) 0.755 

B. Did not receive transfusion n = 956 n = 891 
Proven infections f 25 (2.6) 32 (3.6) 1.39 (0.82-2.36) 0.227 1.42 (0.83-2.40) 0.199 

Cardiac 4 (4.7) 3 (3.3) 0.68 (0.15-3.14) 0.624 0.52 (0.10-2.77) 0.444 
Orthopedic 21 (2.4) 29 (3.6) 1.52 (0.86-2.70) 0.147 1.55 (0.87-2.80) 0.136 

Major complications§ 38 (4.0) 17 (1.9) 0.47 (0.26 -0.84) 0.011 0.45 (0.25-0.80) 0.007 
Cardiac 4 (4.7) 2 (2.2) 0.45 (0.08-2.52) 0.364 0.36 (0.05-2.30) 0.284 
Orthopedic 34 (3.9) 15 (1.9) 0.47 (0.25-0.87) 0.016 0.44 (0.24-0.82) 0.010 

Mortality ¶ 5 (0.5) 4 (0.4) 0.86 (0.23-3.19) 0.819 0.85 (0.23-3.19) 0.810 
Cardiac 0 (0) 1 (1.1) - - - - 
Orthopedic 5 (0.6) 3 (0.4) 0.65 (0.16-2.73) 0.560 0.66 (0.16-2.79) 0.574 

Readmissions¶ 46 (4.8) 44 (4.9) 1.03 (0.67-1.57) 0.126 1.06 (0.69-1.62) 0.799 
Cardiac 8 (10.1) 8 (9.1) 0.93 (0.35-2.48) 0.884 1.11 (0.67-3.37) 0.849 
Orthopedic 38 (6.2) 36 (6.9) 1.05 (0.67-1.67) 0.823 1.09 (0.68-1.74) 0.730 

Post-discharge infections ¶ 26 (2.7) 17 (1.9) 0.70 (0.37-1.29) 0.250 0.69 (0.37-1.28) 0.240 
Cardiac 6 (7.5) 2 (2.5) 0.30 (0.06-1.49) 0.141 0.34 (0.06-1.92) 0.222 
Orthopedic 20 (3.2) 15 (2.9) 0.81 (0.42-1.59) 0.545 0.85 (0.43-1.68) 0.632 

Data presented as number (%) of patients. 
t Values are ORs except for mortality data, which is given as hazard ratios, adjusted for following covariates: age, center, comorbid conditions, 

preoperative Hb level, preoperative infection, type of operation (primary vs. redos plus bilateral procedures), and sex. 
$ Defined as antibiotic prescription plus clinical symptoms and microbiologic or other confirmatory evidence. 
§ Defined as cardiac arrest, infarction, renal impairment requiring dialysis, return to operating room for bleeding, confirmed deep vein thrombosis, 

or pulmonary embolism. 
¶ Censored at 90 days after discharge; figure not adjusted for losses to follow-up (see Fig. 1). 

6A). Proven infections increased significantly from 5 to 11 
percent in cardiac patients and in orthopedic patients 
decreased significantly from 8 to 4 percent, levels compa-
rable with orthopedic patients who did receive a transfu-
sion. These findings were significant before and after 
adjustment for confounding variables (Table 6A). In con-
trast, no changes in proven infections were observed in 
either cardiac or orthopedic patients who did not receive 
a transfusion over the same time period (Table 6B). 

Major postoperative complications. No changes in 
major postoperative complications were observed in 
patients who received transfusions after ULR, either over-
all or when the results for orthopedic and cardiac patients 
were analyzed separately (Table 6A). Nevertheless, in 
patients who did not receive a transfusion, major postop-
erative complications decreased significantly after ULR, 
both before and after adjustment for confounding vari-
ables (Table 6B). This effect was confined to orthopedic 

patients, and may explain the concomitant shortening of 
LOS (Table 3B). 

Readmissions and infections after discharge. There 
was no change between cohorts in readmissions or evi-
dence of infections within the 90 days after final discharge 
home in either patients who received transfusion(s) or 
patients who did not receive a transfusion (Table 6A and 
6B). 

Cost implications of ULR 

With 2001 UK prices (and a pounds to dollars conversion 
of 1.5) a unit of WBC-reduced RBCs cost $128, of which 
$40 per unit was added to cover the additional costs of 
leukoreduction (NBS data). Patients who received transfu-
sion(s) after ULR also received on average an extra 0.5 unit 
per patient, leading to a total additional cost of $176 per 
patient. No reduction in postoperative LOS or suspected 
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and proven postoperative infections was observed after 
ULR, so there were no hospital cost savings to offset 
against the increased costs. Overall, UI.R has therefore 
resulted in slightly increased costs in this group of surgical 
patients who received transfusion(s). Given the conflict-
ing findings between cardiac and orthopedic patients, the 
additional cost of providing WBC-reduced RBCs to cardiac 
patients may be higher than estimated above, whereas for 
orthopedic patients implementation of ULR may have 
resulted in savings, given mean estimated inpatient costs 
per day for acute orthopedic wards across the UK in 1999/ 
2000 of $5i8. °

DISCUSSION 

This study showed that implementation of ULR in the UK 
did not appear to be associated with demonstrable bene-
fits on either LOS or new postoperative infections in 
patients undergoing two elective surgical procedures 
(CABG and TIIR and/or TKR), which together account for 
a high proportion of surgical blood usage in the UK.31 Our 
results for these primary outcomes are consistent with 
three cardiac randomized controlled trials (RCTs),12,16.21 a

randomized trial of ULR for all hospital patients,13 and two 
other observational studies carried out before and after 
implementation of ULR programs in Canada"  and 
France.' We used non-buffy-coat-reduced RBCs in the 
"before" arm to maximize the difference in WBC exposure 
between patients who received transfusion(s) before and 
after ULR, as did three other studies,12-14 but took no 
account of timing of postoperative infection in relation to 
transfusion. A meta-analysis of RCT found no overall ben-
efit of leukoreduction on postoperative infection rates, 
except when studies with BC-RBCs as a control were 
excluded." The results of our study and others12-' 4 suggest 
no clear benefit from implementation of ULR for decreas-
ing postoperative infections and LOS. 

After implementation of ULR, patients received 
slightly more units overall but had lower discharge Hct 
levels. Part of this may relate to the study design, in which 
patients in the before arm were allocated buffy-coat-
replete RBCs, containing approximately 30 mI. more RBCs 
than BC-RBCs. Nevertheless, the loss of RBCs during the 
leukoreduction manufacturing process may also have 
contributed to these results. Neither the difference in RBC 
exposure (increase of 0.5 units) nor the difference in post-
operative IFIb level (decrease of 0.3 g/dL for lowest and 
discharge Hb values) after UI.R is likely to be clinically 
relevant. 

Both the presence of WBCs and the secretion of 
adverse factors into solution during storage are postulated 
to play a role in mediating the so-called "TRIM" effect.33.34
We hypothesized that the impact of ULR would be greatest 
for patients receiving a higher number of units and/or 
those exposed to RBCs with prolonged storage times, but 

found no interaction between either of these variables on 
primary outcomes in response to ULR. In a recent study 
of 897 cardiac patients, prolonged storage of RBCs did not 
increase morbidity outcomes, including LOS in intensive 
care unit and severe postoperative infection rates. In our 
study, infection rates in patients receiving at least 3 units 
were reduced from 30 to 25 percent by ULR, but remained 
unchanged at approximately 15 percent before and after 
ULR in patients receiving fewer than 3 units. Van deWater-
ing et al.21 also observed no overall effect of ULR on post-
operative infections or LOS in CABG patients, but found 
that infections were reduced from 31 to 24 percent in 
patients receiving more than 3 units. In a subsequent RCT 
of CABG patients also undergoing valve replacement, who 
have higher transfusion requirements, infection rates 
were 31 percent in the arm given BC-reduced RBCs and 
22 percent in the WBC-reduced arm.'6 These results sug-
gest that any effect of UI.R in reducing postoperative 
infections may be restricted to patients given at least 3 
units blood. 

In agreement with some12"3 but not all studies'4.16.2' 

and a meta-analysis' we saw no reduction in mortality 
after implementation of ULR in the UK, with overall mor-
tality of 1.2 and 2.2 percent before and after UI.R. This 
nonhomogenous rise in mortality was not significant after 
adjustment for confounding variables. Our conclusion 
that overall mortality, readmission rates, and infections 
after discharge were unchanged following ULR ignores the 
20 percent loss of patients to follow-up. A sensitivity anal-
ysis in which these patients were all treated as dead at 
90 days did not alter the conclusions. Mortality was 
unchanged in orthopedic patients but rose in cardiac 
patients from 1.3 to 3.9 percent after ULR. Although sig-
nificant, these values lie within the 99 percent CIs for 
crude mortality rates in patients undergoing isolated 
CABG procedures at the four cardiac centers during the 
entire study period (1999-2001).97 Our study was not pow-
ered around mortality unlike the Canadian study in which 
it was concluded that ULR was potentially associated with 
decreased mortality.'" This was based on an analysis of the 
results in which patients who died within 48 hours of sur-
gery were excluded, resulting in a fall in mortality from 7.0 
to 6.2 percent before and after ULR.'" When these patients 
were included no difference in adjusted mortality was 
found, as in our study. 

An unexpected finding of our study was the conflict-
ing results between cardiac and orthopedic patients, with 
beneficial effects on hospital stay, antibiotic prescription 
and proven infection in THR and/or TKR, and adverse 
effects in CABG patients. These contradictory findings 
were not explained by major changes in patient character-
istics or transfusion rates, which were broadly comparable 
between cohorts and may have arisen by chance. Because 
of the before versus after study design data collectors 
could not be blinded to the use of WBC-reduced RBCs, so 
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our study is subject to observer bias. We tried to minimize 
observer bias by choosing relatively hard endpoints, such 
as postoperative IAS on acute ward, which is not open to 
differences in interpretation. Nevertheless, LOS can be 
affected by variables such as early mortality and changing 
hospital policies. Predefined criteria were used in advance 
to define suspected and proven infections, which had to 
be accompanied by therapeutic administration of antibi-
otics. We did not restrict our definition of postoperative 
infections to serious nosocomial infections or exclude 
UTIs as in some other studies.12," It has been suggested 
that inclusion of LJTIs could bias the results unless adjust-
ment is made for number of days with indwelling urinary 
catheters. Nevertheless, we observed no differences 
between cohorts in the proportion of patients with uri-
nary catheters or with UTIs. Temporal trends may be an 
important source of bias in any observational study, as 
observed in a previous study in which a fall in IAS after 
WBC-reduced RBCs were provided for CABG patients con-
tinued after the policy was abandoned 's We therefore 
included patients who did not receive a transfusion 
undergoing the same surgical procedures for comparison. 
Cardiac patients who did receive a transfusion showed no 
changes in primary outcomes before and after implemen-
tation of ULR. In orthopedic patients who did not receive 
a transfusion, however, postoperative LOS decreased by 
0.4 days in Cohort 2, without any change in infection rates. 
Thus the apparent beneficial effect of ULR seen in ortho-
pedic patients who did receive transfusion(s) may also be 
due to unexplained factors and should be treated with 
caution. There have been no previous clinical trials of leu-
koreduction in orthopedic patients with the same end-
points. Although in the study by Dzik et al.13 subanalyses 
were performed on certain patient groups, orthopedic 
patients were not studied separately; likewise, the Cana-
dian study'" included hip fractures, but not patients hav-
ing elective THR and/or TKRs. Future RCTs in orthopedic 
patients would be necessary to investigate the effect of 
UI.R on LOS and postoperative infection rates in these 
patients. The increase in proven infections and mortality 
observed in cardiac patients who received transfusion(s) 
in Cohort 2 might be due to a detrimental effect of ULR, 
although an alternative explanation is that patients had 
more difficult operations in Cohort 2, as indicated by the 
increased operation times and postoperative drain losses. 
TWo cardiac centers were responsible for the rise in mor-
tality after ULR: at one, patients were accommodated in 
temporary wards during refurbishment of the cardiac 
wards, and at the other, more patients required repeat 
thoracotomy for bleeding in Cohort 2. No other factors 
were identified by investigators at these two centers, 
which could account for the rise in mortality. 

In summary, our study showed that, as in Canada" 
and France,32 the introduction of ULR in the UK did not 
result in any significant improvement in postoperative 

LOS or infections among a large group of patients under-
going elective orthopedic or cardiac surgery who received 
transfusion(s). Secondary outcomes showed significant 
differences in the proportion of patients with proven 
infection, with conflicting results for cardiac versus ortho-
pedic patients. The possibility cannot be ruled out that 
ULR may have small detrimental effects in cardiac 
patients and beneficial effects in orthopedic patients. 
Subgroup analysis failed to demonstrate a significant 
effect of storage age or dose of blood transfused on pri-
mary outcomes. Economic savings were not demon-
strated, because increased manufacturing costs of 
providing WBC-reduced RBCs were not offset by savings 
in hospital costs, and patients required on average more 
WBC-reduced RBCs after implementation of ULR. 
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