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Background: Information on biochemical changes following rapid transfusion of blood
mixtures in liver transplantation patients is limited.
Methods: A blood mixture composed of red blood cells, fresh frozen plasma, and 0.9%
saline was prepared in a ratio of 1 unit:1 unit:250 ml. During massive hemorrhage, 300
ml of the blood mixture was repeatedly transfused. A blood mixture sample as well as
pre- and post-transfusion arterial blood samples were collected at the first, third, fifth,
and seventh bolus transfusions. Changes in pH, hematocrit, electrolytes, and glucose
were measured with a point-of-care analyzer. The biochemical changes were described,
and the factors driving the changes were sought through linear mixed effects analysis.
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Results: A total of 120 blood samples from 10 recipients were examined. Potassium
and sodium levels became normalized during preservation. Biochemical changes in
the blood mixture were significantly related to the duration of blood bank storage and
reservoir preservation (average R2 = 0.41). Acute acidosis and hypocalcemia requiring
immediate correction occurred with each transfusion. Both the pre-transfusion value of
the patient and the blood mixture value were significant predictors of post-transfusion
changes in the body (average R2 = 0.87); however, the former was more crucial.
Conclusions: Rapid infusion of blood mixture is relatively safe because favorable biochemical changes occur during storage in the reservoir, and the composition of the
blood mixture has little effect on the body during rapid transfusion in liver recipients.
However, acute hypocalcemia and acidosis requiring immediate correction occurred frequently due to limited citrate metabolism in the liver recipients.
Keywords: Blood safety; Blood transfusion; Liver transplantation.

INTRODUCTION

mended for massive transfusion. The three-liter reservoir
of the rapid infusion device is usually filled with a mixture

Massive hemorrhage is common during the dissection

of packed red blood cells (RBC), fresh frozen plasma (FFP),

period of liver transplantation. The current anesthetic guide-

and 0.9% saline in a ratio of 1 unit, 1 unit, and 200–250 ml, re-

lines for liver transplantation emphasize the importance of

spectively, to constitute 25–30% hematocrit [2]. Using a rapid

preparing large amounts of blood products in order to cope

infusion device and an appropriate blood mixture, the intra-

with acute and massive hemorrhage [1]. Because standard

vascular volume, hematocrit, and proper coagulation can be

transfusion methods are not suitable for rapid warming and

more easily maintained.
Anesthesia-related problems that can occur during mas-

infusion, a rapid infusion device with a reservoir is recom-
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sive transfusions include acute complications such as hy-

Patients arrived in the operating room without premedica-

pothermia, hyperkalemia, metabolic acidosis, and hypocal-

tion. Anesthesia was induced with 100 µg of fentanyl, 1.5–2

cemia. The frequencies of these complications are closely

mg/kg of propofol, and 1 mg/kg of rocuronium. Following

related to the rate of blood transfusion, patient characteris-

tracheal intubation, mechanical ventilation was adjusted so

tics, and biochemical characteristics of the blood products.

as to maintain an end-tidal carbon dioxide tension of 35–40

A liver transplant recipient may be particularly vulnerable

mmHg. Arterial lines were inserted into the radial and femo-

to these adverse effects for a variety of reasons. Citrate in the

ral arteries for frequent blood sampling and the continuous

blood product is metabolized more slowly due to decreased

monitoring of arterial pressure, respectively. A triple lumen

liver function, which results in more severe acidosis and hy-

Swan-Ganz introducer (Advanced venous access, AVA®, Ed-

pocalcemia [3,4]. The use of irradiated RBCs to reduce graft-

wards Lifesciences LLC, USA) and Swan-Ganz catheter were

versus-host reactions can lead to an increased potassium

inserted into the right internal jugular vein. Anesthesia was

concentration, which can worsen hyperkalemia [5]. Massive

maintained with sevoflurane, oxygen, and air. Cisatracurium

transfusion of saline-mixed blood can lead to a rapid increase

was continuously administered so as to provide adequate

in plasma sodium concentration, exacerbating central pon-

muscle relaxation.

tine myelinolysis in a chronic hyponatremia patient [6].

During laparotomy, the attending surgeon evaluated sur-

Previous reports on complications related to massive

gical risk factors, including fragile intraperitoneal vessels;

transfusion have mostly focused on the use of unadulterated

excessive collateral veins; deeply located hepatic vein; and

packed RBCs. In addition, there is currently limited informa-

adhesions due to previous liver resection, cancer invasion, or

tion regarding the biochemical changes of blood mixture in

spontaneous bacterial peritonitis. If the surgical risk of bleed-

the reservoir of the rapid infuser, as well as their effects in

ing was considered to be significant, or if the preoperative he-

liver transplantation patients [7]. This study was designed

moglobin was less than 10 g/dl, a Fluid Management System

to assess the risk associated with rapid transfusion of blood

(FMS, FMS2000®, Belmont Instrument Corporation, USA), a

mixtures. The primary goal of this study is to describe the

rapid infusion device with a 3 L reservoir, was prepared and

biochemical changes in the blood mixture during rapid

filled with the blood mixture prior to the hepatic resection.

transfusion in liver transplantation recipients. The secondary

The blood mixture consisted of 4 units of leukocyte de-

goal is to investigate the factors related to these biochemical

pleted and irradiated RBC, 4 units of FFP, and 1,000 ml of 0.9%

changes.

saline. According to a quality control report from the National

MATERIALS AND METHODS

of 303 ± 11 ml and a hematocrit of 57 ± 3%, while one unit of
FFP has a volume of 170 ± 16 ml. Therefore, the estimated

This prospective observational study was approved by our
Institutional Review Board (H-1012-063-344) and registered

volume and hematocrit of the blood mixture were 2,584–2,800
ml and 22.5–29.2%, respectively.

with the publicly accessible clinical trial registration site,

The criterion for rapid transfusion was a low hematocrit

clinicaltrials.gov (NCT01448343). Written informed consent

level (< 30%) with an acute reduction in intravascular volume

was obtained from patients or their families at the preopera-

(> 300 ml). Transfusions were performed by administering

tive visit.

a 300 ml bolus at a rate of 500 ml/min using the FMS. Seven

Adult liver transplantation recipients were screened for eli-

or eight boluses can be administered from one prefilled res-

gibility. Exclusion criteria were: prominent cardiac dysfunc-

ervoir. Blood mixture samples were collected from the side

tion (right heart failure, pulmonary hypertension, coronary

port of the FMS infusion line during the first, third, fifth, and

artery disease, and severe dysrhythmia), renal failure, and

seventh bolus transfusions. Pre- and post-transfusion arterial

ongoing electrolyte imbalance. Patients whose preopera-

blood samples were taken before and after each bolus trans-

tive hematocrit was more than 30% or whose intraoperative

fusion. The blood pH, hematocrit, and concentrations of po-

transfusion requirement was expected to be less than one

tassium, sodium, ionized calcium, and glucose were imme-

reservoir volume (3,000 ml) were excluded during the study.

diately evaluated by a point-of-care analyzer (GEM Premier
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3000, Instrumentation Laboratory Company, USA) in the op-

performed in order to identify the risk factors of post-trans-

erating room. The elapsed time from the initial preparation of

fusion changes in the body. The fixed effect variables were

blood mixture to each bolus transfusion was measured.

pre-transfusion and blood mixture values. The dependent

During the study period, hypotension (over a 20% reduc-

variables were pH, hematocrit, potassium, sodium, ionized

tion of mean arterial pressure compared to baseline blood

calcium, and glucose levels after transfusion. An auto-regres-

pressure) was treated with 5–10 mg of ephedrine or 10 µg of

sive variance-covariance structure and random intercept

epinephrine. Abnormal parameters were corrected imme-

were assumed. Adjusted R2 was calculated using the method

diately after evaluating the post-transfusion values. Sodium

described by Nakagawa and Schielzeth [8].

bicarbonate was injected when the arterial pH was less than

Values are expressed as absolute numbers or mean ± SD

7.25 and accompanied by a base deficit greater than 10 mM/

(range). A P value < 0.05 was considered to be significant.

L. If the ionized calcium was lower than 1.0 mM/L, either 300

Sample size calculation was performed using G*power pro-

or 600 mg of calcium chloride was administered. Acute hy-

gram (http://www.gpower.hhu.de). Statistical analyses were

perkalemia (serum potassium level > 6.5 mM/L) was treated

performed using SPSS (version 21, IBM Co., USA) and NCSS

with an immediate infusion of insulin and glucose.

10 (NCSS LLC, USA).

The sample size calculation was based on our preliminary

RESULTS

observations of blood mixture composition. Serial measurements of prefilled blood mixtures suggested that there were
time-dependent changes in several variables. According to

A total of 24 patients were evaluated, and 14 patients were

the preliminary data, detecting the time-dependent changes

excluded from analyses for the following reasons: 10 patients

in four repeated measures of potassium, glucose, and hematocrit required seven, nine, and four patients, respectively,

Table 1. General Characteristics

with a type I error of 0.05 and power of 0.8. The maximum

Variable

Values

sample size of nine was increased to 10 subjects, in anticipa-

Sex (M/F)
Age (yr)
Weight (kg)
Body mass index (kg/m2)
Model for end-stage liver
disease score
Diagnosis (acute liver failure/
hepatocellular carcinoma/
alcoholic liver cirrhosis/
non-alcoholic liver cirrhosis)
Type of donor (living/deceased)
Operation time (min)
Estimated blood loss (ml)
Bank preservation time of
red blood cells (d)
Transfused blood units
Red blood cells
Fresh frozen plasma
Platelet concentrate
Infused fluids (ml)
0.9% saline
20% albumin
Drugs administered*
Ephedrine (mg)
Sodium bicarbonate (mEq)
Calcium chloride (mg)

8/2
55 ± 11 (36–71)
58.3 ± 7.4 (46.4–67.0)
21.9 ± 3.7 (16.1–26.7)
24 ± 11 (6–42)

tion of a dropout rate of 10%.
Descriptive statistics were performed on patient and surgical characteristics. The incidences of severe acidosis (pH <
7.20), hypocalcemia (ionized calcium < 0.42 mM/L), hyperkalemia (potassium concentration > 6.5 mM/L), and anemia
(hematocrit < 20%) were counted. Uses of rescue drugs during the study period were also recorded.
Sequential changes in blood mixture values during four
bolus transfusions were assessed by repeated measures
analysis of variance and post-hoc multiple comparison with
Bonferroni correction. Immediate post-transfusion changes
in the body were evaluated using Wilcoxon signed rank tests
between pre-transfusion and post-transfusion values.
Linear mixed effects regression analysis was conducted
to identify the factors contributing to changes in the laboratory values of the blood mixture in the reservoir. The fixed
effect variables were the blood bank storage time of RBCs
(days) and the time elapsed from blood mixing to transfusion (hours). The dependent variables were pH, hematocrit,
potassium, sodium, ionized calcium, and glucose levels of
the blood mixture. Linear mixed effect modeling was also

56

1/3/2/4

8/2
435 ± 105 (300–620)
6,400 ± 2,608 (2,580–11,000)
7.1 ± 4.5 (1–18)

14 ± 7 (6–30)
14 ± 6 (6–28)
3 ± 4 (0–12)
4,700 ± 1,668 (2,500–8,000)
230 ± 106 (0–300)
14 ± 14 (0–40)
58 ± 78 (0–240)
1,140 ± 369 (600–1,800)

Values are expressed as absolute number or mean ± SD (range). *Values
include amounts administered during study period only.
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refused to participate in the study; two patients failed to finish

3.9%) as well as high potassium (11.1 ± 5.2 mM/L) and glu-

the study protocol because their blood loss was less than 1

cose (325 ± 33 mg/dl) without calcium. Significant changes

reservoir volume; and two patients failed to follow the pro-

were observed in the reservoir, such as continuous decreases

tocol because of excessive bleeding. Ultimately, a total of 10

in hematocrit, potassium, and glucose levels, as well as a

patients completed the study and were included in analysis.

steady increase in sodium concentration (P < 0.05) (Fig. 1).

The characteristics of the patients and surgery are de-

Significant post-transfusion changes occurred in all pa-

scribed in Table 1. The initial composition of blood mixture

rameters (P < 0.05) (Fig. 2). An acute decrease in pH and

measured 33 ± 24 minutes after the blood components were

ionized calcium concentration was observed after transfu-

mixed showed low pH (6.85 ± 0.05) and hematocrit (24.4 ±

sion. A significant decrease in hematocrit was observed in
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Fig. 1. Biochemical changes of the blood mixture in the reservoir. During transfusion, the laboratory values are either consistently low (pH and ionized calcium), steadily decreased (hematocrit, potassium, and glucose), or increased (sodium) in the blood mixture. The concentration of ionized
calcium is assumed to be zero because it cannot be measured. *Bonferroni corrected P < 0.05 between values.
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Fig. 2. Acute biochemical changes in the body during rapid transfusion. Immediate post-transfusion changes are observed in the body during the
early (potassium), late (hematocrit), and entire (pH, ionized calcium, sodium and glucose) transfusion periods. *P < 0.05 vs. pre-transfusion value.

the final sample (P = 0.016). In addition, all transfusions

both (pH and potassium) (Table 2). However, the coefficient

instantly increased sodium and glucose levels. A significant

of determination of the models was small in each parameter

increase in potassium concentration was observed in the first

(0.23–0.49), suggesting that biochemical changes in the reser-

half samples as well (P < 0.05). However, all post-transfusion

voir are less predictable. Furthermore, a linear mixed effects

changes were within clinically acceptable ranges, except for

model of post-transfusional changes indicated that the pa-

the changes in calcium concentrations.

rameter coefficients were much smaller in the blood mixture

Linear mixed effect models revealed that the laboratory

values than in the pre-transfusion values of the body (Table

values of the blood mixture were significantly related to the

3), suggesting that the effect of the composition of the blood

blood bank preservation days (glucose), reservoir preserva-

mixture on the biochemical changes in the body is minor

tion time before transfusion (hematocrit and sodium), or

during the rapid infusion of blood mixture.
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Table 2. Linear Mixed Effect Models: Factors Affecting the Composition of Blood Mixture
Variable
pH
Hematocrit
Potassium
Sodium
Calcium*
Glucose

Blood bank preservation (d)
Coefficient

P value

–0.01

0.009
NS

0.5

0.024
NS

–4

Reservoir preservation (h)
Coefficient

P value

0.04
–5
–3.4
4

0.003

0.002
< 0.001
< 0.001
0.002
NA
NS

Intercept

Adjusted R2

Coefficient

P value

6.90
26
8.9
138

< 0.001
< 0.001
< 0.001
< 0.001

0.46
0.45
0.44
0.23

335

< 0.001

0.41

NS: not significant, NA: not assessible. *Calcium concentration of blood mixture was zero.

Table 3. Linear Mixed Effects Models: Factors Affecting Post-transfusion Values in the Body
Variable
pH
Hematocrit
Potassium
Calcium*
Sodium
Glucose

Pre-transfusion value

Blood mixture value

Intercept

Coefficient

P value

Coefficient

P value

Coefficient

0.9
0.8
0.7
0.4
1.0
0.7

< 0.001
< 0.001
< 0.001
0.003
< 0.001
< 0.001

0.2
0.1
0.1

< 0.001
0.002
< 0.001

–0.70
1
0.9
0.3
–8
48

NA
0.1

0.040
NS

P value
0.185
0.678
0.013
0.008
0.223
< 0.001

Adjusted R2
0.92
0.88
0.89
0.59
0.95
0.77

NA: not assessible, NS: not significant. *Calcium concentration of blood mixture was zero.

Severe acidosis and hypocalcemia were observed in three

and 4) acute metabolic acidosis and hypocalcemia required

out of 40 measurements (in one patient) and two out of 40

repeated treatment to maintain normal levels during rapid

measurements (in one patient), respectively. In these cases,

transfusion.
The most serious complications associated with rapid

calcium chloride were administered in order to correct for

transfusion are hyperkalemia and subsequent cardiac arrest.

intraoperative acidosis and hypocalcemia, respectively. No

Potassium concentration in the substrate gradually increases

significant hyperkalemia or anemia was observed during

during cold preservation of packed RBC due to the inhibi-

the study period. Mean arterial pressure and central venous

tion of sodium-potassium pump activity. The extracellular

pressure were maintained adequately (62–95 mmHg and 2–10

potassium concentration of stored unit increases at a rate

mmHg, respectively) without hypoxemia.

of 2 mM/L per day [9]. Moreover, the potassium levels are
much higher in irradiated RBCs that are frequently used in

DISCUSSION

liver transplantation [5]. Due to the relatively small volume of
substrate, hyperkalemia due to transfusion of packed RBCs is

We evaluated the biochemical changes in the blood mix-

rare, but rapid transfusion can lead to hyperkalemia, which

ture prefilled in the FMS reservoir as well as the effect of rapid

can in turn lead to fatal arrhythmia or cardiac arrest [10]. Our

transfusion of the mixture on the body during adult liver

linear mixed effect model showed that long-term preserva-

transplantation. The main findings of this study are as fol-

tion in the blood bank increased potassium concentration,

lows: 1) low pH, high potassium, and high glucose without

which could be offset by sufficient preservation time in the

calcium were typical features of initial blood mixture, 2) the

reservoir. According to our model, it is estimated that the

blood bank storage period and the preservation time in the

increase in potassium concentration over seven days in the

reservoir could partially explain the compositional change

blood bank can be offset by one hour of storage in the reser-

of the blood mixture, 3) post-transfusion changes in patients

voir. Moreover, the rapid infusion of 300 ml blood mixture

were less dependent on the composition of blood mixture,

did not cause clinically significant hyperkalemia in patient

www.anesth-pain-med.org

59

KSTA

58 ± 78 mEq of sodium bicarbonate and 1,140 ± 369 mg of

Anesth Pain Med Vol. 14 No. 1

blood. Our results show that the absolute increase in serum

level was within the physiologic range and the effect of blood

potassium after transfusion was only 1/10 of the potassium

mixture on the body was marginal (P = 0.04). However, the

concentration of blood mixture. Based on these results, we

clinical effect of sodium loading should in liver recipients re-

can assume that the probability of clinically significant hy-

quires further study.

perkalemia is low during rapid transfusion of blood mixture.

Massive transfusion can cause hyperglycemia in liver

However, care must be taken in patients or periods in which

transplantation, because all currently used blood preserva-

the risk of hyperkalemia increases in liver transplantation [11].

tives include dextrose. Dextrose in CPDA-1 preserved packed

Rapid transfusion was associated with significant changes

RBC reaches 440 mg/dl on the first day of storage, and gradu-

in all variables; however, clinically significant changes requir-

ally decreases to 84 mg/dl after 35 days. FFP also contains 535

ing immediate and repeatable correction were only observed

mg/dl of glucose [13]. Nonetheless, previous clinical studies

in serum calcium concentrations and acidosis. Under normal

have failed to demonstrate any relationship between the

physiologic conditions, critical citrate toxicity is less likely to

amount of transfusion and serum glucose level during hepa-

occur due to the rapid metabolism of citrate through Krebs

tectomy [14,15]. We also found that one reservoir volume did

cycle in the liver and the mobilization of calcium from the

not cause hyperglycemia after transfusion.

internal reservoir of the body. However, patients with end-

Another interesting finding that requires discussion is the

stage liver disease may develop acute hypocalcemia upon

change in hematocrit. In the current study, the hematocrit

acute administration of citrate-rich blood products, due to

levels steadily decreased as the preservation time in the reser-

improper citrate metabolism. Reduced cardiac contractility

voir passed, failing to achieve a consistent transfusion effect.

and vasodilation are major manifestations associated with

This is due to the sedimentation of erythrocytes, which occurs

acute hypocalcemia, and these can cause hypotension [12].

in the column of the reservoir at a rate of 12–23 mm/hr dur-

The spontaneous recovery of hypocalcemia may be delayed

ing preservation [16,17]. Unlike the initial infusion, the latter

or impossible during massive transfusion in patients with

infusion contains a mixture with fewer blood cells. Clinicians

liver cirrhosis without calcium supplementation [4]. Our

should aim to visually assess erythrocyte sedimentation and

study shows that 300 mg of calcium chloride should be ad-

resolve it with repriming or external shaking of the reservoir

ministered each time a 300 ml blood mixture is transfused in

so as to mix the upper and lower blood mixture layers.

order to maintain normal ionized calcium levels and stable

There are some limitations in this study. First, our country

arterial pressure. Metabolic acidosis is another adverse effect

uses CPDA-1 blood without exception, but other preserva-

that requires rapid correction in massive transfusion. Citrate

tives such as AS-1, AS-3, or AS-5 are currently in use world-

in packed RBC and FFP, lactate and pyruvate caused by RBC

wide. For example, 85% of blood products in the US are pre-

metabolism, and loading of large amounts of chloride from

served in AS-1 [18]. AS-1 blood contains more dextrose than

the normal saline are the presumed causes of acidosis. In the

CPDA-1 blood, but less citrate. AS-1-stored blood showed a

current study, a decrease in pH was observed after each bolus

different clinical profile from CPDA-1 blood in terms of glu-

transfusion of 300 ml blood mixture, and 60 mEq of bicar-

cose homeostasis, hypocalcemia, arterial hypotension, and

bonate was required to correct for acidosis. Frequent admin-

mortality in a swine model that simulated a massive transfu-

istration of bicarbonate and ventilation control are essential

sion condition [19]. Although our results are more meaning-

to maintaining a normal acid-base balance. In addition, the

ful in massive transfusion cases using CPDA-1 preserved

use of plasmalyte or normosol as a mixing fluid may reduce

blood, the blood mixture of AS-1 blood is presumed to be

hyperchloremic metabolic acidosis.

safer in terms of acute citrate toxicity. Second, this study was

Changes in sodium and glucose levels in liver recipients

performed in a limited number of patients. However, sample

require caution. Chronic hyponatremia is common in pa-

size estimation considering repeated measurements seems

tients with liver transplantation, but acute correction of hy-

to have been properly carried out, because significant bio-

ponatremia during surgery can increase the risk of central

chemical changes were observed over time, which was the

pontine myelinolysis [6]. Sodium in the reservoir is constantly

main purpose of the study. Thirdly, we tested the immediate

increasing over time; however, the post-transfusion sodium

changes caused by the transfusion of one reservoir volume,

60
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and did not confirm any cumulated effect of blood mixture

noncirrhotic critically ill patients. Crit Care Med 2003; 31: 2450-5.

transfusion. Lastly, we did not analyze the overall transfusion

4. Chung HS, Cho SJ, Park CS. Effects of liver function on ionized

related complication rate. Further studies should be con-

hypocalcaemia following rapid blood transfusion. J Int Med Res

ducted to confirm the consequences of using large amounts

2012; 40: 572-82.
5. Hillyer CD, Tiegerman KO, Berkman EM. Evaluation of the red

of blood mixtures.
In conclusion, the blood mixture in the reservoir of the
FMS has undergone favorable biochemical changes in this
study during the preservation period. Acute hypocalcemia
and metabolic acidosis required immediate correction, but
hyperkalemia, hypernatremia, and hyperglycemia were only
potential risks. Considering that the majority of the immediate and cumulative biochemical changes in the body are

cell storage lesion after irradiation in filtered packed red cell
units. Transfusion 1991; 31: 497-9.
6. Abbasoglu O, Goldstein RM, Vodapally MS, Jennings LW, Levy
MF, Husberg BS, et al. Liver transplantation in hyponatremic
patients with emphasis on central pontine myelinolysis. Clin
Transplant 1998; 12: 263-9.
7. Cronbaugh R, Ploessl J, Sutton R, Martin M. Evaluation of a rapid
infusion system. J Extra Corpor Technol 1994; 26: 200-4.

minimal in the current study, rapid transfusion of the blood

8. Nakagawa S, Schielzeth H. A general and simple method for ob-

mixture by FMS is relatively safe when combined with inten-

taining R2 from generalized linear mixed‐effects models. Meth-

sive intraoperative treatment, such as frequent administration of calcium and bicarbonate.

ods Ecol Evol 2013; 4: 133-42.
9. Moore GL, Peck CC, Sohmer PR, Zuck TF. Some properties of
blood stored in anticoagulant CPDA-1 solution. A brief sum-
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