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Background: Appropriate blood component transfusion might differ between intraoperative 
massive bleeding and traumatic massive bleeding in the emergency department because 
trauma patients initially bleed undiluted blood and replacement typically lags behind blood 
loss. We compared these two blood loss scenarios, intraoperative and traumatic, using a 
computer simulation. 

Methods: We modified the multi-compartment dynamic model developed by Hirshberg and 
implemented it using STELLA 9.0. In this model, blood pressure changes as blood volume 
fluctuates as bleeding rate and transcapillary refill rate are controlled by blood pressure. Us-
ing this simulation, we compared the intraoperative bleeding scenario with the traumatic 
bleeding scenario. In both scenarios, patients started to bleed at a rate of 50 ml/min. In the 
intraoperative bleeding scenario, fluid was administered to maintain isovolemic status; how-
ever, in the traumatic bleeding scenario, no fluid was supplied for up to 30 min and no blood 
was supplied for up to 50 min. Each unit of packed red blood cells (PRBC) was given when 
the hematocrit decreased to 27%, fresh frozen plasma (FFP) was transfused when plasma 
was diluted to 30%, and platelet concentrate (PC) was transfused when platelet count be-
came 50,000/ml. 

Results: In both scenarios, the appropriate ratio of PRBC:FFP was 1:0.47 before PC transfu-
sion, and the ratio of PRBC:FFP:platelets was 1:0.35:0.39 after initiation of PC transfusion. 

Conclusion: The ratio of transfused blood component did not differ between the intraopera-
tive bleeding and traumatic bleeding scenarios. 

Keywords: Blood coagulation disorder; Blood component transfusion; Computer simulation; 
Hemorrhage.

Experimental Research
Anesth Pain Med 2020;15:459-465
https://doi.org/10.17085/apm.20042
pISSN 1975-5171 • eISSN 2383-7977

INTRODUCTION 

Persistent hemorrhage remains a major contributor to 

mortality in massively transfused patients, many of whom 

develop coagulopathy [1]. Coagulopathy is a component of 

the lethal triad of death that also includes hypothermia 
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and acidosis [2–4]. Coagulopathy-related diffuse bleeding 

is difficult to manage. The causes of coagulopathy are mul-

tifactorial and interrelated, including consumption and di-

lution of coagulation factors and platelets, dysfunction of 

platelets and the coagulation system, increased fibrinoly-

sis, compromise of coagulation by the infusion of colloids, 

hypocalcemia, and disseminated intravascular coagula-

tion-like syndrome [5–7]. 

Although the extreme circumstances of massive hemor-

rhage do not allow prospective controlled trials, computer 

modeling offers an interesting alternative. A computer sim-

ulation can capture the interactions between bleeding, he-

modynamics, hemodilution, and replacement as they un-

fold during severe hemorrhage. Various replacement op-

tions can then be applied to the model to evaluate effec-

tiveness in preventing or correcting dilutional coagulopa-

thy [8]. 

In this study, we focused on dilutional coagulopathy in 

both intraoperative bleeding and traumatic bleeding sce-

narios. Prior to the era of blood component transfusion, 

the transfusion of large volumes of stored blank blood did 

not result in hemorrhagic diathesis in young and previous-

ly healthy soldiers wounded during the Vietnam war [9]. 

However, recent resuscitation with crystalloids, colloids, 

and/or packed red blood cells (PRBCs) can result in dilu-

tional coagulopathy. Because trauma patients bleed undi-

luted blood initially and replacement typically lags behind 

blood loss, it was hypothesized that there would be differ-

ences between patients who bleed during surgery and pa-

tients who receive emergent resuscitation after a period of 

traumatic massive bleeding. Furthermore, in trauma pa-

tients, shock, tissue hypoxia, acidosis, and hypothermia 

can aggravate bleeding tendency. 

To date, no consensus has been reached regarding what, 

when, how much fluid, and what blood component should 

be given during massive transfusion [10]. Appropriate 

blood component therapy during hemostatic resuscitation 

might be different between intraoperative bleeding and 

traumatic bleeding. We therefore compared when and how 

much of each blood component should be given in both of 

these scenarios using computer simulation. 

MATERIALS AND METHODS 

We modified the multi-compartment dynamic model 

developed by Hirshberg [8] and implemented it using a 

graphical modeling tool STELLA 9.0 (High Performance 

Systems, USA). In this model, blood pressure changed as 

blood volume fluctuated, and bleeding rate and transcapil-

lary refill rate were controlled by blood pressure. With on-

going bleeding and transfusion, hematocrit and dilution of 

clotting factors and platelets were calculated. 

Blood volume consists of three compartments: red cells, 

plasma, and virtual intravascular water. Intravascular water 

accepts crystalloid infusion and exchanges free water with 

interstitial spaces (Fig. 1). Equations for the fraction of in-

fused crystalloids that is retained in circulation during 

massive hemorrhage [11], transcapillary refill rate [12–14], 

and the pressure-volume relationship of circulation [12,15] 

are the same as in the Hirshberg model. Fibrinogen dilu-

tion was assumed to be directly proportional to hemodilu-

tion [7,9]. Correcting function was used in calculating 

platelet level [8]. The entire set of model equations is given 

in the Supplementary Materials. 

Blood components 

Information on blood components was obtained from 

the Korea Center for Disease Control and Prevention 2013 

transfusion guidelines (Table 1). The average volume of 

PRBCs derived from 400 ml of whole blood was 243.12 ±  

PRBC

FFP

PC

Crystalloids

Bleeding

Blood PressureInterstitial fluid

Transcapillary refill

Blood volume

Red Cells

Plasma

Intra-vascular Water

Fig. 1. Overview of the model. Arrows represent the mathematical 
relationships between compartments. PRBC: packed red blood cells, 
FFP: fresh frozen plasma, PC: platelet concentrate.

Table 1. Blood Compartment Information in the Transfusion 
Guidelines, Korea Center for Disease Control and Prevention, 2013

PRBC FFP Platelets

Volume (ml) 243.12 ±  13.48 155.03 ±  12.11 50.85 ±  1.90

Hematocrit (%) 70.31 ±  4.16

Count (× 109/unit) 66.7 ±  11.7

Values are presented as mean ± SD. PRBC: packed red blood cells, 
FFP: fresh frozen plasma.
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13.48 ml. Hematocrit was 70.31% on average. As a result, 

red blood cell volume was at an average of 170 ml. We as-

sumed all PRBCs were derived from 400 ml of whole blood 

for convenience. In the manufacturing blood compart-

ment, 56 ml of citrate-phosphate-dextrose with adenine 

(CPDA-1) solution was added. Plasma volume in PRBCs 

was 243 – 170 =  73 ml, which includes some amount of 

CPDA-1 solution. Total plasma volume in whole blood in-

cluding CPDA-1 solution was 73 + 155 + 51 =  279 ml. Vol-

ume of CPDA-1 solution in PRBCs was 73 ×  56 / 279 =  15 

ml. Calculated real plasma volume contained in PRBCs 

was 73 – 15 =  58 ml, which excluded the volume of CPDA-

1 solution.  

The average volume of plasma derived from 400 ml 

whole blood was 155.03 ±  12.11 ml. Except for the volume 

of CPDA-1 solution, each fresh frozen plasma (FFP) was 

assumed to contain 124 ml of plasma. The average volume 

of platelet concentrate (PC) derived from 400 ml whole 

blood was 50.85 ±  1.90 ml. Except for the volume of CPDA-

1 solution, each unit of PC contained 41 ml of plasma and 

6.67 ×  1010 platelets on average, of which one third under-

went splenic sequestration when transfused [16]. 

The reference scenario 

We generated an intraoperative bleeding scenario and a 

trauma bleeding scenario. Both scenarios included a 70 kg 

person whose blood volume, hematocrit, fibrinogen con-

centration, and platelets of 4.9 L, 42%, 3 g/L, and 230,000/

ml was assumed, respectively. In both scenarios, patients 

started to bleed at a rate of 50 ml/min. 

The intraoperative bleeding scenario was based on a 

washout equation by designing the normovolemic status to 

be maintained by administering fluid. As bleeding contin-

ued, the blood pressure was assumed to be unchanged. If 

hematocrit decreased to 27%, one unit of PRBCs was given 

for 10 min. FFP was transfused for 10 min when plasma 

was diluted to 30% of the original plasma. Each unit of PC 

was transfused for 5 min when platelet count became 

50,000/ml. FFP and PC starting time followed the practice 

guidelines for perioperative blood transfusion and adju-

vant therapies [17]. 

In the traumatic bleeding scenario, the patient was set to 

bleed for 30 min without fluid supply until arrival at the 

emergency room (ER). The traumatic bleeding scenario 

was not only based on a washout equation, but also adopt-

ed a pressure-volume relationship concept. Using the pres-

sure-volume equation, the amount of bleeding per minute 

reduced as blood pressure decreased due to a loss of blood. 

From arrival in the ER, crystalloid was administered via an 

intravenous line at the rate of 300 ml/min until the patient 

recovered to isovolemic status. After 50 min of trauma, 

blood components were prepared and each unit of PRBCs 

was given when hematocrit decreased to 27%. FFP was 

transfused when plasma was diluted to 30%, and PC was 

transfused when platelet count became 50,000/ml. The in-

fusion of each blood component was same as in the intra-

operative bleeding scenario. 

RESULTS 

In the intraoperative bleeding scenario (Fig. 2), bleeding 

during operation began at time 0 and PRBC administration 

started at 43 min when the bleeding volume was 0.44 times 

total blood volume (Table 2). In the traumatic bleeding 

scenario (Fig. 3), the patient lost 1,175 ml of blood volume 

and transcapillary refill volume was 449 ml until arrival in 

the ER when the systolic blood pressure was 84 mmHg. 

PRBC administration was started at 52 min when bleeding 

volume was 0.42 times total blood volume. In the intraop-

erative bleeding scenario, FFP administration started at 

164 min when bleeding volume was 1.67 times the total 

blood volume. In the traumatic bleeding scenario, FFP ad-

ministration started at 170 min when bleeding volume was 

1.63 times the total blood volume. During FFP transfusion, 

the appropriate PRBC:FFP ratio was 1:0.47 in both scenari-

os. 

PC administration was started at 219 min when bleeding 

volume was 2.24 times the total blood volume in the intra-

operative bleeding scenario and at 225 min when bleeding 

volume was 2.20 times the total blood volume in the trau-

matic bleeding scenario. After the start of PC transfusion, 

the appropriate PRBC:FFP:PC ratio was 1:0.35:0.39 in both 

scenarios.  

DISCUSSION 

Computer simulations regarding dilutional coagulopathy 

have been previously studied [8,9,16]. Here, we designed 

two separate scenarios and compared them. In the trau-

matic bleeding scenario, the amount of bleeding per min-

ute reduced by decreased blood pressure compared to in-

traoperative scenario; as a consequence, the onset of dilu-

tional coagulopathy was delayed. Similar results have been 
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shown by Hirshberg et al. [8,18]. 

The key Hirshberg model equations and parameters 

were not complete as is, and did not work when entered 

into the STELLA program. Therefore, we modified some 

parts of the equation to implement the model and attempt 

to reproduce the results of the Hirshberg study. As such, 

our results have some differences when compared with 

Hirshberg, which suggest two options for giving FFP before 

the prothrombin time (PT) crossover time. PT crossover 

time means the point during a simulation when a clotting 

test first crosses its respective threshold. In other words, 

the time when the plasma fraction goes below 30% of the 

original plasma fraction. The first option is to use an ag-

gressive lower PRBC/FFP replacement ratio such as 3:2 

and the second option is to give two units of FFP concur-

rently with the first units of PRBCs at the beginning of the 

operation. This suggestion by Hirshberg et al. [8,18] is a 

much lower PRBC/FFP ratio than the 5:2 to 5:3 ratio used 

in many massive transfusion protocols and also much low-

er than our simulation results of 1:0.47 =  5:2.35 ratio 

Table 2. The Outcome of Two Scenarios

Intraoperative bleeding scenario Traumatic bleeding scenario

PRBC:FFP 1:0.47 1:0.47

PRBC:FFP:PC 1:0.35:0.39 1:0.35:0.39

Time of PRBC administration after initiation of bleeding (min) 43 52

Time of FFP administration after initiation of bleeding (min) 164 170

Time of PC administration after initiation of bleeding (min) 219 225

Bleeding fraction at initiation of PRBC transfusion 0.44 0.42

Bleeding fraction at initiation of FFP transfusion 1.67 1.63

Bleeding fraction at initiation of PC transfusion 2.24 2.2

PRBC: packed red blood cells, FFP: fresh frozen plasma, PC: platelet concentrate. Bleeding fraction: cumulative blood loss / initial blood volume.

Fluid

Phase 1 Phase 2 Phase 3 Phase 4

Fluid + Blood compartment

43min

0.00 125.00 250.00
Time

375.00 500.00

1:
2:
3:
4:

1:
2:
3:
4:

1:
2:
3:
4:

45%
105%

6
300000/ml

35%
65%

3
150000/ml

25%
25%

0
0/ml

1: Hematocrit
2: Plasma dilution percent

3: Bleeding fraction (intraoperative bleeding scenario)
4: Adjusted platelet count

Fig. 2. Model prediction of hematocrit (%), plasma dilution (%), bleeding fraction and adjusted platelet count (/ml) in the intraoperative bleeding 
scenario. Phase 1: bleeding started, but only crystalloid fluid was given to maintain normal blood pressure. Phase 2: PRBC administration 
was started at 43 min and the bleeding fraction was 0.44. PRBCs were administered. Phase 3: FFP was started at 164 min and the bleeding 
fraction was1.67. PRBCs and FFP were given. Phase 4: PC was started at 219 min and the bleeding fraction was 2.24. PRBCs, FFP, and PC 
were given. Bleeding fraction: cumulative blood loss / initial blood volume. PRBC: packed red blood cells, FFP: fresh frozen plasma, PC: platelet 
concentrate.
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[17,19]. 

In the Hirschberg model, patient initial bleeding rate was 

135 ml/min with 3,297 ml lost and 67% of the estimated 

blood volume at the beginning of the operation. However, 

in our traumatic bleeding scenario, initial bleeding rate 

was 50 ml/min with 1,175 ml lost and 41% of the estimated 

blood volume, and FFP transfusion was started during the 

11th PRBC transfusion. We think the reason why this differ-

ence occurred was because the increased massive bleeding 

without hemodilution incurred a greater loss of clotting 

factor. Comparing our intraoperative bleeding scenario 

(FFP transfusion started at 1.67 blood volume loss) with 

the trauma scenario (FFP transfusion started at 1.63 blood 

volume loss), dilutional coagulopathy began at less blood 

loss. Early FFP transfusion in the Hirshberg model could 

be due to early massive blood loss in that scenario [8]. 

Hirshberg ignored plasma contained in PRBCs and PC. 

PRBCs contain a small amount of plasma (30–60 ml) as 

does PC (approximately 80 ml) [20]. In our model, we as-

sumed PRBCs contain 58 ml of plasma and PC contains 41 

ml of plasma, both without CPDA-1 solution, by using in-

formation of the blood compartment obtained in the 2013 

transfusion guidelines. These are not negligible volumes 

compared with 124 ml of plasma contained in FFP without 

CPDA-1 solution. If plasma contained PRBCs and PC is not 

considered, the calculated PRBC/FFP ratio will decrease. 

Therefore, the Hirshberg 3:2 PRBC/FFP ratio could be un-

derestimated. 

The Pragmatic, Randomized Optimal Platelet and Plas-

ma Ratios trial was designed to address the effectiveness 

and safety of transfusing PRBC, FFP, PLT in a 1:1:1 ratio 

compared with a 2:1:1 ratio in patients with trauma who 

were predicted to receive a massive transfusion. Among 

patients with severe trauma and major bleeding, early ad-

ministration of PRBC, FFP, PLT in a 1:1:1 ratio compared 

with a 2:1:1 ratio did not result in significant differences in 

mortality at 24 h or 30 days. However, more patients in the 

1:1:1 group achieved hemostasis and fewer experienced 

death due to exsanguination by 24 h. Even though there 

was an increased use of FFP and PLT transfused in the 1:1:1 

1:
2:
3:
4:
5:

1:
2:
3:
4:
5:

1:
2:
3:
4:
5:

45%
115%

5
300000/ml
130mmHg

35%
70%

3
150000/ml
105mmHg

25%
25%

0
0/ml

80mmHg

No Fluid

Phase 1 Phase 2 Phase 3 Phase 4

Fluid Fluid + Blood compartment

30min 50min

0.00 125.00 250.00

Time

375.00 500.00

1: Hematocrit
2: Plasma dilution percent

3: Bleeding fraction (traumatic bleeding scenario)
4: Adjusted platelet count
5: Systolic blood pressure

6: Bleeding fraction (intraoperative bleeding scenario)

Fig. 3. Model prediction of hematocrit (%), plasma dilution (%), bleeding fraction, adjusted platelet count (/ml) and systolic blood pressure (mmHg) 
in the traumatic bleeding scenario. Phase 1: bleeding started and no fluid was administered until 30 min when the patient arrived at the ER. 
At that time, blood pressure was 84 mmHg, bleeding volume was 1,175 ml, and transcapillary refill was 449 ml. Administration of crystalloid 
fluid started. Phase 2: PRBC administration was started at 52 min and the bleeding fraction was 0.42. Only PRBCs were given. Phase 3: FFP 
administration was started at 170 min and the bleeding fraction was 1.63. PRBCs and FFP were given. Phase 4: PC administration was started 
at 225 min and the bleeding fraction was 2.20. PRBCs, FFP, and PC were given. Bleeding fraction: cumulative blood loss / initial blood volume. 
ER: emergency room, PRBC: packed red blood cells, FFP: fresh frozen plasma, PC: platelet concentrate.
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group, no other safety differences were identified between 

the two groups [21]. Conversely, other studies have report-

ed beneficial outcomes across a wider range of blood prod-

uct ratios or goal-directed approaches [22,23]. 

Our simulation shows a 1:0.47 ratio for PRBC:FFP and a 

1:0.35:0.39 ratio for PRBC:FFP:PC, if dilutional coagulopa-

thy is assumed to occur when plasma dilution is <  30%, fi-

brinogen is <  0.8 g/L, and platelets are <  50,000/ml. Inter-

preting this result requires circumspection; however, pa-

tients generally have a wide range of coagulation problems 

such as dysfunction of platelets and the coagulation sys-

tem, increased fibrinolysis, compromise of coagulation by 

the infusion of colloids, hypocalcemia, disseminated intra-

vascular coagulation-like syndrome, acidosis, hyperther-

mia, and the destruction of clotting factor in stored FFP 

[24,25]. In the massive transfusion scenario, avoiding the 

above listed problems is not easy and computer simula-

tions will not perfectly imitate the conditions of the real 

body. So, our results can be used only as reference and not 

indication. Careful observation of operation in the field, 

communication with surgeons, and repetitive coagulation 

tests are the most important variables in preventing coagu-

lopathy. 

The results of this simulation show that coagulopathy 

can occur at less blood loss due to the loss of undiluted 

blood if fluids are not infused after the start of bleeding. In 

addition, it must be noted that the coagulopathy and trans-

fusion start times were delayed because low blood pressure 

reduces hemorrhage. Restricting fluid infusion seems to 

delay dilutional coagulopathy but it can generate circula-

tion problems and can bring about more disastrous conse-

quences to the patient. Therefore, restricting fluid tech-

nique to delay reduction of hemorrhage and dilutional co-

agulopathy must be done cautiously. In addition, the dif-

ference in the time when coagulopathy occurred between 

the two scenarios was negligible in our study. More than 

likely, the amount of hemorrhage (about 20% of total blood 

volume) was too small to make a difference and transcapil-

lary refill could have attributed to make the difference even 

less negligible. 

Massive transfusion protocols are widely various among 

hospitals, with replacement ratios ranging between 10:1 

and 5:3 for PRBC:FFP and between 10:6 and 10:12 for PRB-

C:PLT [26,27]. Clinical suitability and justification of the 

various massive transfusion practices in trauma or opera-

tions is clearly required. Due to the limitations of computer 

modeling when compared with a biologic system or clini-

cal trial data, our findings surely need validation and fur-

ther assessment. However, computer simulation models 

can uncover new predictions and generate data that can be 

used in place of harmful clinical trials that would be against 

medical ethics; as such, increased need for computer simu-

lations in clinical experiments is apparent. 

In conclusion, according to computer simulation, the 

appropriate blood component ratio might be a 1:0.47 ratio 

for PRBC:FFP and a 1:0.35:0.39 ratio for PRBC:FFP:PC, 

which did not differ between the intraoperative bleeding 

and traumatic bleeding scenarios. 

SUPPLEMENTARY MATERIALS 

Supplementary data including key model equations and 

parameters can be found online at https://doi.org/10. 

17085/apm.20042.
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