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“In the middle of difficulty lies opportunity.” 

 

- Albert Einstein 

 
 

  
































































































































 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Teile dieser Arbeit wurden veröffentlicht: 

 

Besser, V., Albert, A., Sixt, S. U., Ackerstaff, S., Roussel, E., Ullrich, S., 

Lichtenberg, A. and Hoffmann, T., (2020), Fibrinolysis and the Influence of 

Tranexamic Acid Dosing in Cardiac Surgery. Journal of Cardiothoracic and 

Vascular Anesthesia, (34) 2664-2673 [1]  
































































































































 I 

(p≤0,01).

(p≤0,02)

(p≤0,01) beeinflusst.

 
























































































































 II 

points during the surgery: at the start of surgery (‘S’), and before the administration of 
protamine (‘bP’)

extracorporeal life support (p≤0.01). 

(p≤0.02, respectively), and 

acid (p≤0.01). In conclusion, we were ab



 III 

‘ ’

‘ ’



 IV



 

 
 
 



 



 

 
 



 

 



 

α

 
 



 



 

 



 

 
 



 

Intermediate doses were examined in subsequent studies, such as the “BART” 

 

 



 

 



 

 



Original Article

Fibrinolysis and the Influence of Tranexamic Acid

Dosing in Cardiac Surgery

Veronica Besser, MD*,1, Alexander Albert, MD, PhDy,
Stephan Urs Sixt, MD, PhDz, Stefanie Ackerstaff, MDx,

Elisabeth Rousselx, Sebastian Ullrich||,
Artur Lichtenberg, MD, PhD*, Till Hoffmann, MDx

*Department of Cardiac Surgery, D€usseldorf University Hospital, D€usseldorf, Germany
yClinic of Dortmund gGmbH, Clinic for Heart Surgery, Dortmund, Germany

zDepartment of Anesthesiology, D€usseldorf University Hospital, D€usseldorf, Germany
xDepartment of Transfusion Medicine and Clinical Hemostaseology, D€usseldorf University Hospital,

D€usseldorf, Germany
||punkt05 Statistikberatung, D€usseldorf, Germany

Objective: The present study aimed to determine whether underlying disease, performed surgery, and dose of tranexamic acid influence fibrino-

lysis measured with D-dimer levels.

Design: Retrospective analysis.

Setting: Single institution (Department of Cardiac Surgery and Section of Clinical Hemostaseology at the D€usseldorf University Hospital).
Participants: The study comprised 3,152 adult patients undergoing elective cardiac surgery between February 2013 and October 2016.

Interventions: Two doses of tranexamic acid during surgery were administered.

Measurements and Main Results: D-dimer levels were analyzed at the start of surgery and before protamine administration. D-dimer levels at

the start of surgery were compared according to disease. Intraoperative D-dimer development was analyzed according to the type of surgery and

within 2 cohorts with different tranexamic acid doses. Interindividual variability was pronounced for D-dimer levels at the start of surgery, with

significant differences among patients with coronary artery disease, valve disease, and aortic disease and patients undergoing heart transplanta-

tion compared with patients receiving a left ventricular assist device (p < 0.01). Aortic dissection, endocarditis, and extracorporeal life support

were associated with higher D-dimer levels (p � 0.01). With tranexamic acid at a fixed dose, intraoperative D-dimer levels decreased in on-

pump and off-pump coronary bypass surgery, valve surgery, and left ventricular assist device surgery (p � 0.02), but levels increased in aortic

surgery and heart transplantations (p < 0.01). A decrease or increase in D-dimer levels during surgery was influenced significantly by a higher

or lower tranexamic acid dose (p � 0.01).

Conclusions: D-dimer testing allows for the assessment of individual fibrinolytic activity in cardiac surgery, which is influenced by disease type,

surgery type, and dose of tranexamic acid. The assessment of the fibrinolytic status may have the potential to facilitate dose-adjusted antifibrino-

lytic therapy in the future.

� 2020 Elsevier Inc. All rights reserved.

Key Words: fibrinolysis; tranexamic acid; D-dimers; cardiac surgery; antifibrinolytics; thromboelastometry

D-DIMERS are degradation products resulting from plas-

min-induced clot lysis.1 They can indicate a thrombotic or

hemorrhagic status. In patients with increased fibrinolysis as a

result of thrombus formation, elevated D-dimer levels give a

prothrombotic signal, reflecting activation of coagulation and

fibrinolysis.2 In contrast, elevated D-dimer levels resulting

from hyperfibrinolysis are indicative of a hemorrhagic risk.3

Elevated D-dimer levels also can imply coexisting thrombotic

and hemorrhagic propensity, such as in disseminated intravas-

cular coagulation4 or in atrial fibrillation with anticoagulative
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treatment.5,6 In cardiac surgery, intraoperative fibrinolysis is

relevant in the context of tissue trauma7 and cardiopulmonary

bypass (CPB),8 which has been studied previously using D-

dimer levels.9,10 Higher D-dimer levels have been correlated

with increased postoperative bleeding after coronary artery

bypass grafting (CABG) and/or valve surgery11,12 and with

graft occlusion rates after CABG.13

The antifibrinolytic tranexamic acid (TXA) decreases bleed-

ing in cardiac14,15 and noncardiac surgery16 and in postpartum

hemorrhage.17 Antifibrinolytics such as TXA inhibit the for-

mation of plasmin from plasminogen,18 which degrades fibrin.

Their intraoperative administration is a class IA recommenda-

tion in cardiac surgery.19 However, limited efficacy and safety

data on TXA are available with respect to patient subgroups.

Dosing schemes vary widely.20 Usually, it is institutional rou-

tine to administer TXA at a fixed dose without taking the indi-

vidual hemostatic and fibrinolytic statuses into account.16 In a

trauma setting, the administration of TXA to patients with

physiological fibrinolysis is associated with increased mortal-

ity.21 An individualized approach to dosing using standard and

thromboelastometric coagulation tests for diagnostic evalua-

tion of fibrinolytic activity is under discussion.21-23

For the present study, D-dimer levels were used as a marker

for fibrinolysis in cardiac surgery patients and were assessed

for their correlation with cardiac disease and surgery. As a sec-

ondary outline, the effect of 2 doses of TXA on fibrinolysis

was analyzed.

Materials and Methods

Patients

Retrospective data analysis was approved by the local ethics

committee (study number 4331). The study was registered at

the German Clinical Trials Register (DRKS00005082) and

was conducted in accordance with the Declaration of Helsinki.

Written informed consent was obtained from all participants.

Data from patients undergoing cardiac surgery between Febru-

ary 7, 2013, and October 31, 2016, were analyzed retrospec-

tively. Eligible participants were older than 18 years and

underwent elective cardiac surgery at the Department of Car-

diac Surgery at the D€usseldorf University Hospital in Ger-

many. Patients with one of the following types of diseases

were included: coronary artery disease, valve disease, or a

combination of both; aortic disease; heart failure requiring

heart transplantation (HTX); or left ventricular assist device

(LVAD) implantation. Types of surgery performed were

off-pump CABG, on-pump CABG, single- valve surgery,

multiple- valve surgery (including Ross procedures), com-

bined CABG and valve surgery, aortic surgery, HTX, and

LVAD implantation. Surgeries were performed using stan-

dard surgical technique.

The initial activated clotting time (ACT) was measured

before induction of anesthesia with the ACT Plus System

(Medtronic, Minneapolis, MN), and measurements were

repeated every 30 minutes during CBP. Anticoagulation before

CPB was standardized; patients received a bolus of 300 IU/kg

of unfractionated heparin before initiation of CPB, and

5,000 U were added to the priming solution to maintain an

ACT >400 seconds during CPB. In the off-pump group,

200 IU/kg were used with a target ACT >250 seconds. The

temperature of patients on CPB was cooled to mild hypother-

mia with a target of 34℃. Protamine was administered to

reverse the heparin effect at the end of CPB or off-pump sur-

gery at a dose of 75% of the total amount of heparin adminis-

tered during the procedure. Finally, the red blood cell

transfusion policy was standardized and based on departmental

practices with a transfusion trigger of 8 g/dL hemoglobin. Pla-

telets were not transfused before blood withdrawal before prot-

amine administration. If needed, 2 concentrates of fresh frozen

plasma were transfused per concentrate of red blood cells.

Patients were given an intravenous bolus of TXA of 10 mg/kg

of actual body weight at the time of incision, an additional

10 mg/kg of body weight if on CPB, and a continuous infusion

during surgery. Between February 7 and August 8, 2013,

patients received a continuous infusion of 2 mg/kg/h (lower

dose of TXA [LD-TXA]). During a 2-week period in August

2013, no patients were enrolled in the study because of internal

reorganization, and the dose of continuous TXA infusion was

adjusted after this break as an institutional decision. Patients

who underwent surgery between August 23, 2013, and October

31, 2016 received 8 mg/kg/h (higher dose of TXA [HD-TXA])

after the initial bolus. In cases of significant renal insufficiency,

the dose of TXA was reduced by �1.3 mg/kg/h for every

decrease in the glomerular filtration rate by�10 mL/min.

Methods

Anticoagulated blood samples (0.109 M buffered sodium

citrate 3.2%) were taken from an arterial catheter at the start of

surgery and before protamine administration. The before prot-

amine administration sample was taken 15 to 20 minutes

before protamine was administered while the patient was still

on CPB. Protamine was given after declamping of the aorta

and reperfusion. Laboratory samples taken after protamine

administration were not included in the present analysis.

Transport of the samples to the laboratory was conducted with

use of a validated pneumatic tube system within <5 minutes.

Hemostatic assessment was performed as previously

described.24 Conventional laboratory methods were applied

for the assessment of D-dimer levels (Innovance D-Dimer;

Siemens Healthcare Diagnostics GmbH, Eschborn, Germany)

and factor XIII activity (Berichrom factor XIII; Siemens) using

a BCS XP system (Siemens) at the start of surgery and before

protamine administration. High sensitivity and precision have

been shown for this D-dimer assay.25 Viscoelastic testing was

performed with thromboelastometry, and impedance aggreg-

ometry was conducted to assess the platelet function, also as

previously described.24 Conventional routine tests were used

for the assessment of the platelet counts and creatinine.

For disease-specific analyses, patients were grouped accord-

ing to the underlying disease, and baseline D-dimer levels (D-

dimer level at the start of surgery) were compared between

groups. Subgroup analyses were performed according to the
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following disease-modifying conditions: endocarditis in valve

disease, dissection in aortic disease, preexisting extracorporeal

life support (ECLS) in recipients of an LVAD, or preexisting

LVAD in patients undergoing HTX.

For surgery-specific analyses, in patients with HD-TXA

only, the development of D-dimers at the start of surgery to D-

dimers before protamine administration was ranked and ana-

lyzed for each of the 8 types of surgery (CABG here being

divided into on-pump and off-pump). In addition, the absolute

and relative intraoperative decrease in D-dimer levels for

patients undergoing aortic surgery were analyzed, excluding

patients with endocarditis. D-dimer levels of patients with aor-

tic disease complicated by dissection were compared with

those of the same number of consecutive patients without dis-

section from the same time period. Delta D-dimers (D-dimer

levels before protamine administration minus D-dimer levels

at the start of surgery) were calculated and correlated with the

time interval between blood sampling at the start of surgery

and before protamine administration. For the assessment of a

TXA dose effect, propensity score matching (PSM) was used

for matching HD-TXA with LD-TXA patients because it was

clear before analysis that the number of HD-TXA patients

would be greater because of the longer period during which

HD-TXA had been given. Matching with a caliper width of

0.1 included the following parameters: D-dimer levels at the

start of surgery, sex, weight, age, type of surgery, CPB, redo-

surgery, endocarditis, and time interval between the start of

surgery and before protamine administration. Furthermore, to

reduce confounding, the following additional coagulation stud-

ies at the start of surgery were included in the PSM: platelet

count, platelet function (adenosine diphosphate [ADP], arachi-

donic acid [ARA], thrombin receptor activating peptide

[TRAP]); fibrinogen function (FIBTEM); FXIII activity (lev-

els of FXIII); and coagulation times (INTEM, EXTEM). After

matching, D-dimer values at the start of surgery and before

protamine administration within and between both dose groups

were compared, as was the transition of D-dimer levels from

the start of surgery to before protamine administration after

categorization into the following 4 groups: normal (�0.50 mg/

L), slightly elevated (0.51-2.00 mg/L), strongly elevated

(2.01-5.00 mg/L), and greatly elevated (�5.01 mg/L). The

number of patients being moved into a lesser category (�1),

staying the same (0), or moving to 1 or 2 higher categories (+1

or +2) were analyzed for both the LD-TXA and the HD-TXA

groups. Categories for D-dimers at the start of surgery were

defined a priori based on clinical relevance of D-dimer ranges.

Statistical Analysis

The authors’ original hypothesis was that D-dimer levels in

cardiac surgery patients vary according to underlying disease

and to the type of surgery. Moreover, the authors hypothesized

that interindividual variability of D-dimer levels goes beyond

what can be explained by disease and surgery types. The effect

of 2 doses of TXA on D-dimer development was defined retro-

spectively as a secondary outcome. D-dimer levels at the start

of surgery and before protamine administration were defined

as the primary outcome. With regard to intraoperative D-dimer

development, relative changes seemed to present more inter-

esting information than the absolute data, and the authors

decided to use nonparametric statistical testing for this analy-

sis. For comparisons of D-dimer levels at the start of surgery

with levels before protamine administration according to dose

of TXA, sample sizes were assessed to be sufficient for

parametric testing. SPSS Statistics for macOS, Versions 24.0

and 25.0 (IBM Corp, Armonk NJ), was used for statistical test-

ing. Data are presented as mean § standard deviation. D-dimer

comparisons were assessed as follows. An analysis of variance

with Tamhane’s T2 post hoc tests was used to calculate differ-

ences in D-dimers at the start of surgery among types of dis-

eases. The Student 2-tailed t test was used for the subgroup

comparisons of D-dimer levels at the start of surgery and for

comparison of D-dimer levels at the start of surgery after

PSM. Intraoperative D-dimer development according to sur-

gery and the dose of TXA were calculated using the Wilcoxon

signed rank test. A decrease in D-dimer levels in aortic surgery

according to dissection and D-dimer changes between catego-

ries according to dose of TXA were analyzed using Pearson’s

chi-square test. Spearman’s correlation was used to correlate

the time of blood sampling between the start of surgery and

before protamine administration with intraoperative D-dimer

development. Results with a p value of < 0.050 were consid-

ered to be statistically significant.

Results

A total of 3,152 patients were enrolled. In the given time

frame, the majority of patients undergoing elective cardiac sur-

gery at the authors’ institution provided consent. A negligible

number of patients were not included for the sole reason of

denial of consent, and there was no indication for a systematic

error. Mean age was 68 years, mean weight was 82 kg, and

71% (2,239) of participants were male. LD-TXA was adminis-

tered to 265 patients, and 2,887 patients received HD-TXA.

Laboratory results were incomplete in 66 patients because of

variable technical or logistic reasons, without evidence for a

systematic error.

Within disease groups, a strong variability of disease-spe-

cific D-dimer levels before the start of surgery was found

(Fig 1). There was a statistically significant difference in D-

dimer levels at the start of surgery among the underlying types

of diseases (p < 0.001); post hoc, this difference was between

LVAD and all other types of surgery (p between <0.001 and

0.019, respectively). Patients with aortic disease in the absence

of dissection (n = 215) had significantly lower mean D-dimer

levels at the start of surgery than did patients with dissection

(n = 29) (1.26 § 2.61 mg/L v 12.28 § 21.39 mg/L; p = 0.010).

Patients who underwent valve surgery without endocarditis (n

= 1.106) had mean D-dimer levels at the start of surgery of

1.04 § 3.49 mg/L compared with 3.39 § 3.67 mg/L in the

presence of endocarditis (n = 103) (p < 0.001). The mean of

D-dimer levels at the start of surgery in 22 patients who under-

went HTX without preexisting LVAD (n = 6) was 0.49 §
0.26 mg/L, compared with 3.04 § 2.96 mg/L for patient with
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an LVAD (n = 16) (p = 0.052). Of the 82 patients who received

an LVAD, 26 (32%) were on ECLS. Mean D-dimer levels at

the start of surgery were 4.22 § 11.27 mg/L without ECLS

and 17.62 § 16.58 mg/L with ECLS (p = 0.001) (Fig 2).

Raw data for surgery-type�specific D-dimer development

(Delta D-dimers) are shown in Fig 3; respective rank of the

development of D-dimers from the start of surgery to before

protamine administration are given in Table 1. Antifibrinolytic

therapy with the TXA dose chosen (HD-TXA) was associated

with the following: (1) a predominant decrease of D-dimer lev-

els in patients undergoing off-pump CABG or, to a lesser

degree, on-pump CABG, single- valve surgery; and LVAD

implantation; (2) a predominant increase of D-dimer levels in

aortic surgery and HTX; and (3) variable development of D-

dimers in patients with multiple- valve surgery or a combina-

tion of CABG and valve surgery. Intraoperative D-dimer

development in aortic surgery (HD-TXA) with or without dis-

section is shown in Supplemental Fig 1. Eleven patients with

Fig. 1. Disease-specific D-dimer levels. Boxes show the 75th/25th percentiles and median. The antennae reach 1.5 interquartile range above/below the 75th/25th

percentiles. The circles are 1.5 to 3 interquartile range away from the 75th/25th percentiles, and the asterisks interquartile range are >3 interquartile range away

from the 75th/25th percentiles. The y-axis is logarithmic. CAD, coronary artery disease; LVAD, left ventricular assist device.

Fig. 2. Fibrinolysis-modifying conditions. Values are presented as mean § 1 standard deviation. ECLS, extracorporeal life support; LVAD, left ventricular assist

device.
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aortic disease were excluded from the subanalysis because of

coexisting endocarditis. D-dimer levels decreased from the

start of surgery to before protamine administration in 42% of

patients with aortic dissection compared with 31% of patients

without dissection (n = 26; p = 0.388), with a decrease in D-

dimer levels >10% in 38% v 15%, respectively (p = 0.061). A

significant positive correlation of length of timebetween ‘S’

and ‘bP’ with increasing D-dimer levels was found; however,

the correlation coefficient was low (r = 0.117; p < 0.001)

(Supplemental Fig 2).

For the assessment of a TXA dose effect, 201 patients from

the LD-TXA group were matched with 201 patients from the

HD-TXA group (Table 2 and Supplemental Fig 3 for matching

results). Mean D-dimer levels at the start of surgery did not

differ significantly between groups (1.06 v 1.12 mg/L; p =

0.801). Intraoperative D-dimer levels from the start of surgery

to before protamine administration increased significantly in

the LD-TXA group and, in contrast, decreased significantly in

the HD-TXA group (p < 0.001 and p = 0.004, respectively).

The box plots in Fig 4 show the distribution of respective val-

ues. Based on the pragmatic categorization of D-dimer levels

described in the Methods section, the transition between cate-

gories during surgery (Fig 5) was found to be significantly dif-

ferent between the LD-TXA and HD-TXA groups (p = 0.012).

The major effects of HD-TXA compared with LD-TXA were

prevention of normal D-dimer levels to pass into the slightly

elevated category and increased transition from the slightly

elevated category to normal values (Table 3).

Discussion

D-dimers have been used for the clinical assessment of fibri-

nolysis in cardiac surgery. Sample sizes, however, were small

and only CABG and/or valve surgeries were examined.9,10 In

the present study, preoperative and intraoperative D-dimer lev-

els of a large number of patients across all major cardiac sur-

geries were presented.

Although significant differences were found among disease

types, the major finding was a strong interindividual variability

within disease types (see Fig 1). However, the study demon-

strated that preexisting conditions modified coagulability and

fibrinolytic activity in a subgroup analysis (see Fig 2). In addi-

tion, aortic dissection, endocarditis, and extracorporeal circula-

tion devices were associated with increased baseline D-dimer

levels, which supported previous research.26-29 Again, in this

subgroup analysis, standard deviations of D-dimer levels were

high. According to the detailed subgroup comparison, the

assessment of fibrinolytic activity for diagnostic or therapeutic

Fig. 3. Intraoperative course of D-dimer levels according to the type of surgery in the higher-dose tranexamic acid group (8 mg/kg/h). The boxes show

the 75th/25th percentiles and median. The antennae reach 1.5 interquartile range above/below the 75th/25th percentiles. The circles are 1.5 to 3 inter-

quartile range away from the 75th/25th percentiles, and the asterisks are >3 interquartile range away from the 75th/25th percentiles. The y-axis is loga-

rithmic. Delta D-dimers = D-dimers before the administration of protamine minus D-dimers at the start of surgery. CABG, coronary artery bypass

grafting; LVAD, left ventricular assist device.
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purposes must be performed individually because it can neither

be deduced from disease type nor disease-modifying factors.

In addition to these disease-related D-dimer findings, sur-

gery-related D-dimer development between the start of surgery

and before protamine administration varied among and within

types of surgery in terms of trend (decrease or increase) and

absolute values. These observations were made with a standard

dose of TXA (HD-TXA). D-dimer levels decreased signifi-

cantly in off-pump and on-pump CABG, valve surgery, and

LVAD implantation (see Table 1). This may be considered as

the cumulative result of D-dimer elimination and D-dimer

replenishment, the latter being influenced by TXA. Previous

studies examining the intraoperative development of D-dimers

without antifibrinolytic therapy found no change or an increase

in D-dimer levels during CABG or valve surgery with

CPB.10,12 Additional studies are needed to compare hemor-

rhagic and thrombotic outcomes in patients with or without an

intraoperative increase of fibrinolysis. The fibrin turnover dif-

fers markedly between CABG/valve surgery and LVAD

implantation according to the absolute D-dimer levels at the

start of surgery. A substantial proportion of LVAD patients

had preceding ECLS support. Because LVAD implantation

preceding ECLS acts as a hot spot for fibrin generation and

degradation,30 the pronounced surgery-specific decrease of D-

dimer levels as observed in LVAD patients (see Fig 3) may at

least be explained partially by the removal of the ECLS.

Even though the dose of TXA for CABG and valve surger-

ies was the same for aortic and HTX surgeries, the D-dimer

levels significantly increased in the latter procedures. An

increase in fibrinolysis can be a result of tissue trauma and the

activation of coagulation in the CPB circuit.7,8,31 If CPB

effects were dominating, all types of on-pump surgery should

have shown an increase in fibrinolysis, which was not observed

in the present study. Tissue trauma inherently is more pro-

nounced in aortic and transplantation surgery, and activation

of coagulation and fibrinolysis may be especially high in sur-

gery involving the aorta.32 Aortic and transplantation surgeries

take longer, and a positive correlation of length of surgery

with an increase of D-dimer levels was found in the present

study. However, the intensity of this effect seemed to be too

weak to explain the observed increase in D-dimer levels. Nota-

bly, in aortic surgery, there seems to be a dependence of fibri-

nolysis on the presence of an aortic dissection. Even though in

the present study, overall there was a statistically significant

increase in D-dimer levels during aortic surgery (see Fig 3 and

Table 1), the level decreased in almost half the patients with

an aortic dissection (see Supplemental Fig 1). This observation

went together with a higher baseline fibrinolytic activity in

patients with dissection (see Fig 2). This high fibrin turnover

may be assumed to originate from the false lumen. Intraopera-

tive cessation of the false lumen to be perfused may be respon-

sible for the reversal of fibrinolytic activity. The authors

acknowledge that intraoperative development of D-dimers

likely was influenced by the absolute baseline D-dimer values

in all patients, and this was only evaluated in the aforemen-

tioned aortic dissection subanalysis.

The present study also demonstrated that intraoperative

fibrinolytic activity depended on the dose of TXA. The effects

of 2 doses of TXA on D-dimer development during surgery

were examined. The study distinguished between HD-TXA

and LD-TXA, and both were less than the standard “Blood

Conservation Using Antifibrinolytics in a Randomized Trial

Table 1

Ranks for D-Dimer Levels Before Protamine Administration Versus Levels at

the Start of Surgery With HD-TXA

Type of Surgery D-Dimer Levels at the Start of

Surgery to Before Protamine

Administration

n p Value

Off-pump CABG Negative* 665 < 0.001

n = 809 Positivey 101

Tiez 43

On-pump CABG Negative 398

n = 627 Positive 209 < 0.001

Tie 20

Single valve surgery Negative 410

n = 615 Positive 154 < 0.001

Tie 51

Multiple valve surgery Negative 74

n = 125 Positive 43 0.301

Tie 8

CABG + valve surgery Negative 166

n = 357 Positive 184 0.064

Tie 7

Aortic surgery Negative 71

n = 231 Positive 150 < 0.001

Tie 10

Heart transplantation Negative 3

n = 19 Positive 16 0.004

Tie 0

LVAD implantation Negative 45

n = 70 Positive 23 0.019

Tie 2

Abbreviations: CABG, coronary artery bypass grafting; HD-TXA, higher dose

of tranexamic acid (8 mg/kg/h); LVAD, left ventricular assist device.

*Negative: D-dimer level before the administration of protamine (mg/L) <

D-dimer level before the start of surgery (mg/L).

yPositive: D-dimer level before the administration of protamine (mg/L) >

D-dimer level before the start of surgery (mg/L).

zTie: D-dimer level before the administration of protamine (mg/L) = D-

dimer level before the start of surgery (mg/L).

Table 2

Number of Cases After PSM in LD-TXA Versus HD-TXA Groups

Type of Surgery LD-TXA (n) HD-TXA (n)

Off-pump CABG 38 47

On-pump CABG 43 45

Single valve surgery 53 42

Multiple valve surgery 12 11

CABG + valve surgery 30 29

Aortic surgery 18 14

Heart transplantation 1 1

LVAD implantation 6 12

Total 201 201

Abbreviations: CABG, coronary artery bypass grafting; HD-TXA, higher dose

of tranexamic acid (8 mg/kg/h); LD-TXA, lower dose of tranexamic acid (2

mg/kg/h); LVAD, left ventricular assist device; PSM, propensity score

matching.
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(BART)” dose.33 PSM was performed to provide equal base-

line D-dimer levels between groups. Other confounding varia-

bles also were matched successfully (see Supplemental Fig 3).

From the start of the surgery until before the administration of

protamine, there was a statistically significant increase in D-

dimer levels in the LD-TXA group compared with a decrease

in the HD-TXA group. Of note, the study matched according

to type of surgery, and the majority of procedures were bypass,

valve, and LVAD surgeries (see Table 2), which explained

why D-dimer levels decreased overall in the HD-TXA group.

It has been published that the short-term effect of TXA can be

detected by changes in D-dimer levels in women with

postpartum hemorrhage17 and in cardiac surgery.34-36 How-

ever, Faraoni et al.,36 by comparing different TXA doses, were

not able to demonstrate a dose-dependent antifibrinolytic

effect on the basis of D-dimer measurement. One explanation

for the discrepancy in the present study’s findings was that

patients with a disease-related increase of fibrinolytic activity

were excluded from the study by Faraoni et al. Furthermore,

continuous infusion doses were greater than in the present

study’s groups. The clinical significance of minute differences

of D-dimer levels in cardiac surgery is unclear. Thus, the

authors of the present study extended their analyses to a fibri-

nolysis assessment based on D-dimer categories. As shown in

Fig. 4. Course of intraoperative D-dimer levels according to the dose of tranexamic acid. The boxes show the 75th/25th percentiles and median, and the antennae

reach 1.5 interquartile range above/below the 75th/25th percentiles. Values exceeding the antennae are not displayed. HD-TXA, higher dose of tranexamic acid (8

mg/kg/h); LD-TXA, lower dose of tranexamic acid (2 mg/kg/h).

Fig. 5. Change of D-dimer level category according to the dose of tranexamic acid. Time span is from start of surgery to before administration of protamine. Cate-

gories for D-dimers are as follows: normal (�0.50 mg/L), slightly elevated (0.51-2.00 mg/L), strongly elevated (2.01-5.00 mg/L), greatly elevated (�5.01 mg/L).

HD-TXA, higher dose of TXA (8 mg/kg/h); LD-TXA, lower dose of TXA (2 mg/kg/h).
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Fig 5, D-dimer transition to a lower category was induced by

HD-TXA, which also prevented D-dimer transition to a higher

category. The present study’s results suggested that D-dimer

assessment may be used for pharmacodynamic monitoring of

TXA.

Although a recent meta-analysis found no increased risk for

thromboembolic events with TXA in cardiac surgery,37 the

risk for arterial and venous thromboembolic events has been

studied incompletely because studies have been insufficiently

powered.38-40 TXA also has epileptogenic potential, which is

considered a relevant adverse effect of the drug in cardiac sur-

gery,41,42 and lowering the dose for patients with other risk

factors could be reasonable.43 It was suggested in a recent

review44 that TXA dosing needs to be tailored to at least sub-

groups, or even individually. The authors of the present study

point out that antifibrinolytics commonly are used to decrease

bleeding in cardiac surgery, but there is a lack of clinical and

laboratory predictors of bleeding.44 TXA in a trauma setting

has been linked to an increased risk for in-hospital thrombo-

embolic events45 and mortality in patients with physiological

fibrinolysis assessed using thromboelastography.21 Thus, the

use of TXA has gained affirmative46,47 and critical21,45,48

attention. Altogether, based on existing evidence, it could be

hypothesized that fixed-dose TXA in the individual patient

may result in undertreatment with persisting bleeding risk or

overtreatment leading to thrombotic risk. Dose adjustments

may be based on D-dimer levels, among other factors. In a

study on probands undergoing CABG,35 D-dimer levels were

reduced even by miniscule doses of TXA, which meant TXA

had a clinically measurable effect on fibrinolysis in these

patients. The accompanying reduction of blood loss in these

patients35 was moderate in this study. Patients with a low risk

for bleeding (eg, CABG or single valve surgeries) with low

fibrinolytic activity as indicated by low D-dimer levels may

not benefit from intensive TXA dosing. On the other hand,

patients with a high risk for bleeding who simultaneously have

high D-dimer levels, such as aortic surgery patients in the pres-

ent study, may require higher doses of antifibrinolytic therapy

than what was used, as has been recommended previously.49

The authors acknowledge that the present study’s data could

not support this theory because they did not evaluate for a

dose dependency of perioperative bleeding or thrombosis.

Additional research is needed to address the potential of fibri-

nolysis monitoring with goal-directed dosing for improvement

of the risk-to-benefit ratio of antifibrinolytic therapies.

The present study had the following limitations. External

validity was limited because of the observational single-center

design. For the TXA dose analysis, the LD-TXA sample size

was very small compared with that of the HD group. PSM

results (see Supplemental Fig 3) demonstrated successful

matching with a narrow caliper of 0.1. Still, the 2 doses of

TXA were applied consecutively and not concurrently, and

confounding was possible. Furthermore, an effect of hemodilu-

tion on D-dimer levels at the measurement before protamine

administration was not excluded. In addition, coagulation and

fibrinolysis are complex processes involving many hemostatic

parameters in addition to D-dimer analysis.50,51 Viscoelastic

testing would provide more specific information on ongoing

fibrinolysis; however, D-dimers are a well-known standard

laboratory value and may be more accessible. Another limita-

tion was inadequate heparin dosing, which could have over- or

under- affected coagulation and influenced D-dimer levels,

although the ACT was closely monitored during all surgeries.

Lastly, preexisting coagulopathy was not evaluated and prior

antiplatelet or anticoagulation therapy was not considered.

In conclusion, cardiac surgery patients present with substan-

tial variability in fibrinolytic activity according to D-dimer

assessment. Fibrinolysis is influenced dose dependently by

TXA. The clinical relevance of the dose-response effect of

TXA on fibrinolysis must be addressed in future studies.
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Table 3

Transition Between D-Dimer Categories From the Start of Surgery to Before Protamine Administration Depending on TXA Dose

D-Dimer Levels Before Protamine Administration (mg/dL)

Normal (�0.50) Slightly Elevated

(0.51-2.00)

Strongly Elevated

(2.01-5.00)

Greatly Elevated

(�5.01)
Total

D-dimer levels at the

start of surgery (mg/

dL)

Normal (�0.50) LD-TXA 62 (67.4%) 28 (30.4%) 2 (2.2%) 0 92 (100%)

HD-TXA 80 (81.4%) 17 (17.3%) 1 (1.0%) 0 98 (100%)

Slightly elevated

(0.51-2.00)

LD-TXA 9 (10.1%) 69 (77.5%) 9 (10.1%) 2 (2.2%) 89 (100%)

HD-TXA 22 (26.2%) 58 (69.0%) 3 (3.6%) 1 (1.2%) 84 (100%)

Strongly elevated

(2.01-5.00)

LD-TXA 0 6 (37.5%) 8 (50.0%) 2 (12.5%) 16 (100%)

HD-TXA 0 5 (50.0%) 5 (50.0%) 0 10 (100%)

Greatly elevated

(�5.01)

LD-TXA 0 0 0 3 (100%) 3 (100%)

HD-TXA 0 0 1 (12.5%) 7 (87.5%) 8 (100%)

Total LD-TXA 71 (35.5%) 103 (51.5%) 19 (9.5%) 7 (3.5%) 200 (100%)

HD-TXA 102 (51.0%) 80 (40.0%) 10 (5.0%) 8 (4.0%) 200 (100%)

Abbreviations: HD-TXA, higher dose of tranexamic acid (8 mg/kg/h); LD-TXA, lower dose of tranexamic acid (2 mg/kg/h); TXA, tranexamic acid.
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