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Editor’s key points

† Haemodilution-induced
coagulopathy and
postoperative blood loss have
greater impact in paediatric
than in adult cardiac surgery.

† A thromboelastometry-
based algorithm was
developed and compared
with conventional
transfusion management in
a single-centre study.

† An algorithm incorporating
thromboelastometry led to
reduced postoperative
bleeding and shorter
intensive care unit stay in
paediatric cardiac surgical
patients.

Background. Thromboelastometric evaluation of coagulation might be useful for
prediction and management of bleeding after paediatric cardiac surgery. We tested the
hypothesis that the use of a thromboelastometry-guided algorithm for blood product
management reduces blood loss and transfusion requirements.

Methods. We studied 78 patients undergoing paediatric cardiac surgery with
cardiopulmonary bypass (CPB) for the initial 12 h after operation. Stepwise multiple
linear regression was used to develop an algorithm to guide blood product transfusions.
Thereafter, we randomly assigned 100 patients to conventional or algorithm-guided
blood product management, and assessed bleeding and red cell transfusion requirements.

Results. CPB time, post-bypass rotational thromboelastometry (ROTEMw) EXTEM amplitude
at 10 min (A10), and FIBTEM-A10 were independently associated with chest tube drainage
volume during the initial 12 h after operation. Discriminative analysis determined cut-off
values of 30 mm for EXTEM-A10 and 5 mm for FIBTEM-A10, and estimated optimal
intraoperative fresh-frozen plasma and platelet concentrate transfusion volumes.
Thromboelastometry-guided post-bypass blood product management significantly
reduced postoperative bleeding (9 vs 16 ml kg21, P,0.001) and packed red cell
transfusion requirement (11 vs 23 ml kg21, P¼0.005) at 12 h after surgery, and duration
of critical care stay (60 vs 71 h, P¼0.014).

Conclusions. Rotational thromboelastometry-guided early haemostatic intervention by
rapid intraoperative correction of EXTEM-A10 and FIBTEM-A10 reduced blood loss and red
cell transfusion requirements after CPB, and reduced critical care duration in paediatric
cardiac surgical patients.

Clinical trial registration. UMIN Clinical Trials Registry UMIN000006832 (December 4, 2011).
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Haemodilution, hypothermia, antithrombotic agents, expos-
ure to extracorporeal circulation, and inflammatory mediators
during cardiopulmonary bypass (CPB) impair platelet function
and reduce concentrations of coagulation factors, while
platelet dysfunction, reduced clotting factors, and fibrinolysis
contribute to perioperative haemorrhage. Patients with paedi-
atric congenital heart disease undergoing cardiac surgery are
likely to experience postoperative bleeding.1 The priming
volume of the CPB circuit is often considerably more than
that of the circulating blood volume, and circulating coagula-
tion factors are diluted by almost a factor of 2.2

Conventional measures of coagulation such as prothrombin
time (PT), activated partial thromboplastin time (aPTT), acti-
vated clotting time (ACT), plasma fibrinogen, and platelet
count do not accurately predict perioperative bleeding.3 – 5

Rotational thromboelastometry (ROTEMw; TEM International,
Munich, Germany) and thromboelastography (TEG; Haemo-
scope/Haemonetics, IL, USA) assess whole-blood coagula-
tion profile including interactions between polymerizing
fibrin and platelets, and fibrinolysis. Although they are
useful in liver transplantation,6 trauma management,7 and
adult cardiac surgery,8 9 their usefulness in paediatric
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haemostatic management, especially in children undergoing
cardiac surgery, is not clear.10 – 13

In this two-phased study, we initially determined predictors
of bleeding after paediatric cardiac surgery and designed a
blood transfusion algorithm (development phase). In the sub-
sequent validation phase, we tested the primary hypotheses
that a thromboelastometry-based blood transfusion algo-
rithm reduces postoperative bleeding and red cell transfusion
requirements during the initial 12 h after surgery.

Methods
Our study protocol was approved by the Kyoto Prefecture
University of Medicine Institutional Review Board, Kyoto,
Japan, and registered at UMIN Clinical Trials Registry as
UMIN000006832 (December 4, 2011, Principal Investigator:
Y.Nakaj.). Written informed consent was obtained from the
parents/guardians of each patient.

From December 2011 to May 2013, children weighing ,20
kg were enrolled before elective cardiac surgery with CPB at
the Kyoto Prefecture University Hospital. Patients were excluded
if they had any known coagulation defect, liver dysfunction, or
under anticoagulants or if they required a second run of CPB
for additional surgical repair(s) after the initial CPB during
surgery. Aspirin, if used, was discontinued 7 days before sur-
gery, and warfarin, if used, was discontinued 5 days before
surgery and replaced with heparin. Anaesthesia and CPB an-
aesthesia was induced using midazolam, fentanyl, and rocuro-
nium bromide; these agents were also added into the CPB
circuit, and no antifibrinolytic agents were used. Anaesthesia
was maintained with sevoflurane, fentanyl, and rocuronium.

Size-adapted Capiox bypass circuits and membrane oxyge-
nators (TERUMO Corporation, Tokyo, Japan) were used; RX05
and RX15 oxygenators for patients weighing ,9 and ≥9 kg, re-
spectively, were used. Total priming volume for the bypass
circuit was 280–400 ml, consisting of lactated Ringer’s
solution, mannitol, and sodium bicarbonate. Anticoagulation
during CPB was managed with 300 U kg21 porcine heparin
(Novo-Heparin, Mochida Pharmaceutical Co., Ltd, Tokyo,
Japan) and additional boluses of 50 U kg21, as needed, to
maintain an ACT of at least 400 s. Heparin anticoagulation
was antagonized with 3 mg kg21 protamine (Novo-Protamine
Sulphate, Mochida Pharmaceutical Co., Ltd).

An intraoperative cell salvage device (Cell Saver 5 Haemo-
netics; Braintree, MA, USA) was used in all cases. Red blood
cell concentrates were transfused to maintain the haematocrit
at 25–30% during CPB. Bypass was conducted under mild
hypothermia (core temperature, 32–348C). Intermittent blood
cardioplegia was performed for myocardial protection. Modi-
fied ultra-filtration was performed 5–15 min before protamine
administration, with a target haematocrit of 30–35%.

Blood transfusion after paediatric intensive care unit (PICU)
admission was managed without ROTEMw guidance by paedi-
atric cardiac surgeons and intensivists who were blinded to
group assignment and intraoperative ROTEMw results. When
chest tube drainage exceeded 1.0 ml kg21 h21 with haemo-
dynamic perturbation (decreased arterial pressure, decreased

pulse pressure, increased heart rate by 20% from baseline,
urine blood volume ,1.0 ml kg21 h21), we performed coagula-
tion tests. Haematocrit values ,30% for red blood cell concen-
trates, ACT ≥150 s for fresh-frozen plasma (FFP), and platelet
count ≤80×103 ml21 for platelet concentrates were used as
transfusion trigger in PICU. Neither cryoprecipitate nor fibrino-
gen concentrate was available at this institution.

The decision to discharge patients from the PICU (Supple-
mentary Appendix S1) was based on criteria established by
the American Academy of Pediatrics,14 and clinicians making
discharge decisions were blinded to the randomization.

Measurements

We collected data on the following subject characteristics:
height (cm); weight (kg); age (months); gender; blood type;
presence of cyanosis; Risk Adjustment for Congenital Heart
Surgery (RACHS-1) score;15 duration of the surgical procedure
(min); CPB time (min); aortic cross clamp time (min); total
amount of blood products transfused intraoperatively (ml
kg21), including red blood cell concentrates, FFP, platelet con-
centrates, and autotransfusion from the cell salvage device;
total amount of blood products transfused after operation up
to 12 and 24 h after admission to the PICU (ml kg21); total
amount of chest tube drainage at12 and 24 h afterPICU admis-
sion (ml kg21); lactate concentration in arterial blood gas at the
end of surgery and at 12 h after PICU admission (mmol litre21);
mechanical ventilation time in the PICU (h); duration of PICU
stay (h); and 28 day survival. Arterial blood was sampled for co-
agulation testing at four times: (i) baseline, after induction of
anaesthesia; (ii) at the end of CPB, 5 min after protamine ad-
ministration but before administration of any haemostatic
product; (iii) at the end of surgery, but before admission to
the PICU; and (iv) 24 h after induction of anaesthesia. Blood
was collected in 3.2% citrated tubes (Insepack II-W, Sekisui
Medical Co., Ltd, Tokyo, Japan).

We conducted thromboelastometry at the bedside using
the ROTEMw device. Five assays—EXTEM, INTEM, FIBTEM,
APTEM, and HEPTEM—were tested in citrated whole blood
(300 ml) after recalcification (20 ml of 0.2 mM CaCl2).16 17 We
sent blood samples to our clinical laboratory for other tests
(normal range shown in parentheses). PT (9.4–12.1 s), aPTT
(24.2–34.1 s), fibrinogen (150–310 mg dl21), antithrombin
III (93–124%), and plasmin-a2 plasmin inhibitor complex
were measured using STACIA (Mitsubishi Chemical Medience
Corporation, Tokyo, Japan) per using manufacturer’s kits and
directions, with appropriate calibrations. Fibrinogen concen-
trations were determined using a PT-derived method. Platelet
count and haematocrit values were measured by MYTHIC 22OT
(J) (A&T Corporation, Kanagawa, Japan).

Development phase

We used univariate and multivariate linear regression analysis,
as used in previous studies,18 19 to determine factors that cor-
related with total amount of chest tube drainage at 12 h after
PICU admission, which was our dependent variable, since clin-
ically important bleeding rarely continues longer.3 Initially,

BJA Nakayama et al.

92

http://bja.oxfordjournals.org/lookup/suppl/doi:10.1093/bja/aeu339/-/DC1
http://bja.oxfordjournals.org/lookup/suppl/doi:10.1093/bja/aeu339/-/DC1


univariate linear regression analysis was used to explore
factors of the dependent variable. The factors showing stan-
dardized regression coefficient (b) .|0.4| for the total amount
of chest tube drainage at 12 h after PICU admission were
included. Subsequently, the multicollinearity among the fac-
tors was determined synthetically. For pairs of independent
variables with high linear correlation (r.0.8), we chose the
one thatwas most important from aclinical perspective.20 Mul-
tiple linear regression analysis was performed with stepwise
selection. Power analysis of the development phase suggested
that at least 69 subjects should be included in multiple linear
regression analysis to determine the best predictors of post-
operative bleeding, achieve 80% power, and detect differences
at an a-level of 0.05. Therefore, we enrolled 79 subjects. We
used discriminate analysis for each parameter by subjecting
the total amount of chest tube drainage at 12 h after PICU
admission to a cut-off value of 10 ml kg21.3 4 13 21 22 The inde-
pendent variables obtained from the regression analysis were
used to develop a blood transfusion algorithm.

Validation phase

To validate our algorithm, we conducted a randomized con-
trolled trial in 100 paediatric patients undergoing cardiac
surgery. Randomization (1:1) was based on computer-
generated permuted blocks without stratification. Allocation
was revealed only before the induction of anaesthesia.
Sample size was estimated for an 80% power to detect a reduc-
tion in total amount of chest tube drainage at 12 h after PICU
admission. At an a-value of 0.05, 47 subjects were needed in
each treatment group for a 50% reduction in chest tube drain-
age and transfusion requirements. The anticipated 50% reduc-
tion was based on results of an earlier study.17 We increased
the number of subjects to 50 per group, concordant with a
recent perioperative haemostatic management study in
paediatric cardiac sugery.21

Fifty subjects were assigned to the algorithm-based post-
bypass blood transfusion group (presented in the Results
section). The remaining 50 subjects were assigned to the post-
bypass blood transfusion group using a conventional algorithm
and our routine practice (conventional group). Our convention-
al approach was based on studies that used platelet counts of
50–100×103ml21,23 24 and an ACTof 130 s21 or 1.15×baseline
value (�150 s)8 as transfusion thresholds. We thus adopted
lenient values—a platelet count of 80×103 ml21 and an ACT
of 150 s—in our conventional algorithm to avoid unnecessary
blood transfusions. When either test value exceeded our
thresholds, we infused FFP or platelet concentrates in 10 ml
kg21 boluses.3 21 25 26 Previous studies report intraoperative
transfusion amounts of FFP and platelet concentrates after
CPB as 8.7 and 5.7,3 16 and 0,21 10 and 6,25 and 10 and 10 ml
kg21.26 Our decision to proceed with the next transfusion
cycle was based on repeat testing of platelet count and ACT
after transfusion. Diffuse bleeding was defined as the presence
of oozing blood without visible clot formation in the operative
field on evaluation of haemodynamic perturbation and
haemoglobin and haematocrit analyses after weaning from

CPB and protamine administration.21 The conventional blood
transfusion algorithm is shown in Figure 1A.

Our primary outcome was the difference in postoperative
bleeding and red cell transfusion requirements over the initial
12 h after paediatric cardiac surgery. We also compared the fol-
lowing secondary outcomes: bleeding and transfusion require-
ments during the initial 24 h after surgery, mechanical
ventilation time in the PICU, and duration of PICU stay.

Statistical analyses

Sample size determination was performed with Statistics Cal-
culators or Power and Sample Size Calculations (version
3.0.43). All other statistical analyses were performed with Stat-
Flex version 6.0 (Artech Co., Ltd, Osaka, Japan). We performed a
normality test (x2 test of goodness of fitness) to determine
data distributions. If the variables showed non-normal dis-
tribution, standard transformation was used before multiple
linear regression analysis. Normal distribution data are expres-
sed as mean (standard deviation, SD), and non-normal distribu-
tion data are expressed as median with first and third quartiles
(Quartile 1, Quartile 3).

The Mann–Whitney U- and x2 tests were used for compari-
son of two-group continuous variables and two-group categor-
ical variables, respectively. The effect of time after cardiac
surgery was analysed using general linear regression model-
ling for two-way analysis of variance with repeated measures
(one between-subjects factor and one within-subjects
factor), followed by Tukey’s multiple comparison testing. The
Kaplan–Meier curves with log-rank tests were used for com-
paring treatment period and rate. P-values of ,0.05 were con-
sidered statistically significant.

Results
Development phase

Data from 78 subjects were available for analysis, as one
subject was withdrawn because of the need for a second run
of bypass. Subject characteristics and surgical procedures are
shown in Table 1 and Supplementary Appendix S2. Results of
the simple linear regression analyses are presented in Table 2.

Coagulation values, which have little predictive power for
postoperative bleeding (b,|0.4|), were excluded from multiple
linear regression analysis (Table 2). Because the post-CPB val-
ues of PT, aPTT, antithrombin III, and ACT were highly co-linear
(r.|0.8|, multicollinearity), we selected ACT for quick measure-
ment. The post-CPB values of EXTEM-CT, EXTEM-A10, and
EXTEM-MCF were also highly co-linear. We selected EXTEM-
A10 because it had the highest correlation coefficient among
the three, represents the blood coagulation process better
than CT, and can be obtained more quickly than MCF. The
post-CPB-A10 and MCF values of both INTEM and HEPTEM
were excluded from analysis because they were strongly
co-linear with EXTEM-A10 values, and EXTEM-A10 had the
strongest correlation with chest tube drainage. We selected
FIBTEM-A10 because it had a higher correlation coefficient
with chest tube drainage than FIBTEM-MCF.
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No therapy Diffuse bleeding
No

No

No

Yes

Yes

Yes

Yes

ACT<150 s

Platelet count >80 (103 ml–1)

No haemostatic agents
and

surgical haemostasis

Laboratory measurements

after 20 min

EXTEM-A10>30 mm
and

FIBTEM-A10>5 mm

No haemostatic agents
and

surgical haemostasis

*

*

*

*

ROTEM analysis

after 20 min

ROTEM analysis

after administration

EXTEM-A10>30 mm
and

FIBTEM-A10£5 mm

EXTEM-A10£30 mm
and

FIBTEM-A10£5 mm

EXTEM-A10£30 mm
and

FIBTEM-A10>5 mm

No therapy Diffuse bleeding

CTHEPTEM/CTINTEM <0.8

INTEM and HEPTEM measurements

Protamine (0.5 mg kg–1)

FFP 20 ml kg–1 FFP 15 ml kg–1

and
PLT 10 ml kg–1

PLT 10 ml kg–1

Laboratory measurements

after administration

ROTEM analysis after protamine

antagonizes 100% of initial heparin dose

Platelet count £80 (103 ml–1)

PLT 10 ml kg–1 FFP 10 ml kg–1 FFP 10 ml kg–1

and
PLT 10 ml kg–1

Platelet count £80 (103 ml–1)Platelet count >80 (103 ml–1)

protamine (0.5 mg kg–1)
[skip after first cycle]

ACT≥150 s

Laboratory measurements after protamine

antagonizes 100% of initial heparin dose

A

B

ACT measurement

Fig 1 (A) Algorithm based on ACTand platelet count (conventional group, n¼50). After protamine administration, subjects promptly received blood
transfusion. At the end of the algorithm (*), the assessment cycle is repeated and the procedure restarts from the top (*). (B) Algorithm based on
EXTEM-A10 and FIBTEM-A10 (ROTEMw group, n¼50). After protamine administration, subjects promptly received blood transfusion. At the end of
the algorithm (*), the assessment cycle is repeated and the procedure restarts from the top (*). FFP, fresh-frozen plasma; PLT, platelet concentrate.
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CPB time (b¼0.5, P,0.001), weight (b¼20.42, P,0.001),
and RACHS-1 score (b¼0.45, P,0.001) were moderately corre-
lated with the total chest tube drainage during the initial 12 h
after PICU admission.27 CPB time, weight, RACHS-1 score, fi-
brinogen, platelet count, EXTEM-A10, FIBTEM-A10, and ACT
were the independent variables used in multiple linear
analysis.

CPB time, EXTEM-A10, and FIBTEM A10 were extracted as
independent variables with statistical significances {CPB time,
partial regression coefficient (B)¼0.005, standard error of partial
regression coefficient [SE (B)]¼0.002, standardized partial regres-
sion coefficient (b)¼0.28, P¼0.003; EXTEM-A10 (B)¼20.04, SE

(B)¼0.019, (b)¼20.32, P¼0.02; FIBTEM-A10 (B)¼20.16, SE

(B)¼0.072, (b)¼20.28, P¼0.03}. Multiple correlation coefficient
(R) was 0.73, the adjusted coefficient of determination was 0.51,
and the Akaike information criterion was 200.7.

Algorithm development

The results of discrimination analyses for EXTEM-A10 and
FIBTEM-A10 are shown in Supplementary Appendix S3. When
the number of cases in the control and the intervention
groups is equal, the point at which the two curves (sensitivity
and specificity) cross becomes the cut-off value: EXTEM-A10

of 25.6 mm and FIBTEM-A10 of 3.4 mm.28 The number of
cases in our two groups differed: bleeding group (.1 ml kg21

h21), 45 subjects, compared with the non-bleeding group
(,1 ml kg21 h21), 33 subjects. Therefore, we determined
cut-off values based on Youden’s index:29 EXTEM-A10 of
30 mm and FIBTEM-A10 of 5 mm.

The approximate dose of FFP needed to increase FIBTEM-
A10 by 1 mm was 13.6 (7.4) ml kg21 (Supplementary Appendix
S4); FIBTEM-A10 at the end of CPB was 3.6 (2.2) mm. Therefore,
we used 20 ml kg21 of FFP to achieve FIBTEM-A10 of 5 mm for
our algorithm. Similarly, the dose of platelet concentrate
needed to increase EXTEM-A10 by 1 mm was 1.5 ml kg21;
EXTEM-A10 at the end of CPB was 25.2 (8.7) mm. Therefore,
we used 10 ml kg21 of platelet concentrate in our algorithm.
The complete blood transfusion algorithm is shown in
Figure 1B.

Validation phase

The trial diagram is shown in Figure 2. Two subjects were
excluded for liver dysfunction per protocol; none was with-
drawn in this phase. The procedures performed are listed in
Supplementary Appendix S5. The fraction of subjects who
were given aspirin, warfarin, or both in the preoperative period
was similar in the two groups (Supplementary Appendix S5).
Subject characteristics and laboratory results are presented
in Table 3. Thromboelastometric and laboratory measure-
ments are shown in Figure 3A–C.

Subject characteristics and coagulation measurements
both at baseline and at the end of CPB for the two groups
were similar. At the end of surgery, EXTEM-A10, FIBTEM-A10,
EXTEM-MCF, fibrinogen, and antithrombin III values and
platelet counts were significantly higher, and EXTEM-CT was
shorter, in the ROTEMw group than in the conventional group,
but there were no such statistically significant differences in
ACT values. All laboratory values except platelet count, PT,
and aPTT returned to preoperative levels 24 h after induction
of anaesthesia (Fig. 3, Table 3).

The clinical outcomes of the two groups are shown in
Table 4. The proportion of blood products administered is
listed in Supplementary Appendix S6. The total amount of
chest tube drainage and postoperative blood transfusion at
12 and 24 h after PICU admission were significantly lower in
the ROTEMw-guided group than in the conventional group.
The amount of red blood cell concentrate transfused intra-
operatively did not differ significantly between groups. How-
ever, significantly more FFP and platelet concentrates were
administered intraoperatively to subjects in the ROTEMw

group. Thus, the total amount of blood transfused periopera-
tively (total amount of intraoperative blood plus postoperative
blood transfused at 24 h after PICU admission) did not differ
significantly between the groups. Lactate concentrate ion did
not differ between groups at the end of surgery, but was
lower in the ROTEMw group at 12 h after PICU admission. The
duration of PICU stay for the ROTEMw group was shorter than
that for the conventional group [60 (35, 81) vs 71 (60, 108) h,
P¼0.014], whereas the duration of mechanical ventilation

Table 1 Subject characteristics included in the multiple linear
regression analysis. Values are expressed as medians and quartiles
(Quartile 1, Quartile 3) (n¼78). FFP, fresh-frozen plasma; PICU,
paediatric intensive care unit; RACHS-1, Risk Adjustment for
Congenital Heart Surgery

Parameter Value

Age (months) 12 (4, 24)

Height (cm) 69 (56, 85)

Weight (kg) 8 (5, 11)

Sex (M/F) 35/43

Blood type (A/B/AB/O) 38/6/23/11

RACHS-1 score (1–6) 2 (2, 3)

Cyanosis (yes/no) 31/47

Operation time (min) 255 (230, 320)

CPB time (min) 104 (79, 150)

Aortic cross-clamp time (min) 40 (22, 70)

Total amount of intraoperative blood transfusion
(ml kg21)

32 (22, 44)

Red blood cell concentrates (ml kg21) 17 (10, 24)

FFP (ml kg21) 13 (6, 18)

Platelet concentrates (ml kg21) 0 (0, 8)

Autotransfusion (ml kg21) 0 (0, 0)

Total amount of postoperative blood transfusion
at 12 h after PICU admission (ml kg21)

22 (9, 41)

Red blood cell concentrates (ml kg21) 10 (0, 18)

FFP (ml kg21) 8 (0, 16)

Platelet concentrates (ml kg21) 0 (0, 12)

Autotransfusion (ml kg21) 0 (0, 0)

Total amount of chest drainage tube at 12 h after
PICU admission (ml kg21)

14 (7, 26)
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did not differ between the groups [3 (2, 17) vs 4 (2, 23) h,
P¼0.06, Supplementary Appendix S7].

Discussion
The current study was conducted in two phases: a develop-
ment phase and a validation phase. Multivariate regression
analysis in the former phase showed that CPB time, EXTEM-
A10, and FIBTEM-A10 were significantly related to the total
amount of chest tube drainage during the initial 12 h after op-
eration. In the validation phase, implementation of an intra-
operative ROTEMw-guided transfusion algorithm reduced
postoperative bleeding and red cell transfusion requirements
during the initial 12 h after paediatric cardiac surgery.

In the development phase, thromboelastometric mea-
surements after CPB were better predictors of postoperative
bleeding than conventional laboratory measurements. Con-
ventional PT/aPTT and ACT only reflect the initial part of the
coagulation process, and platelet count and plasma fibrino-
gen concentration do not necessarily reflect whole blood clot
formation. In contrast, EXTEM or FIBTEM reflects overall ad-
equacy of platelet interaction with coagulation factors, includ-
ing polymerization of fibrin, a critical final step for haemostasis.

Post-CPB haemostatic values and CPB time, but not subject
characteristics and baseline haemostatic values, were signifi-
cant predictors of ICU blood loss. This suggests that the main
causes of postoperative haemorrhage after paediatric cardiac
surgery are massive haemodilution and consumption of

Table 2 Measures in the univariate analyses against blood loss during the initial 12 h after operation. Values are expressed as mean (SD), or median
(Quartile 1, Quartile 3) (n¼78). *P,0.05 vs baseline. †n¼73 (excluded from multiple linear regression analysis). b is the standardized regression
coefficient derived from the univariate analyses vs the total amount of chest drainage tube at 12 h after PICU admission. PT, prothrombin time;
aPTT, activated partial thromboplastin time; ACT, activated clotting time; PIC, plasmin-a2 plasmin inhibitor complex; CT, clotting time; CFT, clotting
formation time; A10, amplitude of clot firmness at 10 min; MCF, maximum clot firmness;a, angle of tangent at 2 mm amplitude; ML, maximum lysis

Parameter Baseline b P-value Post-CPB b P-value

PT (s) 12.5 (1.4) 0.26 0.03 21.7 (4.7)* 0.57 ,0.001

aPTT (s) 34.4 (7.0) 0.24 0.03 66.8 (24.3)* 0.58 ,0.001

Fibrinogen (mg dl21) 230.1 (55.6) 20.24 0.04 95.9 (27.3)* 20.58 ,0.001

Haematocrit (%) 39.1 (5.3) 0.15 0.19 37.1 (6.4)* 0.31 0.007

Platelet count (×103 ml21) 329 (259) 20.01 0.36 90 (39)* 20.48 ,0.001

ACT (s) 130.8 (19.3) 0.09 0.42 161.6 (30.5)* 0.42 ,0.001

Antithrombin III (%) 94.2 (19.6) 20.13 0.28 46.5 (13.0)* 20.65 ,0.001

PIC (×1021 mg ml21) 4.4 (3.2) 0.02 0.87 9.0 (6.2)* 0.28 ,0.001

EXTEM-CT (s) 55 (47, 62) 0.24 0.03 151 (104, 181)* 0.62 ,0.001

EXTEM-CFT (s) 102 (86, 115) 0.08 0.45 407 (269, 619)*,† 0.73 ,0.001

EXTEM-A10 (mm) 51.8 (5.7) 20.10 0.35 25.2 (8.7)* 20.66 ,0.001

EXTEM-MCF (mm) 59.4 (4.6) 20.09 0.40 34.5 (9.8)* 20.65 ,0.001

EXTEM-a (8) 69.5 (4.6) 20.06 0.59 41.3 (13.0)*,† 20.62 ,0.001

EXTEM-ML (%) 14.9 (4.6) 20.21 0.05 6.7 (4.0)* 20.18 0.12

INTEM-CT (s) 233 (206, 265) 0.02 0.81 328 (266, 393)* 0.13 0.25

INTEM-CFT (s) 80 (66, 101) 20.03 0.74 338 (215, 535)*,† 0.54 ,0.001

INTEM-A10 (mm) 52.1 (7.1) 20.06 0.59 26.6 (9.2)* 20.6 ,0.001

INTEM-MCF (mm) 59.2 (5.3) 20.09 0.40 35.7 (10.0)* 20.57 ,0.001

INTEM-a (8) 72.0 (8.6) 0.04 0.75 45.1 (13.4)*,† 20.59 ,0.001

INTEM-ML (%) 12.2 (4.4) 20.31 0.005 4.7 (3.3)* 20.39 ,0.001

FIBTEM-A10 (mm) 10.6 (3.0) 20.25 0.03 3.6 (2.2)* 20.62 ,0.001

FIBTEM-MCF (mm) 11.6 (3.3) 20.24 0.03 4.2 (2.5)* 20.60 ,0.001

APTEM-CT (s) 51 (47, 55) 0.15 0.19

APTEM-CFT (s) 96 (77, 108) 0.07 0.51

APTEM-A10 (mm) 52.5 (5.7) 20.10 0.35

APTEM-MCF (mm) 60.8 (7.0) 20.11 0.32

APTEM-a (8) 70.4 (4.5) 20.05 0.62

APTEM-ML (%) 13.5 (4.4) 20.31 0.006

HEPTEM-CT (s) 329 (267, 416) 0.13 0.25

HEPTEM-CFT (s) 355 (215, 544)† 0.44 ,0.001

HEPTEM-A10 (mm) 26.3 (9.0)* 20.60 ,0.001

HEPTEM-MCF (mm) 35.2 (9.9)* 20.57 ,0.001

HEPTEM-a (8) 43.9 (13.3)† 20.57 ,0.001

HEPTEM-ML (%) 4.7 (3.4) 20.38 ,0.001
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coagulation factors after CPB,2 presumably because of a higher
RACHS category in surgery and longer duration of CPB time in
this study compared with previous studies.4 27 Previous studies
support this, showing that body weight and CPB time,27 or
maximum thromboelastogram amplitude (equivalent of MCF
for ROTEMw) at the end of CPB, predict postoperative bleeding
in paediatric cardiac surgical patients.3 The duration of CPB
was the best predictor of 24 h chest tube drainage, whereas pre-
operativehaemostaticvalueswereonlyweakly relatedwith24h
drainage.22 Multiple regression analysis showed that CPB time,
not weight, was a significant independent variable. Although
low body weight is associated with more extensive haemodilu-
tion,postoperative coagulopathy iscaused bysurgicalblood loss
and consumption on CPB, superimposed on dilutional coagulo-
pathy.2 30 31 These coagulopathic changes can be collectively
shown by ROTEMw or TEG variables at the end of CPB. This
might partly explain why ROTEMw but not body weight
emerged as a significant independent predictor in our study.

In the algorithm development phase, we determined
cut-off values for EXTEM-A10 and FIBTEM-A10 as 30 and
5 mm, respectively. A previous intervention study in paediatric
cardiac surgery used MCF (HEPTEM of 50 mm and FIBTEM of

9 mm after protamine administration) as thresholds in an algo-
rithm, which reduced the incidence of transfusion of red blood
cell concentrate and FFP.21 The MCF values they used were
analogous to a HEPTEM-A10 of 35 mm and FIBTEM-A10 of
6.3 mm. These values also seem reasonable compared with
values (EXTEM-A10 of 40 mm and FIBTEM-A10 of 10 mm)
used in adult cardiac surgery.16 17

Our validation phase results indicate that FFP and platelet
concentrate transfusion early after CPB improves haemostatic
management and reduces postoperative haemorrhage by a
factor of 2: total amount of chest tube drainage and post-
operative transfusion at 12 and 24 h after PICU admission
were reduced in the ROTEMw group. Reduced postoperative
blood loss and transfusion requirement could be attributed
to more FFP and platelet concentrate transfused during
surgery. The amount of blood transfused intraoperatively in
the conventional group was similar to that reported previously,
but the amount of FFP transfused in the ROTEMw group was
higher.3 21 25 26 Thus, total amounts of FFPand platelet concen-
trate in the initial 24 h after surgery were similar in both groups.

Intraoperative use of thromboelastometry for guided hae-
mostatic management effectively exchanged intraoperative

Assessed for eligibility (n=102)

Not meeting inclusion criteria (n=2)

Received allocated intervention (n=50) Received allocated intervention (n=50)

Did not receive allocated intervention (n=0) Did not receive allocated intervention (n=0)

Lost to followup (n=0)

Analysed (n=50) Analysed (n=50)

Discontinued intervention (n=0)

Lost to followup (n=0)

Discontinued intervention (n=0)

Excluded from analysis (n=0) Excluded from analysis (n=0)

Declined to participate (n=0)
Other reasons (n=0)

Excluded (n=2)

Allocated to intervention (n=50) Allocated to intervention (n=50)

Randomized (n=100)

(ROTEM group) (Conventional group)

Fig 2 CONSORT flow diagram.
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transfusion with postoperative blood loss and reduced arterial
lactate concentration at 12 h after PICU admission. Plasma
lactate concentration in the early postoperative period is
associated with major adverse events after paediatric car-
diac surgery.32 Thus, guided management might improve post-
operative stability without reducing total amount of blood
transfusion, and reduce the workload for paediatric intensivists
and nurses.

Subjects in whom intraoperative transfusions were guided
by our thromboelastometry algorithm were discharged half a
day earlier from the critical care unit, the best evidence of
improved stability. One of the reasons for shorter PICU stay in
the ROTEMw group was a tendency of reduced chest drainage
24–48 h after PICU admission compared with the conventional
group [3 (6, 12) and 5 (8, 14) ml kg21, respectively, P¼0.08]. Pre-
vious studies indicate that the associated cost savings are

substantial.33 Thus, a half-day reduction in intensive care
stay is likely to have important financial implications.

Currently, fibrinogen concentrate, cryoprecipitate, and
other coagulation factor concentrates are not readily available
for perioperative bleeding management in Japan; platelet con-
centrates and FFP are the mainstay therapies for haemostasis.
Importantly, our results indicate that FFP dosing based on
FIBTEM-MCF was more effective haemostatically than empiric-
al dosing based on conventional clotting tests.

Thromboelastometric values including EXTEM after CPB are
more profoundly affected in paediatric patients than in
adults.22 34 35 These results support the hypothesis that
massive haemodilution of multiple coagulation factors is the
main cause of postoperative bleeding after paediatric cardiac
surgery. Furthermore, paediatric patients do not have adult
concentrations of many coagulation factors until 6 months of

Table 3 Characteristics of subjects included in the validation phase of the study. Values are expressed as mean (SD), or median (Quartile 1, Quartile
3) (n¼100). *Significant difference between two groups (P,0.05); NS, no significant difference; RACHS-1, Risk Adjustment for Congenital Heart
Surgery

ROTEMw group (n550) Conventional group (n550) P-value

Age (months) 13 (5, 27) 10 (3, 28) 0.29

Height (cm) 71 (60, 86) 69 (56, 84) 0.29

Weight (kg) 8 (6, 11) 8 (4, 10) 0.3

Sex (M/F) 33/17 31/19 0.68

Blood type (A/B/AB/O) 24/11/2/13 16/13/4/17 0.4

RACHS-1 score (1–6) 2 (2, 3) 2 (2, 3) 0.63

Cyanosis (yes/no) 25/25 18/32 0.16

Operation time (min) 302 (263, 353) 282 (240, 335) 0.14

CPB time (min) 131 (105, 184) 114 (83, 183) 0.31

Measurements (baseline)

PT (s) 12.4 (1.5) 12.5 (1.5) NS

aPTT (s) 35.3 (6.8) 34.3 (7.2) NS

Fibrinogen (mg dl21) 210.2 (56.8) 230.1 (56.7) NS

Haematocrit (%) 36.3 (5.6) 39.0 (5.4) NS

Antithrombin III (%) 89.6 (18.9) 91.9 (19.7) NS

Measurements (end of CPB)

PT (s) 20.7 (4.8) 21.5 (4.6) NS

aPTT (s) 67.0 (26.7) 66.2 (27.6) NS

Fibrinogen (mg dl21) 99.8 (31.2) 93.5 (30.5) NS

Haematocrit (%) 36.4 (6.7) 36.9 (6.5) NS

Antithrombin III (%) 48.2 (14.2) 44.9 (11.9) NS

Measurements (post-surgery)

PT (s) 14.9 (2.1) 17.0 (2.7) NS

aPTT (s) 45.4 (29.4) 51.2 (36.2) NS

Fibrinogen (mg dl21) 164.9 (32.0) 124.6 (30.1) ,0.001*

Haematocrit (%) 37.0 (4.2) 38.7 (4.7) NS

Antithrombin III (%) 67.6 (13.0) 56.6 (11.7) 0.048*

Measurements (POD 1)

PT (s) 13.9 (2.2) 13.7 (1.2) NS

aPTT (s) 43.6 (13.0) 40.9 (14.0) NS

Fibrinogen (mg dl21) 290.3 (58.7) 275.5 (57.6) NS

Haematocrit (%) 39.1 (5.3) 39.1 (5.3) NS

Antithrombin III (%) 86.2 (16.5) 84.5 (18.8) NS
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Fig 3 (A) Sequential variations in EXTEM-A10 and FIBTEM-A10 at baseline, post-CPB, post-surgery, and postoperative day 1. There were significant
differences between groups (each, n¼50) only at post-surgery [EXTEM-A10: 38.1 (6.3) and 31.3 (6.9) mm and FIBTEM-A10: 6.4 (1.7) and 4.6 (2.7)
mm for ROTEMw compared with the conventional group, respectively]. #P,0.0001 ROTEMw compared with the conventional group. *P,0.05 com-
pared with baseline values in the same group. (B) Sequential variations in ACT and platelet count at baseline, post-CPB, post-surgery, and post-
operative day 1. There was a significant difference in platelet count between groups (each, n¼50) at post-surgery [141 (5.0)×103 ml21

compared with 106 (3.7)×103 ml21], but there was no significant difference in ACT between groups [140 (17) s compared with 146 (20) s].
#P,0.0001 ROTEMw compared with the conventional group. *P,0.05 compared with baseline values in the same group. (C) Sequential variations
in EXTEM-CT and FIBTEM-MCF at baseline, post-CPB, post-surgery, and postoperative day 1. There were significant differences between groups
(each, n¼50) only post-surgery [EXTEM-CT: 73.2 (16.4) s compared with 98.0 (34.0) s and EXTEM-MCF: 49.2 (6.4) mm compared with 41.7 (7.8)
mm for ROTEMw compared with the conventional group, respectively]. #P,0.0001 ROTEMw compared with the conventional group. *P,0.05
compared with baseline values in the same group.
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age,36 and critical levels of coagulation factors might be
achieved earlier during CPB in neonates and small infants.2

Finally, antithrombin activity reduces after CPB.35 37 Be-
cause of lowantithrombin activity, stimulated thrombin gener-
ation peak can appear normal despite low prothrombin
concentrations, especially in neonates.38 Imbalance between
procoagulant and anticoagulant systems might promote for-
mation of intravascular thrombi and consumption coagulopa-
thy.37 39 Our intraoperative ROTEMw-guided management
achieved higher antithrombin activities after surgery than con-
ventional haemostatic management. Thus, administration of
FFP after CPB might be a balanced replacement for procoagu-
lant and anticoagulant factors after massive haemodilution
in paediatric cardiac surgery with CPB.

With regard to recovery of EXTEM-CT, EXTEM-A10, and
EXTEM-MCF along with FIBTEM-A10, there were significant
differences after surgery between the ROTEMw and conven-
tional groups. The intraoperative amount of infused FFP in
the ROTEMw group might not have been sufficient for plasma
fibrinogen, but it was sufficient for other coagulation factors
and anticoagulation factors for clot formation and stabiliza-
tion. Because the level of each coagulation factor required for
haemostasis is lower than the required fibrinogen level, blood
coagulation factors other than fibrinogen were transfused

sufficiently to prevent dilutional and consumptional coagulo-
pathy,31 40 41 which could have contributed to the reduction
in postoperative blood loss in the ROTEM group.

Per our routine clinical practice, we maintained a higher
haematocrit than that usually maintained in adults;16 17 the
level we used was similar to that maintained in recent paediat-
ric cardiac studies.3 21

There are some limitations to our study. First, our algorithm
specified different initial amounts of FFP transfusion between
the conventional and ROTEM groups. We followed our con-
ventional method of plasma transfusion in the conventional
group, and the intraoperative amount of plasma transfusion
(14 ml kg21) was similar to that reported in paediatric cardiac
studies.3 21 25 26 The amount of plasma was sufficient to
correct the ACT, but was insufficient to restore normal throm-
boelastometry values. Secondly, this prospective randomized
study was conducted at a single centre, and our cut-off values
(EXTEM-A10 of 30 mm and FIBTEM-A10 of 5 mm) might not
be directly applicable to other populations. Lastly, the peri-
operative transfusion volumes might vary in other countries,
based on the availability of fibrinogen concentrate, cryopre-
cipitate, and other coagulation factor concentrates. However,
the main objective of the present study was to determine if
thromboelastometry was effective in guiding haemostatic

Table 4 Clinical outcomes in the validation phase. Values are expressed median (Quartile 1, Quartile 3) (n¼100). *Significant difference between
two groups (P,0.05). †Total amount of perioperative blood transfusion¼intraoperative blood transfusion+postoperative blood transfusion at 24 h
after PICU admission. FFP, fresh-frozen plasma

ROTEMw group (n550) Conventional group (n550) P-value

Total amount of chest tube drainage

12 h after PICU admission (ml kg21) 9 (6, 14) 16 (9, 27) ,0.001*

24 h after PICU admission (ml kg21) 13 (9, 22) 22 (13, 35) 0.002*

Total amount of intraoperative blood transfusion (ml kg21) 40 (28, 53) 31 (22, 43) 0.07

Red blood cell concentrate (ml kg21) 12 (8, 19) 15 (10, 19) 0.16

FFP (ml kg21) 21 (15, 28) 14 (9, 20) 0.005*

Platelet concentrate (ml kg21) 0 (0, 13) 0 (0, 6) 0.038*

Total amount of postoperative blood transfusion at 12 h after
PICU admission (ml kg21)

11 (4, 20) 23 (8, 34) 0.005*

Red blood cell concentrate (ml kg21) 7 (0, 9) 9 (3, 18) 0.035*

FFP (ml kg21) 0 (0, 5) 7 (0, 14) ,0.001*

Platelet concentrate (ml kg21) 0 (0, 7) 0 (0, 8) 0.67

Total amount of postoperative blood transfusion at 24 h after
PICU admission (ml kg21)

15 (6, 26) 27 (10, 41) 0.009*

Red blood cell concentrate (ml kg21) 9 (0, 13) 12 (4, 21) 0.03*

FFP (ml kg21) 0 (0, 6) 7 (0, 17) ,0.001*

Platelet concentrate (ml kg21) 0 (0, 9) 0 (0, 11) 0.91

Total amount of perioperative blood transfusion (ml kg21) † 55 (38, 83) 59 (43, 86) 0.54

Red blood cell concentrate (ml kg21) 22 (11, 34) 30 (20, 39) 0.02*

FFP (ml kg21) 26 (16, 31) 25 (12, 41) 0.87

Platelet concentrate (ml kg21) 0 (0, 25) 0 (0, 17) 0.28

Plasma lactate concentration

At the end of surgery (×1021 mmol litre21) 21 (17, 28) 21 (15, 30) 0.63

At 12 h after PICU admission (×1021 mmol litre21) 10 (8, 13) 12 (9, 18) 0.007*

28 day mortality (%) 0 0 —
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management, and not determine the specific context of the
management. Thus, it is unlikely that the context would sub-
stantively change our results or conclusions.

In summary, haemostatic therapy for paediatric pati-
ents based on post-CPB thromboelastometric measurements
reduced postoperative blood loss and led to less postoperative
blood transfusion and shorter intensive care stay. This goal-
directed coagulation management is applicable to other popu-
lations and potentially effective in improving clinical outcomes
in paediatric cardiac surgery pending validation in multicentre
trials.
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