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Table 8 Main causes of transfusion error

First survey’  Second survey®
Identification error 91 27
Phlebotomy error 4 2
Prescription error® 19 8
Testing error by doctor 21 10
Laboratory error outside of core hours 12 6
Laboratory error during core hours 5 4
Other 14 3
Total 166 60

1 January 1995 to 31 December 1999.
®1 January 2000 to 31 December 2004.
“Blood components orders of incorrect ABO blood group.

or platelet concentrate orders of an incorrect ABO blood
group sent to the laboratory were undetected by laboratory
methods due to the omission of the minor cross-match. No
reported prescription error was associated with an RCC major
mismatch.

Testing error by doctors

Testing errors by doctors were reported in 13% of cases
(21 of 166) in the first survey, and 17% (10 of 60) in the
second. In hospitals where these errors arose, laboratory
services for blood transfusion were not available.

Laboratory error outside of core hours

Laboratory errors outside of core hours were reported in
7% of cases (12 of 166) in the first survey, and 10% (six of
60) in the second. These errors included technical testing
errors in 10 cases, issuance of the wrong units in four
cases, and use of the wrong patient sample for testing in
one case, and, in four cases the details of errors were not
reported.

Laboratory error during regular (daylight) hours
Laboratory errors during regular (daylight) hours were
reported in 3% of cases (five of 166) in the first survey, and
7% (four of 60) in the second. These errors included technical
testing errors in three cases, clerical error in transcription in
one case, issuance of the wrong units in two cases, and use
of the wrong patient sample in three cases.

Other errors

In the first survey: a wrong blood type was displayed at the
bedside in one case; 11 cases had no reports about the main
cause; and in two cases, a main cause could not be clearly
discerned. In the second survey, two ABO-incompatible bone
marrow transplant recipients received the wrong blood,
and in one other case, incompatible FFP was taken from an
operating room refrigerator.

© 2009 The Author{s}

Discussion

Based on data from the second survey, the risk of ABO-
incompatible transfusion and that of death is about half of
those reported by Serious Hazards of Transfusion (SHOT) [1].
In Japan, at least 8000 hospitals transfuse blood, perhaps
more if the smallest hospitals are counted, but this investiga-
tion focused on the hospitals responsible for about 80% of
the blood products transfused in Japan. The Japanese Red
Cross (JRC) is the only supplier of allogeneic blood components
used in Japan. The collection of allogeneic blood by a hospital
transfusion service is rare and permitted in emergency cases
if the JRC has failed to supply the blood products to hospitals.
The total amount of all blood components supplied by the
JRC corresponded to the total amount of blood components
transfused in Japan. In the fiscal year of 2004, when the
second survey was done, the total amount of blood components
supplied by the JRC Blood Center was 16 668 784 units, and
the total amount of blood components transfused in the
829 hospitals which responded to the second survey was
7 962 317 units, with about 47-8% of blood components
supplied by the blood centre.

ABO-incompatible blood transfusion arises from human
error [8]. Eighty per cent of ABO-incompatible blood trans-
fusions were reported from the clinical setting of a ward or
operating room and 20% were reported from a laboratory.
No reported errors were associated with blood banking
procedures of the JRC. There were no mislabelling of units or,
weak A or B antigens typed as O. This underscores the value
of an incident reporting system that collects data from
hospitals, and provides analytical feedback to each facility
[9-11]. Identification errors between patients and blood
products provoke most RCC major mismatch transfusions.
Preventive efforts are important because these errors are
eminently preventable. Many hospitals had their own trans-
fusion procedural manual, including the final identification
between patients and blood products in the clinical area. In
many cases, procedural deviations occurred, including half
of the hospitals that maintained their own procedures.
Following the first survey, a standardized blood transfusion
procedure manual emphasizing the final identification
between patients and blood products was developed by the
Japanese Society of Blood Transfusion, and this procedure
has been widely propagated through distributing a poster
showing the procedural manual by the Japanese Society of
Blood Transfusion and JRC [6]. The second survey collected
only about 30% as many identification errors as were
reported in the first survey, even with the participation of an
additional 251 hospitals. It may be that the dissemination of
a standard procedure contributed to a decrease in identification
error. This was the main intervention undertaken to reduce
the incidence of ABO-incompatible transfusion after the first
survey. However, incorrect blood recipient identification at
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the patient’s bedside persists as the main cause of ABO-
incompatible transfusion. Education programmes may be
helpful to the extent that they reach all staff involved in
transfusion. This is challenging under the best of circumstances,
and more so where staff turnover is high. It thus behooves us
to monitor employment trends in the healthcare sector.
Technological interventions also have the potential to
interdict human error, provided that the technology is not
bypassed for reasons of expediency or lack of understanding
[12-15]. The introduction of electronic correlation of patients
and blood products has progressed in large-scale hospitals.
Pretransfusion testing out of core hours is another problem.
In 7-5% of hospitals in the first survey, laboratory services for
blood transfusion out of core hours were not available, thus
forcing clinicians into the role of laboratory professionals.
The number of facilities where a doctor performs pretransfu-
sion testing outside of core hours decreased from the first
survey, and the number of facilities where laboratory staff
perform all testing increased. Even so, laboratory staff who
do not routinely perform transfusion-related testing are
likely to be more error prone than those who are devoted to
the blood bank or transfusion service. These were the main
differencesbetweenthe twosurveys.

The second national survey of ABO-incompatible blood
transfusion was completed 5 years after first survey. Ideally,
investigative data should be collected continuously and
reported at least annually, as occurs in other countries with
formal haemovigilance systems [1,2]. We aspire to blend the
Japanese experience described herein with international
best practices described elsewhere, with the ultimate goal of
mitigating the needless morbidity and mortality arising from
human error.

A part of this research was supported by the Ministry of
Health, Labor and Welfare.
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TRANSFUSION COMPLICATIONS

Development and validation of a SYBR Green I-based real-time
polymerase chain reaction method for detection of haptoglobin
gene deletion in clinical materials

Mikiko Soejima, Yuji Tsuchiya, Kouichi Egashira, Hiroyuki Kawano, Kimitaka Sagawa,
and Yoshiro Koda

BACKGROUND: Anhaptoglobinemic patients run the
risk of severe anaphylactic transfusion reaction because
they produce serum haptoglobin (Hp) antibodies. Being
homozygous for the Hp gene deletion (HP*) is the only
known cause of congenital anhaptoglobinemia, and
clinical diagnosis of HP* before transfusion is important
to prevent anaphylactic shock. We recently developed a
5-nuclease (TagMan) real-time polymerase chain reac-
tion (PCR) method.

STUDY DESIGN AND METHODS: A SYBR Green
I-based duplex real-time PCR assay using two forward
primers and a common reverse primer followed by
melting curve analysis was developed to determine
HP*! zygosity in a single tube. In addition, to obviate
initial DNA extraction, we examined serially diluted
blood samples as PCR templates.

RESULTS: Allelic discrimination of HP*' yielded optimal
results at blood sample dilutions of 1:64 to 1:1024. The
results from 2231 blood samples were fully concordant
with those obtained by the TagMan-based real-time
PCR method.

CONCLUSION: The detection rate of the HP* allele by
the SYBR Green |-based method is comparable with
that using the TagMan-based method. This method is
readily applicable due to its low initial cost and analyz-
ability using economical real-time PCR machines and is
suitable for high-throughput analysis as an alternative
method for allelic discrimination of HP!.
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naphylaxis is a severe nonhemolytic transfu
sion reaction, and determination of its cause:
is urgently needed.!? The absence of a serun
protein such as immunoglobulin A or hapto
globin (Hp) is one factor that can lead to anaphylactic
transfusion reactions!* due to production of serum anti
bodies against it.>” At present, a homozygous deletior
of the Hp gene (HP*!) is the only known cause o
anhaptoglobinemia.>®
Hp binds hemoglobin (Hb) to prevent both iron los:
and kidney damage during hemolysis. Humans have :
genetic polymorphism of the protein due to two codomi
nant alleles, Hp1 and Hp2, that give rise to the three majo:
phenotypes, Hp1, Hp2-1, and Hp2.>'° Because of its poly-
morphic nature, Hp has been used as a genetic marker fo:
identification of individuals and determination of parent
age. Anomalous inheritance of the Hp phenotypes wa:
encountered during determinations of parentage, anc
HP*!'was identified by genetic analyses of one such family
in Japan.®
The HP*! allelc lacks an approximately 28-kb segmen
of Chromosome 16 extending from the promoter region o
the Hp gene to Intron 4 of the Hp-related gene (HPR).> Twc
different methods have been demonstrated to be usefu
for the detection of anhaptoglobinemia. One is detectior

ABBREVIATIONS: Hp = haptoglobin; T, = melting
temperature.
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of HP*! allele by polymerase chain reaction (PCR) or
Southern blotting,® and the other is quantification of Hp
protein by enzyme-linked immunosorbent assay
(ELISA).! The ELISA method is sensitive and able to dis-
criminate efficiently between anhaptoglobinemia and
hypohatoglobinemia. However, this method requires con-
firmation of the presence of HP*! by a PCR-based method.
A duplex PCR method allows determination of the zygos-
ity of HP%!, Using this method, frequencies of the HP%
allele were examined in several human populations. This
allele has been found only in East and Southeast Asian
populations (Chinese, Korean, Japanese, Mongols, Thais,
and Indonesians) but not in African, West and South
Asian, and European populations so far.>'#!* Detection
of homozygotes for HP* before blood transfusion or
blood component infusion is important to prevent
severe side effects of transfusion, because washed red
blood cells and platelet concentrate are effective in
preventing the transfusion-related  anaphylactic
reactions.!®

Although isolation of genomic DNA, conventional
PCR, and gel electrophoresis are routine methods in
research and molecular biology laboratories, they are not
suitable for large-scale analysis or diagnosis before trans-
fusion in the clinical laboratory because they require
laborious post-PCR processing steps. Real-time PCR is a
high-throughput, rapid, and sensitive method that has
become common." It also eliminates post-PCR process-
ing of PCR products, which reduces the chance of carry-
over contamination. Recently we established a diagnostic
method for detection of HP*! by a 5’-nuclease assay using
dual-labeled (TagMan) probes.'® This method is highly
specific due to the sequence-specific hybridization of the
probe and is cost-effective when many samples are
treated simultaneously, such as screening for anhaptoglo-
binemic patients in a blood donor pool or for large-scale
screening in various populations. However, if only a few
samples are examined in the clinical laboratory, the initial
cost is high because two dual-labeled probes are neces-
sary for determination of zygosity. In addition, multichan-
nel real-time PCR machines, which are expensive
compared to single-channel real-time PCR machines, are
required to perform this system.

To resolve this problem, we developed a SYBR Green
I-based real-time PCR method for detection of HP%., SYBR
Green I, an intercalating dye that binds to double-
stranded DNA, is used to detect the accumulated PCR
product.'” Because an increase in the fluorescent signal is
detected not only by specific amplification of the product
but also by the primer-dimer or nonspecific amplified
product, dissociation curve analysis is required to confirm
the specificity of the PCR product. In addition, to reduce
the time and cost of genomic DNA isolation, we examined
serially diluted blood samples as PCR templates instead of
genomic DNA.

REAL-TIME PCR FOR DETECTION OF HP®!

MATERIALS AND METHODS

This study protocol was approved by the ethics committee
of Kurume University School of Medicine. Fresh venous
blood samples from patients who were scheduled for
blood transfusion at Kurume University Hospital were
used. The whole blood samples were collected in ethyl-
enediaminetetraacetate (EDTA)- or heparin-containing
tubes. We also used genomic DNA samples with known
HP%! genotypes.

PCR was performed using the following three primers
(two forward primers and one common reverse primer):
Hpdel-F (5-TATTTCTTTATGGCACTGGGGAACA-3', se-
quence from 690 to 714 bp in GeneBank No. AB025320)
for amplification of the regions encompassing the
HP®! breakpoint, Hpr-F (5’-CTGCAACTATTGGAAATGAG
ATCAGC-3’, sequence from 12,920 to 12,945bp in
GeneBank No. NC_000016.9, located in the 3’ end of the
deleted region in HP#, Intron 4 of the HPR) for amplifica-
tion of HPR Intron 4, and the common reverse primer
Hpdel-R (5"-GAGCAAGACACTCGTGAGTGGAAAT-3', re-
verse sequence from 823-799bp of GeneBank No.
AB025320 and reverse sequence from 13,067 to 13,043 bp
of GeneBank No. NC_000016.9). The HP*' breakpoint
occurs between 782 and 783 bp in the sequence of
GeneBank AB025320. The positions of the three primers
are presented in Fig. 1. All primers were designed using
computer software (Primer 3, http://primer3.sourceforge.
net/)."?

The amplification was performed in a volume of
20 uL. containing 10 uL of 2x SYBR Premix Ex Taq II
(perfect real time; Takara, Shiga, Japan), 75 nmol/L Hpr-F
primer, 500 nmol/L Hpdel-690E 250 nmol/L Hpdel-823R
primer, and 1 pL of the template (severalfold diluted fresh
venous whole blood or genomic DNA). Wells without a
template were included as negative controls. For determi-
nation of optimal PCR conditions, amplifications were
performed using a 96-well thermal cycler (Veriti, Life
Technologies Japan, Tokyo, Japan). Determined optimal
conditions in the real-time PCR are as follows: 1) place the
96-well plate in a real-time PCR system (Mx3000P, Agilent
Technologies, Tokyo, Japan); 2) heat the plate at 95°C for 30
seconds; 3) repeat the following for 40 cycles, 95°C for 5
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Fig. 1. Structures of the HP?, and HP*! alleles and relative
positions of the Hpdel-F, Hpr-F, and Hpdel-R primers.
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seconds, and 65°C for 30 seconds; and 4) melting curve
analysis performed as follows: heat the plate at 95°C for 1
minute, rapid cooling to 70°C, 70°C for 30 seconds, and
heat the plate at 0.2°C/second to 90°C. The accumulation
of PCR products and melting curve analysis were moni-
tored by measurement of the level of SYBR Green I fluo-
rescence with excitation/emission filters of 492/516 nm
(using an FAM filter set).

After the dissociation curve analysis, we determined
the length of PCR products using a microchip electro-
phoresis system (MCE-202 MultiNA, Shimadzu, Kyoto,
Japan). In addition to SYBR Green I real-time PCR method,
the zygosity of the HP%! allele was also determined in par-
allel using TagMan-based real-time PCR method as
described previously.'®

RESULTS AND DISCUSSION

Duplex real-time PCR of HP* and HPR

We investigated duplex real-time PCR, which permits dis-
crimination of HP*! zygosity in a single tube, to determine
if the melting temperature (T,) values of the two PCR
products are sufficiently different to distinguish them
from each other. In the previously reported conventional
PCR method, the lengths of the PCR products were 476
and 315 bp for detection of HP Exon 1 and HP*!, respec-
tively.® These lengths are suitable and convenient for gel
electrophoresis but too long to amplify in the buffer con-
taining SYBR Green I, particularly when using a blood
sample directly as a template. Thus, we planned to amplify
smaller PCR products in the present SYBR Green I-based
real-time PCR method. For detection of the nondeleted
allele, we selected the 3’ end of the deleted region (Hpr-F;
107-82 bp upstream of the 3’ breakpoint of the HP*)) as a
forward primer and reduced the length of the PCR product
to 148 bp using a Hpdel-R primer as a reverse primer. We
also reduced the length of the PCR product of the HP%
breakpoint to 134 bp using Hpdel-F as a forward primer
and Hpdel-R.

To evaluate this real-time PCR method, genomic
DNAs whose genotypes were already known to be lacking
HP*!' (HP/HP), heterozygous for HP%* (HP/HP®), and
homozygous for HP%*! (HP*!/HP!) were used as templates.
We failed to establish an applicable duplex PCR method
with similar peak intensities for HP* and HPR signals
when the three primers were adjusted to the same con-
centration (100-500 nmol/L). This is probably due to the
apparent preferential binding of SYBR Green I to selected
amplicons, as suggested previously.? Accordingly, we
used several different ratios of concentrations of the three
primers and obtained almost similar peak intensities for
HP*' and HPR signals when we used 75 nmol/L Hpr-E
500 nmol/L. Hpdel-E and 250 nmol/L Hpdel-823R
primers. The annealing temperatures and number of
cycles for two PCR assays for allelic discrimination of HP%!
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using blood samples were optimized to determine the
PCR condition that gave the best specificity without a
reduction in yield. The optimal annealing and extension
temperature and numbers of cycles for both amplifica-
tions were found to be 65°C and 40 cycles, respectively
(data not shown).

An increase in the fluorescent signal in the amplifica-
tion plot was observed in all three samples tested. The
dissociation curve analysis revealed a single peak
(T = 84.3-84.7°C) corresponding to 148 bp of HPR Intron
4 product in genomic DNA samples from HP/HP individu-
als. Two different peaks (7. =~80.3 and 84.5°C) corre-
sponding to the 134-bp HP*' product and HPR were
observed in the genomic DNA sample from HP/HP*! indi-
viduals, while a single peak (T, =80.3-80.7°C) corre-
sponding to the HP* was observed in genomic DNA
sample from the HP*//HP*! individual (Fig. 2). After the
dissociation curve analysis, microchip electrophoresis
using MCE-202 MultiNA was performed and the charac-
teristic length of PCR products for HPR Intron 4 at 148-bp
(estimated sizes by microchip electrophoresis were
between 156-159 bp) and the HP*! product at 134 bp (esti-
mated sizes by microchip electrophoresis were between
140-142 bp) were detected (data not shown). No increase
in the fluorescent signal was detected in the negative
control (data not shown).

Evaluation of templates and plates

We then applied this method using a blood sample as a
template. We first examined the effects of the anticoagu-
lants in blood collecting tubes and dilutions of blood
samples on the efficiency of PCR amplification. Blood was
diluted with PCR grade water (later, we used 50 mmol/L
NaOH instead of water, as mentioned below). Like the
TagMan real-time PCR method,'® the SYBR Green I real-
time PCR method worked well on blood samples collected
in EDTA-containing tubes using 1 pL of undiluted and 1:4,
1:16, 1:64, 1:256, 1:1024, and 1:4096 dilutions of the whole
blood sample as a template. The Ct values were not pro-
portional to the amount of the blood template (Fig. 3).
This is partly because both the fluorescence and the
amplification seemed to be inhibited by blood compo-
nent(s) such as Hb. Specific PCR products were observed
in all blood samples diluted up to 1:1024 but not in the
1:4096 dilution. Instead, undesired PCR products with the
T, value of 76.8°C (as described below) were occasionally
observed in 1:4096 dilution samples.

We also used heparin-containing tubes and observed
almost identical results for the same serial dilutions of
blood samples as those of EDTA-containing tubes (data
not shown). These results suggested that blood sample
dilutions between 1:64 and 1:1024 collected in both EDTA-
and heparin-containing tubes seemed to provide a good
template for this real-time PCR method. Thus, we used
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Fig. 2. SYBR Green I-based real-time PCR analysis for detection of HP* and HP. Genomic DNA whose genotypes are HP/HP (left),
HP/HP*™ (middle), and HP*!/HP*! (right) were used as templates. (A) Duplex real-time amplification plot for HPR (intron 4) and
HP* as targets. (B) Dissociation curves provide a graphic representation of the PCR product after the amplification process. A
single peak or two peaks with different T, values were observed. Ty, values of HPR products were approximately 84.5°C, and those

of HP*! were approximately 80.3°C.

1:100 dilutions of blood samples as templates for further
studies. We also compared the results of PCR amplifica-
tion using frozen blood (obtained in EDTA-containing
tubes) diluted 1:100 to freshly drawn blood samples as
templates. We observed almost identical PCR amplifica-
tion in both samples (data not shown). In addition, this
method can be applied to blood samples that were
collected from patients and stored for at least 10 days at
4°C.

We examined the effects of type of PCR plates on the
fluorescent signal. A white PCR plate (Sorenson ultraAmp
PCR semiskirted 96-well white plates, Nippon Genetics,
Tokyo, Japan) increased the fluorescent signal approxi-
mately threefold compared with a transparent one (data
not shown).

Validation of the method

We then examined blood samples from 2231 patients who
were scheduled for blood transfusion at Kurume Univer-
sity Hospital. Diagnosis of the HP#*! allele was performed
in parallel using the TagMan-based real-time PCR
method.'® The real-time PCR method was performed in

duplicate assays for each of 45 samples using a white
96-well plate in both the SYBR Green I and the TagMan-
based methods. During this large-scale experiment,
fluorescent signals of some samples (particularly in
TagMan-based real-time PCR method) were too small to
be detected for presently unknown reason(s). This phe-
nomenon was not reproducible; that is, although the
signal of one sample was too small to detect, another well
of a duplicate sample showed adequate signal strength. To
resolve this problem, blood was diluted to 100-fold with
50 mmol/1. NaOH instead of water, treated at 95°C for 5
minutes, and then used as a template. This procedure
seemed to improve the signal strength significantly,
although signals of some samples seemed to be still alittle
reduced. The results of duplex assays of the present SYBR
Green I real-time PCR method were completely identical
to those of the TagMan-based real-time PCR method®
(i.e., 2163 individuals with HP/HP, 67 individuals with
HP/HP®!, and one HP*!/ HP*"). Accordingly, the frequency
of HP*! is calculated to be 0.015 in the Kyushu area
(western Japan), and the incidence of individuals homozy-
gous for the HP* was expected to be 1 in every 4200
individuals. When we used blood samples treated with
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Fig. 3. Effect of dilution of blood on the fluorescent signal of
real-time PCR analysis. The results of severalfold diluted
blood sample from an HP/HP** individual are shown by navy
(no dilution), red (1:4), green (1:16), gray (1:64), chartreuse
(1:256), blue (1:1024), and purple (1:4096). A negative control
is shown by orange. (A) Real-time amplification plot. (B) Dis-
sociation curves provide a graphic representation of the PCR
product after amplification.

50 mmol/L NaOH, the T, value seemed to have dropped
slightly (approx. 0.5°C for both products) compared to that
observed when water is used as the diluent. Although
undesired fluorescent signals were detected in some nega-
tive control samples (with a frequency of less than 10%),
they were not reproducible, and the T, value (76.8°C) of
the undesired products was lower than that of the targets.

For safe transfusion medicine for as many people as
possible, the screening test of HP%! of every potential
transfusion recipient before transfusion is desirable.
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However, as mentioned above, the prevalence of absolute
Hp deficiency is relatively low, and it is a difficult issue to
include the screening test considering the cost-
effectiveness, while they would only need to be tested
once in their lifetime.

The advantages of the TagMan-based method over
the SYBR Green [-based are superior specificity and the
possibility of determination of common Hp genotypes
(HP' and HP?) when one probe and primers set is added.?!
However, when confirmation of the length of PCR prod-
ucts by electrophoresis was included, the reliability of the
SYBR Green I-based method with melting curve analysis
was comparable with that of the TagMan-based method.
In addition, the results of the present SYBR Green I-based
method with melting curve analysis were completely con-
cordant with that of the TagMan-based method. When
melting curve analysis is included, less than 1.5 hours
after taking blood from the subject is required for allele
determination like the TagMan-based method. Thus, the
present SYBR Green I-based method for diagnosis of the
HP®! allele seems to be comparable to the TagMan-based
method in specificity and suitability for high-throughput
analysis. It seems to be better adapted to clinical diagnosis
of patients before blood transfusion or infusion of human
blood components in clinical laboratories as an alterna-
tive method for allelic discrimination of HP*! to prevent
anaphylactoid shock caused by anti-Hp.
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