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Summary (German)

Perioperative Blutungsereignisse spielen in der Herzchirurgie eine zentrale Rolle. Zu ihrer
Vermeidung empfehlen Leitlinien eine interdisziplindre Zusammenarbeit im Sinne eines
patient blood managements mit point-of-care Diagnostik und Algorithmus-basierten
Transfusionsstrategien. Blutungen kénnen auf eine bereits bestehende Koagulopathie, die
vorherige Anwendung von Antithrombotika, chirurgische Komplikationen, sowie die
Aktivierung der Gerinnung und Fibrinolyse aufgrund eines Gewebetraumas, einer
GefaRverletzung oder der Herz-Lungen-Maschine (HLM) zurick zu flhren sein. Als
blutsparende Mallnahme wird in der Herzchirurgie das Fibrinolyse hemmende Medikament
Tranexamsaure (TXA) eingesetzt. D-dimere als Fibrin Spaltprodukte kdnnen, zusammen mit
anderen Parametern, zur Diagnose der Fibrinolyse verwendet werden. Sie wurden bereits
untersucht als Prddiktor nicht nur fiir thrombotische Ereignisse wie der tiefen
Beinvenenthrombose, sondern auch fiir gleichzeitiges Blutungs- und Thromboserisiko in
bestimmten Patientenpopulationen. Es war unsere Hypothese, dass in der Herzchirurgie die
perioperative fibrinolytische Aktivitdt abhdngig ist von der kardiochirurgischen
Grunderkrankung, des durchgefiihrten Eingriffs, sowie der Dosis der antifibrinolytischen
Therapie. Dariliber hinaus stellten wir die Hypothese, dass dieser Effekt mithilfe von D-dimer
Messungen diagnostiziert werden kann. In der Klinik fir Herzchirurgie des
Universitatsklinikums Dusseldorf untersuchten wir retrospektiv die D-dimer Spiegel 3152
volljdhriger Patienten, die sich zwischen Februar 2013 und Oktober 2016 einer
standardmaligen elektiven Herzoperation unterzogen. D-dimer Spiegel wurden intraoperativ
an zwei Zeitpunkten ermittelt: zu Beginn der Operation ('S') und kurz vor der Gabe von
Protamin ('bP'). Zusatzlich wurde die Dosierung von TXA wahrend des analysierten
Zeitrahmens erhoht, und die intraoperative D-dimer Entwicklung zwischen den Kohorten
verglichen. Wir fanden eine hohe Variabilitat der D-dimere zu Beginn der Operation zwischen
den Krankheitsarten (p<0,01), und auch interindividuell. Pradisponierende Faktoren fir
erhohte D-dimere waren Endokarditis, Aortendissektion und vorherige extrakorporale
Zirkulation (p<0,01). Intraoperativ fanden wir fallende D-dimer Spiegel wahrend koronarer
Bypass Operationen mit und ohne HLM, Einzelklappenoperationen und left ventricular assist
device (LVAD) Implantationen (p<0,02), sowie steigende Spiegel wahrend aortenchirurgischer
Eingriffe und Herztransplantationen (p<0,01). Die intraoperative D-dimer Dynamik wurde
signifikant durch eine hohere oder niedrigere Tranexamsduredosis (p<0,01) beeinflusst.
Zusammenfassend konnten wir eine praoperative Variabilitat der fibrinolytischen Aktivitat
bei herzchirurgischen Patienten nachweisen, die nicht vollstandig durch zugrunde liegende
Pathologien erklart wurde. Zusatzlich war die intraoperative D-dimer Entwicklung abhangig
vom durchgefihrten Eingriff. Abgesehen von LVAD Implantationen korrelierten Eingriffe mit
geringem Risiko mit fallenden, und Eingriffe mit hohem Risiko mit intraoperativ steigenden
D-dimer Spiegeln. Im Vergleich zu vorhandener Literatur waren unsere beiden TXA
Dosierungsprotokolle niedrig. Die klinischen Implikationen dieser Ergebnisse miissen weiter
untersucht werden, aber eine perioperative Uberwachung der Fibrinolyse, beispielsweise mit
Hilfe des bereits etablierten Laborwerts D-dimere, kdnnte im Kontext der Herzchirurgie
nitzlich sein.



Summary (English)

Perioperative hemorrhagic complications are common in cardiac surgery. Current guidelines
recommend patient blood management as an interdisciplinary approach for prevention and
treatment of bleeding, involving point-of-care diagnostics and algorithm-based transfusion
strategies. Bleeding may be a result of preexisting coagulopathy, prior use of antithrombotic
drugs, surgical complications, as well as the activation of coagulation and fibrinolysis due to
tissue trauma, vascular injury and cardiopulmonary bypass (CPB). The inhibition of fibrinolysis
by routine perioperative application of antifibrinolytic drugs, such as tranexamic acid (TXA) is
an effective strategy for prevention of blood loss. D-dimers as fibrin split products can be
utilized, among other parameters, for diagnosis of fibrinolysis. They have been studied as a
predictor not only for thrombotic events such as deep venous thrombosis, but also for
bleeding and thrombosis simultaneously in several patient populations. We hypothesized
that in cardiac surgery, perioperative fibrinolytic activity depends on underlying disease and
performed surgery, as well as on the dose of antifibrinolytic therapy. Furthermore, we
hypothesized that these effects can be diagnosed using D-dimer monitoring. At the
Department of Cardiac Surgery at the Dusseldorf University Hospital, we retrospectively
examined D-dimer levels from 3152 adult patients undergoing standard elective cardiac
surgery between February 2013 and October 2016. D-dimer levels were obtained at two
points during the surgery: at the start of surgery (‘S’), and before the administration of
protamine (‘bP’). Dosing of TXA was increased during the analyzed timeframe, and D-dimer
development was compared between the cohorts. We found a high variability of D-dimer
levels at the start of surgery between types of disease (p<0.01), and also interindividually.
Predisposing factors for increased D-dimers were endocarditis, aortic dissection and previous
extracorporeal life support (p<0.01). Intraoperatively, under a fixed higher dose of tranexamic
acid, we found decreasing D-dimer levels in on- and off-pump coronary bypass surgery, single
valve surgery and left ventricular assist device (LVAD) implantation (p<0.02, respectively), and
increasing levels in aortic surgery and heart transplants (p<0.01, respectively). Intraoperative
D-dimer development was significantly influenced by a higher or lower dose of tranexamic
acid (p<0.01). In conclusion, we were able to demonstrate preoperative variability of
fibrinolytic activity in cardiac surgery patients, which could not entirely be explained by
underlying pathologies. Intraoperative trends of D-dimer development were divergent
between types of performed surgery. Apart from LVAD implantations, low-risk surgeries were
correlated with decreasing, and high-risk surgeries with increasing intraoperative D-dimer
levels. In comparison to existing literature, both our TXA dosing protocols were low. The
clinical implications of these findings require further examination, but the use of the
established laboratory value D-dimer for perioperative monitoring of fibrinolysis may be
useful in the context of cardiac surgery.
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Abbreviations

ATACAS Aspirin and Tranexamic Acid for Coronary Artery Surgery

BART Blood Conservation Using Antifibrinolytics in a Randomized Trial
‘bP’ before protamine administration

CABG coronary artery bypass grafting

CAD coronary artery disease

CKD chronic kidney disease

CPB cardiopulmonary bypass

CRASH-2 Clinical Randomization of an Antifibrinolytic in Significant

Haemorrhage-2

DVT deep venous thrombosis

EACA epsilon aminocaproic acid

ECC extracorporeal circulation

HD-TXA higher dose of tranexamic acid

IE infective endocarditis

LD-TXA lower dose of tranexamic acid
LVAD left ventricular assist device
OPCAB off-pump coronary artery bypass
PAI-1 plasminogen activator inhibitor - 1
PBM patient blood management

PE pulmonary embolism

POC point-of-care

ROTEM® rotational thromboelastometry
RBC red blood cells

‘s’ start of surgery

t-PA tissue-type plasminogen activator
TEG® thromboelastography

TXA tranexamic acid

u-PA urinary-type plasminogen activator
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1 Introduction

More than 1 million patients undergo cardiac surgery per year worldwide [2].
Perioperative hemorrhage is a major complication in this specialty, causing morbidity
and mortality [3]. Postoperative hemorrhage is more prevalent than in other specialties,
and re-operation rates have been reported between 2.2 and 9.0 % [4]. For prevention
of bleeding, there is a Class IA recommendation for the continuous intraoperative
intravenous application of antifibrinolytic therapy, such as tranexamic acid (TXA) in
cardiac surgery [5]. It has been extensively studied and is widely accepted that TXA has
blood sparing effects compared with placebo during cardiac surgery and in other

hemorrhagic conditions [6-9].

The use of extracorporeal circulation (ECC) such as cardiopulmonary bypass (CPB)
presents additional challenges for hemostatic management in this field. CPB leads to
activation of coagulation and fibrinolysis [10, 11] and is associated with an increased risk
for bleeding [12, 13]. Furthermore, patients with coronary artery disease (CAD)
commonly take antiplatelet therapy, and this further increases the risk for perioperative
hemorrhage [14]. Nearly half of patients undergoing coronary artery bypass grafting
(CABG) on CPB, which belongs to the lower risk category of cardiac surgeries, receive at
least one unit of red blood cells (RBC) [15]. Therefore, optimization of perioperative
hemostatic balance is necessary and has the potential of improving re-operation rates,
morbidity and mortality. Thus, patient blood management (PBM) commissions have
been implemented in most clinics. PBM is an interdisciplinary approach to the
diagnostics and treatment of pre-, intra- and postoperative bleeding and coagulation in
cardiac surgery patients and has been shown to reduce bleeding and transfusion [16].
The European Association for Cardio-Thoracic Surgery (EACTS) in collaboration with the
European Association of Cardiothoracic Anesthesia (EACTA) has developed detailed

guidelines for PBM in adult cardiac surgery [16].

In addition to the interdisciplinary approach and the thorough evaluation for prior

antiplatelet or anticoagulant treatment and its correct intermission, one of the key



elements of PBM is intra- and postoperative bleeding management. This includes
perioperative point-of-care (POC) monitoring of several hemostatic laboratory values
and the establishment of transfusion algorithms based on these tests. Early efforts
towards POC based treatment in cardiac surgery were already undertaken by Despotis
et al. in 1994 [17], who implemented a transfusion algorithm based on perioperatively
measured standard coagulation tests. Patients treated with the algorithm had lower
mediastinal chest tube drainage perioperatively and received fewer transfusions. Since
then, POC testing has expanded tremendously with the development of new laboratory
technology. Viscoelastic testing in particular has been established in several clinical
settings including cardiac surgery. It includes thromboelastography (TEG®) and
rotational thromboelastometry (ROTEM®) [18], which continuously measure the
viscoelasticity of coagulating whole blood. The utilization of TEG- or ROTEM- based
transfusion algorithms has been shown to reduce transfusion rates of all blood products
in cardiac surgery patients [19] as well as in patients with hemorrhage from other
specialties [18]. Additionally, viscoelastic testing may distinguish surgical bleeding from

coagulopathy in cardiac surgery [19].

In some cases the underlying cause for postoperative hemorrhage requiring re-
exploration can be traced to a surgical site for bleeding [20], but hemostatic
disturbances referred to as microvascular bleeding [21] or more broadly as
coagulopathy [4] can be the source as well. The use of CPB specifically is associated with
coagulation defects and bleeding with multifactorial origin [11, 22]. CPB has been shown
to cause platelet lysis and loss of platelet function in particular [12, 23] and activation of
coagulation and fibrinolysis [11, 24]. This is one of the reasons why antifibrinolytics are

routinely applied for reduction of blood loss in this field.

Despite the unfavorable associations of CBP with disturbances of the hemostatic
system, the use of CPB in particular also presents the opportunity for additional
analyses. In cardiac surgery, due to the use of CPB, the onset of bleeding usually does
not occur until reperfusion. RBC concentrates, platelets and fresh frozen plasma (FFP),
as well as hemotherapeutic products such as fibrinogen or coagulation factors are often

not transfused until after reversal of heparin. This gives us an intraoperative time span



which is relatively uninfluenced by transfusions and allows us to obtain valuable
diagnostic information. Hemostatic changes during this time period will either be
attributable to surgery, or to CPB, or to the preoperative hemostatic status. This will be

discussed in the following chapters.

1.1 Activation of Coagulation

Coagulation and fibrinolysis are ongoing, self-regulating processes in healthy individuals
[25]. Any disturbance can lead to thrombosis or hemorrhage. Diseases, such as
coagulopathies or bleeding diathesis, widespread medications such as antiplatelet and
anticoagulant treatment, as well as surgical trauma pose a major threat to hemostasis,
which is why this topic has major clinical implications. Additionally, in cardiac surgery,
ECC such as CPB is specifically associated with activation of coagulation as mentioned
above [10]. Two pathways for this have been described. On the one hand, there is the
contact activation via the intrinsic pathway, which starts with the activation of Factor
XIl. On the other hand, there is also activation through tissue trauma via the extrinsic
pathway, which begins with tissue factor and activation of Factor VII. The coagulation
cascade leading to thrombin activation and clot formation via both pathways has been
described in detail by Mann et al. [26], and specific to cardiac surgery with CPB by
Edmunds et al. [27]. There is, however, conflicting literature on this topic as following.
It seems quite plausible that during the use of CPB, thrombin is generated via the
intrinsic pathway through contact activation at the surface of the circuit [10]. On the
other hand, Boisclair et al. [28] found no association of thrombin with Factor Xlla levels
in patients under CPB, and thrombin generation preceded the increase in levels of Factor
Xla in this study. Similarly, the same amount of thrombin formation was found in a
pediatric patient with severe Factor Xll deficiency as in healthy patients undergoing CPB

[29]. Based on these findings, the role of the intrinsic pathway is unclear.

Tissue trauma will be prevalent during all surgery, and extrinsic activation of the
coagulation cascade will occur during any surgery, this is not specific to the use of CPB.

The establishment of off-pump cardiac surgery, which will be discussed in later chapters,



therefore offers the possibility for further insight on this matter. Biglioli et al. [30]
compared inflammatory and coagulation markers between on- and off-pump cardiac
surgery and found that tissue trauma plays an equal, possibly larger role in activation of
coagulation in cardiac surgery than contact activation via the intrinsic pathway.
Sniecinski et al. [31] presented in a literature review that there are several effects of CPB
on coagulation which are described in detail in their work. While the intrinsic pathway
via contact activation may or may not lead to thrombin formation under CPB, contact
activation does cause production of kallikrein and bradykinin on the surface of the CPB
circuit [31]. This is strongly relevant to our study, as bradykinin leads to increased t-PA-
antigen (tissue-type plasminogen activator) levels [32]. t-PA enables fibrin degradation
and therefore, fibrinolysis, which is a relevant cause of hemorrhage in cardiac surgery

[31].

1.2 Fibrinolysis

While the examination of underlying pathophysiological mechanisms of fibrinolysis are
not the focus of this work, they are relevant in the total context of CPB induced
fibrinolysis and the discussion of antifibrinolytic therapy. The following text gives an

overview.

A fibrin clot is formed at the end of the coagulation cascade [24], and can be dissolved
in the process of fibrinolysis. Fibrin is degraded by plasmin, which is activated from
plasminogen either by t-PA or urinary-type plasminogen activator (u-PA) [33]. The
activation of plasminogen by u-PA is cell-bound and contributes to cell surface
proteolytic activity unspecific to fibrinolysis [34]. It is therefore less of interest to this
study. t-PA, however, plays a key element in fibrinolysis and is relevant to this study in
the context of antifibrinolytic therapy. t-PA binds to plasminogen, which is activated to
plasmin and degrades fibrin. As fibrin is a cofactor for t-PA, fibrinolysis a physiologic and
self-regulatory process [35]. In a thrombotic or embolic state, fibrinolysis can be

clinically induced by recombinant t-PA in patients with myocardial infarction [36].



Fibrinolysis is a coordinated physiological process [25] and the plasmin induced
degradation of fibrin is counteracted by two main enzymes involved in inhibition of
fibrinolysis. Firstly, the plasminogen activator inhibitor type 1 (PAI-1), which is released
from endothelial cells, platelets and adipose tissue [37], forms a complex with t-PA, the
t-PA/PAI-1 complex. This complex prevents t-PA from binding to plasminogen and
activating it. Secondly, inhibition of fibrinolysis can also occur at the level of plasmin by
the glycoprotein a2-antiplasmin [38], which, similarly to u-PA mentioned above, plays a

subordinate role in this study.

In the process of fibrin degradation, D-dimers as fibrin split products are formed.
Detailed descriptions of this process as well as the molecular structures of D-dimer [39],
fibrin and fibrinogen [40] have been published elsewhere. In short, cross-linked fibrin
polymer is degraded by plasmin in several steps. This produces the terminal D-dimer-E-
complex, which contains D-dimer antigen epitopes. The clinical relevance lies in the
ability of D-dimer antibody assays to recognize these antigen epitopes [39]. The
measurement of D-dimers, as products of fibrin degradation are considered a useful
laboratory value for clinical detection of fibrinolysis [41]. D-dimer measurements are
now performed regularly in several clinical scenarios including cardiac surgery which will

be described in the following paragraphs.

1.3 Clinical Applications of D-dimers

The clinical usefulness of D-dimers was originally determined in the context of exclusion
of deep venous thrombosis (DVT) and pulmonary embolism (PE) [42], which are
thrombotic events. D-dimers have a high negative predictive value in this setting, as
assays can detect D-dimer antibody on only small amounts of crosslinked fibrin [39]. A
negative D-dimer replaces expensive tests such as spiral CT scan and compression

ultrasound [43], establishing D-dimers a standard laboratory value.

While DVT and PE and are thrombotic events, there are an increasing number of clinical

investigations examining an association of elevated D-dimers not only with thrombosis



but also with bleeding events. Sub-studies of large trials evaluating anticoagulant
treatment have published the association of D-dimer levels with concurrent thrombotic
and hemorrhagic events in patients with atrial fibrillation [44, 45]. Christersson et al.
[44] found that higher D-dimer levels predicted bleeding and thrombosis after a median
follow-up time of 1.9 years in patients randomized to anticoagulant treatment (Warfarin
or Apixaban) or no anticoagulant treatment. The addition of D-dimer levels to the
CHADS;-Score [46] improved the prediction of stroke, systemic embolism and death in
both groups in this study, particularly in the group taking anticoagulants. Comparably,
the addition of D-dimer levels to the HAS-BLED score [47] improved the prediction of
major bleeding as well. Siegbahn et al. [45] found similar results in patients with atrial
fibrillation under anticoagulative treatment with either dabigatran or warfarin. Patients
with higher D-dimers had a higher risk of stroke, systemic embolism, cardiovascular

death, and major bleeding.

D-dimer levels were analyzed in minute categories in these trials [44, 45]. The second
lowest category of D-dimer levels in the trial by Siegbahn et al. [45] was between 298
and 473 pg/l, which is still considered a normal range, and the risk for thrombotic and
bleeding events was significantly higher in this group compared to the lowest category
of <298 ug/l. Both studies [44, 45] also showed lower baseline D-dimers in patients who
received prior anticoagulant treatment, and Siegbahn et al. [45] found decreases in D-
dimer levels over the course of three and six months on anticoagulant treatment.
Similarly, the short-term effect of anticoagulative treatment in patients with acute PE

can be monitored by decreasing levels of D-dimers as well [48].

In addition to the association of higher D-dimers with cardiovascular death found by
Siegbahn et al. [45], is has been shown that elevated D-dimer levels may predict future
myocardial infarctions in healthy men [49], although a causal association has not been
proven [50]. Postoperative myocardial injury has also been associated with
perioperative hypercoagulability, determined by elevated D-dimer levels among other

parameters, in vascular patients [51, 52].



In addition to their implications in the prediction or diagnosis of venous thrombosis,
myocardial injury and bleeding, D-dimers representing fibrinolysis have received
increasing attention in the context of acute coagulopathy in severely injured trauma
patients. The involved pathophysiological mechanisms of this coagulopathy have been
described by Brohi et al. in several publications [53-55]. Trauma patients with
hypoperfusion develop systemic hypocoagulation and hyperfibrinolysis, and
hemorrhage is the major cause of death in this patient population. Brohi et al. [55]
demonstrated an association of higher t-PA and D-dimers with hyperfibrinolysis. Higher
D-dimer levels also correlated with increasing injury severity score (ISS), indicating
worsening hyperfibrinolysis with more severe injury. Empiric application of
antifibrinolytic therapy for treatment of hemorrhage in trauma patients has been added

to the trauma guidelines in recent years, and this will be illustrated in a later paragraph.

1.4 D-dimers in Cardiac Surgery

In cardiac surgery, D-dimers as markers for fibrinolytic activity have been examined in
several clinical outlines. They have been associated with CPB, as well as short- and long-

term postoperative morbidity, such as bleeding and myocardial infarction.

In studies performed before the era of antifibrinolytic therapy, several authors have
correlated increased intra- and postoperative D-dimer levels with CPB [56, 57]. One of
the studies found D-dimer levels remained increased for the entire one-month follow-
up period after coronary bypass surgery regardless of intraoperative antifibrinolytic
treatment [56]. The authors conclude that the effect of CPB on the fibrinolytic system
lasts up to thirty days after surgery. However, whether this effect was specific to CPB is
not clear. Wang et al. [58] found a peak in D-dimer levels at the 1-month follow-up time
point in patients who received cardiac surgery without CPB and without antifibrinolytic
therapy. A normalization of D-dimer values did not occur until the 3-months follow-up
time point. Also, postoperative morbidity was associated with higher D-dimers in this
study, similarly to the findings in vascular surgery patients mentioned above [51, 52].

The authors [58] found that 10 % of patients suffered recurrent angina within the one-



year follow-up period after off-pump CABG and these patients had significantly higher

D-dimer levels at the one-month follow-up point.

1.5 Antifibrinolytics

The most common antifibrinolytic agents are aprotinin, epsilon aminocaproic acid
(EACA) and TXA [59]. Aprotinin is derived from bovine lung tissue [60], while EACA and
TXA are synthetically produced lysine analogs [6]. This work focuses on TXA, as it was
applied in our study. The mechanisms of action of TXA are as following: TXA inhibits the
activation of plasminogen, and at higher doses the activity of plasmin directly [61]. The
inhibition of fibrinolysis explains its antihemorrhagic effect. It is also useful
diagnostically, as the antifibrinolytic effect of TXA can be monitored using D-dimer
levels, as has been done in previous studies [62-64]. On a side note, TXA possesses a
further antihemorrhagic effect by indirectly inhibiting the plasmin mediated activation
of GP-Ib/IX receptors on the surface of platelets [65], which normally induces platelet

activation, although this is less relevant to our work.

Due to its low cost and high clinical usefulness, TXA belongs to the list of essential
medicines published by the World Health Organization [66]. It is used for prevention and
treatment of surgical and non-surgical hemorrhage in several clinical settings, most
commonly in trauma [67] and cardiac surgery [9]. However, certain predicaments in the

uncritical application of TXA exist.

The CRASH-2 trial (Clinical Randomization of an Antifibrinolytic in Significant
Haemorrhage-2) [67], a large multicenter, multinational randomized placebo-controlled
trial on trauma patients, demonstrated a significant reduction of all-cause mortality and
death due to bleeding in the group treated with TXA compared to placebo. The authors
also found a decreased risk of death due to myocardial infarction, which had been a
previous safety concern. The application of 1 g of TXA as a loading dose and an additional
1 g over an 8 hour infusion is now recommended by the European trauma guideline [68].

However, concerns with regards to safety persist in the context of trauma and surgery



[69, 70]. Hunt [71] points out that the CRASH-2 results should not be extrapolated
uncritically to settings such as cardiac surgery, as TXA may have thromboembolic [70],
and epileptogenic side effects [9] in this context. This may be due to coexisting
coagulopathies in this specialty, as pointed out by Simmons et al. [72]. Concerns
regarding safety of TXA remain in recent publications. The 2017 EACTS/EACTA guidelines
[16] give the highest level of recommendation, Class IA, for the intraoperative
administration of tranexamic acid or aprotinin, but additional research on safety is called

for by the authors.

In terms of optimal dosing of TXA for reduction of bleeding, a relatively wide range has
been examined. Earlier studies found conservative dosing strategies, such as a single
bolus of 10 mg of TXA before sternotomy, effective [73]. Horrow et al. [62] found similar
results. Intermediate doses were examined in subsequent studies, such as the “BART”
dose (Blood Conservation Using Antifibrinolytics in a Randomized Trial) [74], and
recently very high doses in a large trial by Myles et al. [9]. However, optimal doses have
not been established. In contrast to the trauma guideline which gives a clear dosing
protocol for TXA [68], the above-mentioned EACTS/EACTA guideline for TXA in cardiac
surgery surprisingly does not give any recommendation for dosing [16]. It has recently
been proposed [22, 75] to base dosing strategies on risk of performed surgery. A large
meta-analysis for determination of safety and efficacy of TXA is under progress [76], and

may give further insight.

1.6 Ethics Approval

Data collection for this work was approved by the local ethics committee (study number
4331) and the standards of good clinical practice were maintained with respect to all
aspects of this work. A more detailed description referring to this can be found in our

publication [1].



1.7 Objectives of this Work

Improving diagnostic and treatment options for cardiac surgery patients to decrease
hemorrhage and transfusion rates is relevant to patient safety and is recommended by
current guidelines [16]. D-dimers are an accessible laboratory value and have thoroughly
been explored in non-cardiac scenarios. Their usefulness as a marker for fibrinolysis in
the context of cardiac surgery, though, has not been fully understood. As the clinical
setting of cardiac surgery presents several opportunities for disruption of hemostasis
and fibrinolysis as described in the chapters above, it is our goal to examine whether
differences in perioperative fibrinolytic activity exist, and whether they are reflected by
D-dimer measurement. We hypothesize that preoperative fibrinolytic activity differs
according to the underlying cardiac disease. Furthermore, tissue trauma, CPB and other
factors may influence intraoperative fibrinolysis. Therefore, we hypothesize that
intraoperative changes in fibrinolysis differ according to performed surgery, and that
these changes may be monitored using D-dimers. In a secondary outline, we suggest
that the effect of two doses of antifibrinolytic therapy may be reflected by differences

in D-dimer dynamic during surgery.
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result of thrombus formation, elevated D-dimer levels give a
prothrombotic signal, reflecting activation of coagulation and
fibrinolysis.” In contrast, elevated D-dimer levels resulting
from hyperfibrinolysis are indicative of a hemorrhagic risk.’
Elevated D-dimer levels also can imply coexisting thrombotic
and hemorrhagic propensity, such as in disseminated intravas-
cular coagulation” or in atrial fibrillation with anticoagulative
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treatment.”® In cardiac surgery, intraoperative fibrinolysis is
relevant in the context of tissue trauma’ and cardiopulmonary
bypass (CPB),® which has been studied previously using D-
dimer levels.”'" Higher D-dimer levels have been correlated
with increased postoperative bleeding after coronary artery
bypass grafting (CABG) and/or valve surgery'''> and with
graft occlusion rates after CABG."?

The antifibrinolytic tranexamic acid (TXA) decreases bleed-
ing in cardiac'*'" and noncardiac surgery'® and in postpartum
hemorrhage.'” Antifibrinolytics such as TXA inhibit the for-
mation of plasmin from plasminogen,'® which degrades fibrin.
Their intraoperative administration is a class IA recommenda-
tion in cardiac surgery.'’ However, limited efficacy and safety
data on TXA are available with respect to patient subgroups.
Dosing schemes vary widely.”’ Usually, it is institutional rou-
tine to administer TXA at a fixed dose without taking the indi-
vidual hemostatic and fibrinolytic statuses into account.'® In a
trauma setting, the administration of TXA to patients with
physiological fibrinolysis is associated with increased mortal-
ity.”! An individualized approach to dosing using standard and
thromboelastometric coagulation tests for diagnostic evalua-
tion of fibrinolytic activity is under discussion.”' >

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 Diusseldorf 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°C. 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.”* 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.”” Viscoelastic testing was
performed with thromboelastometry, and impedance aggreg-
ometry was conducted to assess the platelet function, also as
previously described.”* 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 ¢ 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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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.

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
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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-
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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.

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.”'" 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.”®~’ 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
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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 n p Value
Surgery to Before Protamine
Administration

Off-pump CABG Negative " 665 < 0.001

n =809 Positive' 101
Tie' 43

On-pump CABG Negative 398

n=627 Positive 209 < 0.001
Tie 20

Single valve surgery Negative 410

n=0615 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).
t Positive: D-dimer level before the administration of protamine (mg/L) >
D-dimer level before the start of surgery (mg/L).
1 Tie: D-dimer level before the administration of protamine (mg/L) = D-
dimer level before the start of surgery (mg/L).

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

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.

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.'"'? 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,*” 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.”**' 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.”” 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
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mg/kg/h); LD-TXA, lower dose of tranexamic acid (2 mg/kg/h).

(BART)” dose.”” 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

LD-TXA

2.0% 7.5%

71.0%

m -1 category

H no change
+1 category
+2 categories

postpartum hemorrhage'” and in cardiac surgery.””° How-
ever, Faraoni et al.,”° 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

HD-TXA
1.0%

10.0%

14.0%

75.0%

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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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 Strongly Elevated Greatly Elevated Total
(0.51-2.00) (2.01-5.00) (=5.01)

D-dimer levels at the ~ Normal (<0.50) LD-TXA 62 (67.4%) 28 (30.4%) 2 (2.2%) 0 92 (100%)
start of surgery (mg/ HD-TXA 80 (81.4%) 17 (17.3%) 1(1.0%) 0 98 (100%)
dL) Slightly elevated LD-TXA 9 (10.1%) 69 (77.5%) 9 (10.1%) 2(2.2%) 89 (100%)

(0.51-2.00) HD-TXA 22 (26.2%) 58 (69.0%) 3(3.6%) 1 (1.2%) 84 (100%)
Strongly elevated LD-TXA 0 6 (37.5%) 8 (50.0%) 2 (12.5%) 16 (100%)
(2.01-5.00) HD-TXA 0 5(50.0%) 5(50.0%) 0 10 (100%)
Greatly elevated LD-TXA 0 0 0 3 (100%) 3 (100%)
(=5.01) 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.

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,”’ the
risk for arterial and venous thromboembolic events has been
studied incompletely because studies have been insufficiently
powered.”®*” TXA also has epileptogenic potential, which is
considered a relevant adverse effect of the drug in cardiac sur-
gery,”"** and lowering the dose for patients with other risk
factors could be reasonable.*’ It was suggested in a recent
review"* 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.** TXA in a trauma setting
has been linked to an increased risk for in-hospital thrombo-
embolic events*’ and mortality in patients with physiological
fibrinolysis assessed using thromboelastography.”' Thus, the
use of TXA has gained affirmative’®*’ and critical®*>**
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,*” 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
patients™ 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.*’
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.’*' 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.

Conflict of Interest

The authors declare no competing interests.
Acknowledgments

The authors gratefully acknowledge the contribution of

all coworkers in the Department of Transfusion Medicine
and Clinical Hemostaseology, particularly Kantharupan



2672 V. Besser et al. / Journal of Cardiothoracic and Vascular Anesthesia 34 (2020) 2664—2673

Balasubramaniam, and in the Departments of Cardiac Surgery
and Anesthesiology, for maintaining the standard for intrao-
perative diagnostics and hemotherapeutic care.

Supplementary materials

Supplementary material associated with this article can be
found in the online version at doi: 10.1053/j.jvca.2020.03.040.

References

—

Wilde JT, Kitchen S, Kinsey S, et al. Plasma D-dimer levels and their rela-
tionship to serum fibrinogen/fibrin degradation products in hypercoagula-
ble states. Br J Haematol 1989;71:65-70.

Weitz J1, Fredenburgh JC, Eikelboom JW. A test in context: D-dimer. J

Am Coll Cardiol 2017;70:2411-20.

Otani T, Sawano H, Natsukawa T, et al. D-dimer predicts bleeding compli-

cation in out-of-hospital cardiac arrest resuscitated with ECMO. Am J

Emerg Med 2018;36:1003-8.

4 Wieding JU, Eisinger G, Kostering H. [Diagnosis of disseminated intravas-
cular coagulation: The value of soluble fibrin, D-dimers and fibrin(ogen)
split products]. Klinische Wochenschrift 1989;67:764-73.

5 Christersson C, Wallentin L, Andersson U, et al. D-dimer and risk of

thromboembolic and bleeding events in patients with atrial fibrillation —

observations from the ARISTOTLE trial. J Thromb Haemost
2014;12:1401-12.

Siegbahn A, Oldgren J, Andersson U, et al. D-dimer and factor VIIa in

atrial fibrillation - prognostic values for cardiovascular events and effects

of anticoagulation therapy. A RE-LY substudy. Thrombosis Haemostasis
2016;115:921-30.

Boisclair MD, Lane DA, Philippou A, et al. Mechanisms of thrombin

generation during surgery and cardiopulmonary bypass. Blood

1993;82:3350-7.

Casati V, Gerli C, Franco A, et al. Activation of coagulation and fibrinoly-

sis during coronary surgery: On-pump versus off-pump techniques. Anes-

thesiology 2001;95:1103-9.

9 Hunt BJ, Parratt RN, Segal HC, et al. Activation of coagulation and
fibrinolysis during cardiothoracic operations. Ann Thorac Surg
1998:65:712-8.

10 Whitten CW, Greilich PE, Roy I, et al. D-dimer formation during cardiac
and noncardiac thoracic surgery. Anesth Analg 1999;88:1226-31.

11 Khuri SF, Alan Wolfe J, et al. Hematologic changes during and after car-
diopulmonary bypass and their relationship to the bleeding time and non-
surgical blood loss. J Thorac Cardiovasc Surg 1992;104:94-107.

12 Comunale ME, Carr JM, Moorman RM, et al. Significance of D-dimer
concentrations during and after cardiopulmonary bypass. J Cardiothoracic
Vasc Anesth 1996;10:477-81.

13 Wang Z, Qian Z, Ren J, et al. Long period and high level of D-dimer after
coronary artery bypass grafting surgery. Int Heart J 2018;59:51-7.

14 Murphy GJ, Mango E, Lucchetti V, et al. A randomized trial of tranexamic
acid in combination with cell salvage plus a meta-analysis of randomized
trials evaluating tranexamic acid in off-pump coronary artery bypass graft-
ing. J Thorac Cardiovasc Surg 2006;132:475-80;480.e471-8.

15 Henry DA, Carless PA, Moxey AJ, et al. Anti-fibrinolytic use for minimis-
ing perioperative allogeneic blood transfusion. Cochrane Database Syst
Rev 2011;3:CD001886.

16 Gerstein NS, Brierley JK, Windsor J, et al. Antifibrinolytic agents in car-
diac and noncardiac surgery: A comprehensive overview and update. J
Cardiothorac Vasc Anesth 2017;31:2183-205.

17 Ducloy-Bouthors AS, Duhamel A, Kipnis E, et al. Postpartum haemor-

rhage related early increase in D-dimers is inhibited by tranexamic acid:

Haemostasis parameters of a randomized controlled open labelled trial. Br

J Anaesth 2016;116:641-8.

NS}

w

=)

~

oo

18 Nilsson IM. Clinical pharmacology of aminocaproic and tranexamic acids.
J Clin Pathol Suppl 1980;14:41-7.

19 Society of Thoracic Surgeons Blood Conservation Guideline Task Force,
Ferraris VA, Brown JR, et al. 2011 update to the Society of Thoracic Sur-
geons and the Society of Cardiovascular Anesthesiologists blood conserva-
tion clinical practice guidelines. Ann Thorac Surg 2011;91:944-82.

20 Sharma V, Fan J, Jerath A, et al. Pharmacokinetics of tranexamic acid in

patients undergoing cardiac surgery with use of cardiopulmonary bypass.

Anaesthesia 2012;67:1242-50.

Moore HB, Moore EE, Huebner BR, et al. Tranexamic acid is associated

with increased mortality in patients with physiological fibrinolysis. J Surg

Res 2017;220:438-43.

22 Maegele M. Uncritical use of tranexamic acid in trauma patients: Do no
further harm!. Unfallchirurg 2016;119:967-72.

23 Walsh M, Shreve J, Thomas S, et al. Fibrinolysis in trauma: “Myth,”
“reality,” or “something in between”. Semin Thromb Hemost
2017;43:200-12.

24 Hoffmann T, Assmann A, Dierksen A, et al. A role for very low-dose
recombinant activated factor VII in refractory bleeding after cardiac sur-
gery: Lessons from an observational study. J Thorac Cardiovasc Surg
2018;156:1564-73;e1568.

25 de Moerloose P, et al. Multicenter evaluation of a new quantitative
highly sensitive D-dimer assay, the Hemosil D-dimer HS 500, in
patients with clinically suspected venous thromboembolism. Haemost
2008;100:505-12.

26 Weber T, Hogler S, Auer J, et al. D-dimer in acute aortic dissection. Chest
2003;123:1375-8.

27 Turak O, Canpolat U, Ozcan F, et al. D-dimer level predicts in-hospital
mortality in patients with infective endocarditis: A prospective single-cen-
tre study. Thrombosis Res 2014;134:587-92.

28 Lubnow M, Philipp A, Dornia C, et al. D-dimers as an early marker for
oxygenator exchange in extracorporeal membrane oxygenation. J Crit
Care 2014;29:473.,e471-5.

29 Spanier T, Oz M, Levin H, et al. Activation of coagulation and fibrinolytic
pathways in patients with left ventricular assist devices. J Thorac Cardio-
vasc Surg 1996;112:1090-7.

30 Dornia C, Philipp A, Bauer S, et al. D-dimers are a predictor of clot volume

inside membrane oxygenators during extracorporeal membrane oxygen-

ation. Artific Organs 2015;39:782-7.

Biglioli P, Cannata A, Alamanni F, et al. Biological effects of off-pump vs.

on-pump coronary artery surgery: Focus on inflammation, hemostasis and

oxidative stress. Eur J Cardiothorac Surg 2003;24:260-9.

32 Sato H, Yamamoto K, Kakinuma A, et al. Accelerated activation of the
coagulation pathway during cardiopulmonary bypass in aortic replacement
surgery: A prospective observational study. J Cardiothorac Surg
2015:10:84.

33 Fergusson DA, Hébert PC, Mazer CD, et al. A Comparison of aprotinin
and lysine analogues in high-risk cardiac surgery. New Engl J Med
2008;358:2319-31.

34 Horrow JC, Van Riper DF, Strong MD, et al. The dose-response relation-
ship of tranexamic acid. Anesthesiology 1995;82:383-92.

35 Santos AT, Kalil RA, Bauemann C, et al. A randomized, double-blind, and
placebo-controlled study with tranexamic acid of bleeding and fibrinolytic
activity after primary coronary artery bypass grafting. Braz J] Med Biol
Res 2006;39:63-9.

36 Faraoni D, Cacheux C, Van Aelbrouck C, et al. Effect of 2 doses of tra-
nexamic acid on fibrinolysis evaluated by thromboelastography during car-
diac surgery: A randomised, controlled study. Eur J Anaesthesiol
2014;31:491-8.

37 Khair S, Perelman I, Yates J, et al. Exclusion criteria and adverse events in
perioperative trials of tranexamic acid in cardiac surgery: A systematic
review and meta-analysis. Can J Anaesth 2019;66:1240-50.

38 Ker K, Edwards P, Perel P, et al. Effect of tranexamic acid on surgical
bleeding: Systematic review and cumulative meta-analysis. BMJ
2012;344:e3054.

39 Hunt BJ. The current place of tranexamic acid in the management of bleed-
ing. Anaesthesia 2015;70(Suppl 1):50-3.

2

—_

3

—_



V. Besser et al. / Journal of Cardiothoracic and Vascular Anesthesia 34 (2020) 2664—2673 2673

40 Dai Z, Chu H, Wang S, et al. The effect of tranexamic acid to reduce
blood loss and transfusion on off-pump coronary artery bypass sur-
gery: A systematic review and cumulative meta-analysis. J Clin
Anesth 2018;44:23-31.

Sharma V, Katznelson R, Jerath A, et al. The association between tranexa-

mic acid and convulsive seizures after cardiac surgery: A multivariate

analysis in 11 529 patients. Anaesthesia 2014;69:124-30.

42 Myles PS, Smith JA, Forbes A, et al. Tranexamic acid in patients undergo-
ing coronary-artery surgery. New Engl J Med 2017;376:136-48.

43 Manji RA, Grocott HP, Leake J, et al. Seizures following cardiac surgery:
The impact of tranexamic acid and other risk factors. Can J Anaesth
2012:;59:6-13.

44 Karkouti K, Ho LTS. Preventing and managing catastrophic bleeding dur-
ing extracorporeal circulation. Hematology Am Soc Hematol Educ Pro-
gram 2018;2018:522-9.

45 Benipal S, Santamarina JL, Vo L, et al. Mortality and thrombosis in injured
adults receiving tranexamic acid in the post-CRASH-2 era. West J Emerg
Med 2019:;20:443-53.

4

_

46 CRASH-2 Trial Collaborators, Shakur H, Roberts I, et al. Effects of tra-
nexamic acid on death, vascular occlusive events, and blood transfusion in
trauma patients with significant haemorrhage (CRASH-2): A randomised,
placebo-controlled trial. Lancet 2010;376:23-32.

47 Rossaint R, Bouillon B, Cerny V, et al. The European guideline on man-
agement of major bleeding and coagulopathy following trauma: Fourth
edition. Crit Care 2016;20:100.

48 Nishida T, Kinoshita T, Yamakawa K. Tranexamic acid and trauma-
induced coagulopathy. J Intensive Care 2017;5:5.

49 Hodgson S, Larvin JT, Dearman C. What dose of tranexamic acid is most
effective and safe for adult patients undergoing cardiac surgery? Interact
Cardiovasc Thorac Surg 2015;21:384-8.

50 Brohi K, Cohen MJ, Ganter MT, et al. Acute coagulopathy of trauma:
Hypoperfusion induces systemic anticoagulation and hyperfibrinolysis. J
Trauma 2008;64:1211-7.

51 Gorka J, Polok K, Iwaniec T, et al. Altered preoperative coagulation and
fibrinolysis are associated with myocardial injury after non-cardiac sur-
gery. BrJ Anaesth 2017;118:713-9.



3 Discussion

3.1 Preoperative Variability in Fibrinolysis

Our findings confirm our hypothesis that preoperative fibrinolytic activity in cardiac
surgery patients is distinct according to underlying disease. An additional, only partially
anticipated finding was a very wide standard deviation of D-dimers*S (Fig. 1in [1]), even
within types of disease. Some of this variation is examined in Fig. 2 of our publication
[1], in which certain previous conditions correlated significantly with increased
preoperative fibrinolytic activity. These conditions were endocarditis, aortic dissection

and previous ECC and these findings are in line with previous research.

Weber et al. [77] demonstrated an association of elevated D-dimers with the presence
and extent of aortic dissection. Differences in extent of dissection may explain why in
aortic disease in Fig. 2 in [1], the standard deviation was much higher in the dissection
group. There may have been a greater exposure of tissue in the aortic wall, activating
the coagulation cascade and fibrinolysis. Tissue exposure along with infection might also
play a role in the elevation of D-dimers in infective endocarditis (IE), as shown in Fig. 2
of [1]. D-dimers are elevated in IE and higher levels predict mortality [78]. In diseased
heart valves, platelets and fibrin clots form around the valve endothelium and are
colonized by bacteria [79]. Additionally, as in any infective process, the inflammation
leads to activation of coagulation, as we have learned from the pathology of
disseminated intravascular coagulation (DIC) in sepsis [80]. Notably, standard deviations
were lower in this sub-analysis than in aortic dissections — the extent of endocarditis

may be less relevant to fibrinolytic activity than the extent of dissection.

In addition to internal processes like vessel dissection or endocarditis, we found that
fibrinolysis measured by D-dimers was activated preoperatively due to iatrogenic
manipulation such as ECC, and this is in line with previous findings. Rising D-dimers are
used clinically as an indicator of the need for a change of membrane oxygenator in
patients on ECC [81]. It has also been shown that baseline D-dimer levels are elevated

in patients supported with a left ventricular assist device (LVAD) due to the
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prothrombotic properties of the surface of the device [82]. The underlying pathological

mechanisms may be similar to those of CPB.

Fig. 1 of [1] also shows that in CAD or single or multiple valve disease, half of patients
had D-dimers around 0.5 mg/dL, which is the cut-off value for normal in the Innovance®
assay [83]. Furthermore, three quarters of D-dimer levels lay within <1 mg/dL in these
patients. The 50. and 75. percentile was only slightly higher for CAD-valve disease
patients. One could argue that a majority of these patients do not present with high
preoperative fibrinolytic activity and routine D-dimer testing would be obsolete. On the
other hand, with the exception of endocarditis as discussed above, it is not clear why a
quarter of these patients with lower risk diseases (CABG and valve) had highly outlying
D-dimers (Fig. 1 in [1]). For patients with aortic disease or heart failure requiring heart
transplant or LVAD implantation, variability was partially explained in Fig. 2 of [1], but
high standard deviations remained here as well. These results may be due to

interindividual differences or other factors that we did not examine in this work.

3.2 Cardiopulmonary Bypass and Fibrinolysis

The analysis of the effect of CPB on fibrinolysis was not the focus of our work. However,
we did divide CABG surgeries into on- and off-pump CABG for the analysis of
intraoperative D-dimer development. The reason for this was, as mentioned in the
introduction, the association of CPB with activation of coagulation, fibrinolysis and
hemorrhage [12]. As illustrated, the contact system is activated by CPB, and this
probably leads to bradykinin and t-PA induced fibrinolysis [31]. The literature on the
association of CPB with fibrinolysis is limited. Any trauma or surgery causes vascular
injury, which can be the cause for systemic plasmin activation and fibrinolysis [84]. This
is unrelated to the use of CPB. On a side note, this systemic plasmin activation may
explain why systemic infusion of antifibrinolytic therapy is superior to local application
[85], and also why TXA has blood sparing benefits during off-pump surgery as well [86].
Vascular injury is highly prevalent in cardiac surgery, and it may therefore difficult to

distinguish the surgical effect on fibrinolysis from the effect of CPB.
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The discovery of CPB was a major milestone in cardiac surgery and many procedures
require cardioplegia and subsequently, the use of ECC in the form of CPB. Still, the
development of off-pump coronary artery bypass (OPCAB) grafting [87] offers to
opportunity to relate intraoperative fibrinolytic changes to CPB using an OPCAB patient
population as a control group. The purpose of our study was not the comparison of on-
pump vs. off-pump CABG surgery, but we would like to discuss our findings, as well as

the existing literature in the following section.

As shown in Table 1 of our publication [1], in the OPCAB group (n = 809), there were 101
patients (12.5 %) with increasing intraoperative D-dimer levels. The number of
increasing intraoperative D-dimer levels in the on-pump group (n=627) was 209 (33.3
%) in comparison. We did not undertake further calculations of this, and therefore
cannot comment on statistical significance, but there was a higher proportion of
intraoperative D-dimer increases in the on-pump group compared to the off-pump
group. Furthermore, as shown in Fig. 3 of our publication [1], the overall median of the
absolute Delta D-dimer values was negative in both groups, although the third quartile
was slightly negative in the off-pump group, and slightly positive in the on-pump group.
The decrease from ‘S’ to ‘bP’ was statistically significant in both groups. Importantly,
these data were obtained under the same dose of continuous infusion of TXA (HD-TXA).
From these data, one can conclude that fibrinolytic activity is influenced by the use of
CPB, and also that D-dimer levels often decrease during both on- and off-pump CABG

under antifibrinolytic therapy.

In contrast to our findings, Casati et al. [88] found an intraoperative increase in D-dimer
levels during CPB as well as during OPCAB. The main increase in D-dimer levels was seen
from time point 2 (5 min after heparin) to time point 3 (arrival at the ICU). However, we
took the second measurement which we compared to baseline earlier than Casati et al.
[88]. The second blood sample was taken before reversal at heparin, not at the arrival
in the ICU. It is possible that, D-dimers would have been higher than at baseline upon
arrival in the ICU if we had obtained additional later samples in our study population.

Also, the discrepancy to our findings may be explained by the fact that in the study
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population of Casati et al. [88], no antifibrinolytic therapy was applied. The association

of D-dimer and antifibrinolytic therapy will be discussed in the TXA chapters.

In addition, fibrinolytic changes in response to CPB may be individual with respect to
absolute as well as time-dependent changes. A study using intraoperative
measurements of t-PA, PAI-1 and t-PA antigen as markers for fibrinolysis (instead of D-
dimers as we did) found varying responses to CPB in cardiac surgery [89]. The most
common response occurred in 40 % of patients, which showed a rapid intraoperative
increase in active and total t-PA. Others responded with no change in t-PA
intraoperatively with postoperative increases in PAI-1 or vice versa. Interestingly, in 10%
of patients there was no change in any of the measured parameters regardless of the

use of CPB in all patients.

Summing up these results and existing literature, the associations of fibrinolysis, D-
dimer and CPB are heterogenous, and dosing of antifibrinolytic therapy should be
considered during interpretation of literature. Further research is required, and the

measurement of additional fibrinolytic laboratory values may be reasonable.

3.3 D-dimer Development Based on Preoperative Values

In our publication [1], Table 1 and Fig. 3 present D-dimer development according to type
of performed surgery and findings are examined in the discussion section. In the aortic
dissection sub-analysis [1], it was indicated that intraoperative development was
influenced by baseline D-dimer values. It seems likely that this was the case in other
types of surgery as well, which is why further analysis of intraoperative D-dimer dynamic
in relation to baseline D-dimer values was undertaken. In this work, Figures 1-8 present
these data per type of surgery graphically. Data, as in Fig. 3 and Table 1 of our publication
[1] are only shown from the HD-TXA group. For facilitated comparisons, only data sets
with D-dimer*S levels <5.0 mg/dL, and Delta D-dimers between -3.0 and +5.0 mg/dL are
displayed. Most low risk patients had baseline D-dimer levels lower than 1.0 mg/dL (Fig.

1in [1]). However, this does exclude several data sets of aortic and LVAD patients, who

15



had D-dimers*S higher than 5.0 mg/dL (Fig. 2 in [1]). Therefore, the complete data set
for aortic surgery and LVAD implantation patients are presented in Suppl. Fig. 1 and 2 in

the appendix of this work.

Suppl. Fig. 1 confirms the suggestion in our publication [1] that in LVAD patients,
intraoperative D-dimer decreases occurred with higher baseline D-dimers, which
correlated with the previous use of ECC (Fig. 2 in [1]). Fig. 8 of this work shows
unspectacular D-dimer development in LVAD patients with low D-dimer*S levels in

contrast.

Results of Fig. 6 and 7 give mostly increasing intraoperative D-dimer levels regardless of
baseline values during heart transplant and aortic surgery. This is coherent with the high

amount of vascular injury during these surgeries, stimulating fibrinolysis.

Findings in the lower risk surgeries (Fig. 1 — 5) are less easily explained. The highest
positive Delta D-dimer values were related with relatively low D-dimer*S level in CABG,
valve and combination surgeries. Per trend, the higher preoperative D-dimer levels
were, the more often there was a negative Delta D-dimer. Parts of these findings can be
explained mathematically, as there is more latitude for absolute decrease with higher
baseline value. What is interesting, though, is that high baseline fibrinolytic activity more
often correlated with decreasing than with increasing intraoperative development.
Possible reasons for D-dimer decreases were reviewed in our publication [1]. What it
did not account for, however, is the lack of data sets showing increasing fibrinolysis in
patients with high baseline fibrinolytic activity. This may be due to high effectiveness of
antifibrinolytic therapy under very active fibrinolysis, or the intraoperative removal of a
stimulus that we are not aware of. It may be worthwhile to examine these values in the
postoperative time period. It should be noted that only baseline values up to D-dimer*S
of 5.0 mg/dL are displayed, because these constitute the vast majority of data sets for
the lower risk surgeries. Patients with higher baseline activity may have different

intraoperative courses, though, and it would be interesting to examine these as well.
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Off-Pump CABG
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Fig. 1: D-dimer development in Relation to Baseline in Off-Pump CABG under HD-TXA
Only data sets of D-dimers*S <5.0 and Delta D-dimers between -3.0 and +5.0 are shown

D-dimers*S and Delta D-dimers (D-dimers*bP — D-dimers*S) are in mg/dL, respectively
CABG: coronary artery bypass grafting; HD-TXA: higher dose of tranexamic acid

On-Pump CABG

50 .

0

O

<

g’ o

[}

S

)

£ °

?

[m) °

B ®

6 .

[m)] @ o0 o
°

00 05 10 15 20 25 30 35 40 45 50
D-dimers*S (mg/dL)

Fig. 2: D-dimer development in Relation to Baseline in On-Pump CABG under HD-TXA
Only data sets of D-dimers*S <5.0 and Delta D-dimers between -3.0 and +5.0 are shown
D-dimers*S and Delta D-dimers (D-dimers*bP — D-dimers*S) are in mg/dL, respectively
CABG: coronary artery bypass grafting; HD-TXA: higher dose of tranexamic acid
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Single Valve Surgery
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Fig. 3: D-dimer development in Relation to Baseline in Single Valve Surgery under HD-TXA
Only data sets of D-dimers*S <5.0 and Delta D-dimers between -3.0 and +5.0 are shown

D-dimers*S and Delta D-dimers (D-dimers*bP — D-dimers*S) are in mg/dL, respectively
HD-TXA: higher dose of tranexamic acid
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Fig. 4: D-dimer development in Relation to Baseline in Multiple Valve Surgery under HD-TXA
Only data sets of D-dimers*S <5.0 and Delta D-dimers between -3.0 and +5.0 are shown
D-dimers*S and Delta D-dimers (D-dimers*bP — D-dimers*S) are in mg/dL, respectively
HD-TXA: higher dose of tranexamic acid
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CABG-Valve Surgery
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Fig. 5: D-dimer development in Relation to Baseline in CABG-Valve Surgery under HD-TXA
Only data sets of D-dimers*S <5.0 and Delta D-dimers between -3.0 and +5.0 are shown
D-dimers*S and Delta D-dimers (D-dimers*bP — D-dimers*S) are in mg/dL, respectively
CABG: coronary artery bypass grafting; HD-TXA: higher dose of tranexamic acid
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Fig. 6: D-dimer development in Relation to Baseline in Aortic Surgery under HD-TXA
Only data sets of D-dimers*S <5.0 and Delta D-dimers between -3.0 and +5.0 are shown
D-dimers*S and Delta D-dimers (D-dimers*bP — D-dimers*S) are in mg/dL, respectively
HD-TXA: higher dose of tranexamic acid
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Heart Transplant Surgery
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D-dimer development in Relation to Baseline in Heart Transplant Surgery under HD-TXA
Only data sets of D-dimers*S <5.0 and Delta D-dimers between -3.0 and +5.0 are shown

D-dimers*S and Delta D-dimers (D-dimers*bP — D-dimers*S) are in mg/dL, respectively
HD-TXA: higher dose of tranexamic acid

LVAD Implantation
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D-dimer development in Relation to Baseline in LVAD Implantation under HD-TXA
Only data sets of D-dimers*S <5.0 and Delta D-dimers between -3.0 and +5.0 are shown
D-dimers*S and Delta D-dimers (D-dimers*bP — D-dimers*S) are in mg/dL, respectively
LVAD: left ventricular assist device; HD-TXA: higher dose of tranexamic acid

20



3.4 D-dimers and Tranexamic Acid

TXA has previously been shown to influence D-dimer development in cardiac surgery,
with inconsistent results regarding dosing. We used D-dimer level monitoring to

determine the effect of two doses of TXA on fibrinolysis.

While in our study, D-dimers increased from ‘S’ to ‘bP’ in the lower dose of TXA (LD-TXA)
group, this stands in contrast to previous literature. Horrow et al. [62] found no
intraoperative D-dimer increase in cardiac surgery patients under several dosing
schemes of TXA, of which the lowest was 0.25 mg * kg* * h'l. This dose is miniscule in
comparison even to our lower dose. Another study conducted by Faraoni et al. [64]
examined D-dimer development under two doses of TXA and placebo in CAGB and valve
surgery. 30 mg * kg'* and 16 mg * kg * h* in the high dose group and 5 mg * kg and
5mg * kg * hlin the low dose group were used. The authors found that D-dimer levels
did not differ significantly between two dosing schemes of TXA intraoperatively and
postoperatively. Several reasons might explain the lack of difference in D-dimer
development compared to our findings, as briefly discussed in our publication [1]. The
study [64] analyzed a total number of 33 data sets, compared to 400 in our analysis, and
only patients receiving CABG or aortic valve replacement, or a combination were
included. Our study included high-risk surgeries such as heart transplants and aortic
surgery and patients were matched via propensity score accordingly. Also, the
continuous lower dose was higher than our lower dose of 2 mg * kg * h''. It is possible
that continuous doses above 5mg* kg! * h'* do not provide additional benefit, as
concluded by the authors. We might have found similar results if our higher dose had
only been 5 mg * kg! * hl, Still, LD-TXA, which was higher than the continuous dose of
only 0.25mg * kg * h! used by Horrow et al. [62], was not sufficient to inhibit an

intraoperative D-dimer increase in our patients.

It seems that the dose-dependent effect of TXA on D-dimer levels remains unclear, as
findings of the discussed literature [62, 64] as well as our own are discrepant. Therefore,
we altogether provide limited additional insight on optimal dosing strategy for TXA.

However, our results suggest that fibrinolysis, represented by D-dimer levels, is
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influenced by relatively low doses of TXA and it should be examined whether higher

doses provide clinical benefit.

3.5 Safety of Tranexamic Acid

No data on possible adverse effects of TXA, nor on a dose-response-dependency was
gathered in this study. The next chapter will put the doses we applied in the context of

the existing literature on dosing and adverse effects of TXA.

A pertinent adverse effect of TXA is its epileptogenic potential. The occurrence of
seizures has been reported after administration of relatively low doses of TXA, for
example a 2 g bolus at the start of surgery, another 2 g bolus for the CPB priming solution
and 0.5 g * h'l intraoperatively [90]. The rate of seizures was 4.6% in 1188 patients after
a one-year follow-up in this study. This dose of TXA is lower than both of ours. Other
studies using higher doses of TXA have also reported an increase in postoperative
seizure rates with TXA and this seems to be the case especially in open chamber surgery
[91] and aortic surgery [92]. Also, a cumulative dose of more than 100 mg * kg has
been found to be an independent risk factor for the occurrence of postoperative
seizures after CPB [93]. It should be noted that the definition of seizure may vary across
these studies and that the baseline seizure rate in cardiac surgery patients not treated
with antifibrinolytic therapy has been reported at 2.7 %, not 0 % [94]. Also, multivariate
analyses have found additional risk factors associated with postoperative seizures in
cardiac surgery patients. This needs to be considered when comparing results on seizure

rates and TXA doses between trials [95, 96].

A very high dose of TXA was used in the Aspirin and Tranexamic Acid for Coronary Artery
Surgery (ATACAS) trial published my Myles et al. in 2017 [9]. Patients received 100 mg *
kg initially. The dose was halved to 50 mg * kg™ after the incidence of seizures was
reported. Seizures occurred in 0.7% of patients in the TXA groups and 0.1% in the

placebo group. These absolute rates are low in contrast to other findings, but due to the
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limitations pointed out above, relative comparisons may be of higher value, and the

difference of seizure rates was statistically significant (p=0.002) in this trial [9].

We did not analyze seizure rates, but even in the lower dose regimen we used, which
was not effective in preventing an intraoperative D-dimer increase, seizures could have
occurred. It might be necessary to tolerate a higher seizure rate for the benefit of blood
sparing effects of higher doses of TXA. Still, one could argue that we should increase our

efforts to keep doses as low as justifiable.

3.6 Limitations

There are several limitations to our work, some of which are discussed in the limitations

chapter of our publication [1]. Additional aspects are presented as following.

There are many factors that have been shown to be associated with increased D-dimer
levels, such as age, female gender [44, 45], as well as malignancy and pregnancy [97].
Malignancy and pregnancy are uncommon in cardiac surgery patients, and three
quarters of our population were male. However, our age groups were heterogenous,
and we did not correct for any of these possible confounders, age in particular, in our

analyses.

It is under ongoing discussion that different commercially available D-dimer assays have
limitations regarding sensitivity and specificity. The utilized monoclonal antibodies
detect D-dimer fragments of varying molecular weight and varying epitopes. Cut-off
values should be determined taking this into account [39]. Although it has been used in
several other contexts, the Innovance® D-dimer assay used in this study was approved

for the thrombotic clinical setting of DVT [83] and not for detection of fibrinolysis.

The following point is more a clarification than a limitation, but it is highly relevant to
the overall topic of this work and therefore discussed as well. In a trauma setting, it has

been suggested that D-dimer testing alone without viscoelastic testing cannot reliably
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predict hyperfibrinolysis, as tissue injury will cause their elevation as well [98]. ROTEM®
has been implemented for detection of coagulopathy in trauma patients [35] and has
been described as the only reliable test [99]. This requires clarification. Fibrinolysis and
hyperfibrinolysis have been used somewhat interchangeably in the context of cardiac
surgery, but hyperfibrinolysis in trauma patients and fibrinolysis in cardiac surgery
patients are separate pathophysiological entities. Acute coagulopathy of trauma, as
described in the introduction section, is characterized by hyperfibrinolysis and
hypocoagulation [55]. Its main trigger is tissue hypoperfusion, hypothermia, acidosis, as
well as dilution by fluids and packed RBC which activate protein C and cause systemic
anticoagulation [54]. It has been found that only severely injured patients in shock are
in a hyperfibrinolytic state on arrival in the emergency room [54]. Hypoperfusion and
shock do also occur in a regulated operation room setting during cardiac surgery, and
this might cause similar hyperfibrinolysis to trauma patients. The increase of
antifibrinolytic therapy may be warranted in these patients. However, the
hyperfibrinolysis described in a trauma setting is distinct from the fibrinolytic changes
associated with the use of cardiopulmonary bypass and local tissue trauma in cardiac
surgery patients. These changes are multifactorial, and some of them are specific to the
use of CPB, such as platelet dysfunction [12]. Kuiper et al. [100] briefly discuss this as
well. Viscoelastic testing has been described as poor in prediction postoperative
bleeding in cardiac surgery patients [101, 102], and preoperative ROTEM® or TEG® is not
recommended in the 2017 EACTS/EACTA guidelines [16]. Still, viscoelastic testing in
addition to D-dimer levels is helpful for the analysis of fibrinolysis in cardiac surgery

patients, as well as in trauma patients.

Furthermore, on a pathophysiologic level, t-PA has been shown to be released from
vascular endothelial cells in response to several stimuli, including B-adrenergic agents
[103], which are routinely applied during cardiac surgery at our clinic, and which are
obviously also secreted physiologically during stress such as surgery. Interestingly, there
was no strong correlation between duration of surgery (‘S’ to ‘bP’), which is probably
associated with more infusion of norepinephrine and more surgical stress, with D-dimer

level increase in our study. Further research may be valuable.
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Lastly, there are limitations to clinical applicability of our study. D-dimer levels were
determined at the start of surgery and before protamine. The development of D-dimers
from ‘S’ to ‘bP’ is only available after ‘bP’. At this point, dosing of tranexamic will already
have been calculated and applied. There may be a need for another in between blood

sample, or TXA dosing could be adjusted after measurement of the ‘bP’ sample.

3.7 Conclusion

Hemostatic balance is potentially disrupted by several factors in cardiac surgery. This
entails challenges for prevention and management of bleeding. Cardiac surgery patients
present with a high variability of preoperative fibrinolytic activity, measured by D-dimer
levels. Increased baseline fibrinolytic activity is present also in lower risk patients, and
persists in patients with high risk cardiac diseases after examining certain predisposing
conditions. Furthermore, other conditions may modify preoperative fibrinolytic activity
in cardiac surgery, such as prior antiplatelet therapy, preexisting coagulopathies, prior

myocardial injury, and non-conclusively, interindividual variability.

Intraoperative fibrinolytic development is influenced by type of performed surgery and
by preoperative fibrinolytic status and development is heterogenous in some patients
as well. Two dosing protocols of TXA, which are low in relation to previously published
dosing schemes, can lead to divergent intraoperative D-dimer level development. The
clinical relevance of this is unclear, and optimal dosing should be established in

upcoming trials with perioperative hemorrhage as the primary outcome.

Until then, after consideration of the discussed limitations, our findings may have clinical
implications as follows: Individual perioperative fibrinolytic assessment may be useful in
cardiac surgery and may be achieved using D-dimer measurements and other tests.
Dosing strategies of TXA could be established specific to type of surgery, as implied in
recent research. Then individual dose adjustments could be made after determination
of baseline fibrinolytic activity. These proposed strategies should be evaluated for

clinical usefulness and effectiveness in future investigations.
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LVAD Implantation
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Suppl. Fig. 1: D-dimer development in Relation to Baseline in LVAD Implantation under HD-TXA
D-dimers*S and Delta D-dimers (D-dimers*bP — D-dimers*S) are in mg/dL, respectively
LVAD: left ventricular assist device; HD-TXA: higher dose of tranexamic acid
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Suppl. Fig. 2: D-dimer development in Relation to Baseline in Aortic Surgery under HD-TXA
D-dimers*S and Delta D-dimers (D-dimers*bP — D-dimers*S) are in mg/dL, respectively
HD-TXA: higher dose of tranexamic acid
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