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Abstract

Objective We present a novel strategy in cardiac surgery with a cardiopulmonary bypass with low-dose heparin and Nafa-
mostat mesylate as an anticoagulant (NM-CPB), which reduces postoperative neurological complications.

Method and results 19 patients with a mean age of 63.6 +20.2 years (range 24-91) and an indication of early cardiac surgery
with intracranial complication (ICC) underwent surgery with NM-CPB. The preoperative diagnoses included seven cases
of infective endocarditis and six of left atrial appendage thrombosis. ICC were noticed in seven cases with hemorrhages
(hemorrhagic infarction: n =4, subarachnoid hemorrhage: n=3) and 12 without hemorrhage (large infarction: n=10, small-
multiple infarction at the risk for hemorrhagic transformation: n=2). The mean interval between a diagnosis and cardiac
surgery was 1.1+ 1.5 days in the ICH cases and 1.4 + 1.4 days otherwise.

In-hospital mortality was 5.3%. The mean CPB time was 146.7 +66.03 min, the mean dose of NM, heparin were
2.23 +1.59 mg/kg/hr and 56.8 +20.3 IU/kg, respectively. The mean activated clotting time (ACT) was 426.8+112.4 5. No
further intracranial bleeding and no new hemorrhages were observed after surgery.

Conclusions In early cardiac surgery with ICC, especially with hemorrhage, NM-CPB reduced postoperative neurological
complications. We plan to use NM-CPB to expand the indications and to establish an early aggressive treatment.

Keywords Cardiopulmonary bypass - Nafamostat mesylate - Low-dose heparin - Intracranial hemorrhage - Neurological
complication

Introduction

Intracranial complication (ICC) is a severe and difficult to
manage side effect of acute cardiac surgery. Especially in
cases of intracranial hemorrhages (ICH), there is always a
risk that cardiopulmonary bypass (CPB) and heparinization
may induce serious complications. For instance, in the field
of infective endocarditis (IE), a delay in cardiac surgery is
recommended in the presence of ICC as long as 4 weeks,
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and there is still no satisfactory alternative method in the
acute phase even if in fatal condition [1]. Even in cases of
non-IE, such as residual intracardiac thrombosis with brain
complications, the standard response is according to the
recommendation for IE 2, 3, and it is still debated whether
operating with CPB using normal heparin actually improves
or worsens the situation of the patient.

Nafamostat mesylate (NM; 6-amino-2 naphthalene-p-
guanidinobenzoate dimethanesulfonate) is a synthetic pro-
tease inhibiting agent with particularly intense inhibitory
activity on various proteases in the coagulo-fibrinolytic sys-
tem [4]. Sakamoto et al. [5] and Ota et al. [6] reported that
cardiac surgery using NM as an alternative anticoagulant
during CPB was performed successfully, reducing periop-
erative blood loss. There are also reports on the usage of
NM as an anticoagulant during CPB in cardiac surgery for
IE with ICC; however, its detailed mechanism is still largely
unknown. Needless to say, it is unclear for patients with
ICH.
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In this study, we report on a novel CPB strategy with low-
dose heparin and NM as an anticoagulant, which leads to
the reduction of perioperative and postoperative intracranial
bleeding and neurological complications for early cardiac
surgery patients with ICC.

Patients and methods
Patient characteristics

Between May 2017 and April 2021, a total of 608 patients
underwent cardiac surgery at our institution. Among them,
19 patients presented indications of emergent surgery with
CPB with low-dose heparin and NM as an anticoagulant
(NM-CPB) because of ICC. Mean age was 63.6+20.2 years
(range 24-91). Twelve patients (63%) were male. In neu-
rological findings, there were 10 cases of hemiplegia, 3 of
dizziness, 3 of disorder of consciousness, 2 of headache, and
1 of aphasia. Regarding ICC, it was roughly divided into
ICH group (n="7) and non-ICH group (n=12). Non-ICH
was divided into three types, large infarction (30-49 mm)
(n=5), large one (> 50 mm) (n=15), and small-multiple
infarction (< 30 mm) at the risk for hemorrhagic transfor-
mation (n=2). There were 2 cases, the detail of which are
22x 15 mm, 18 X 12 mm, multiple one and 13 X 17 mm,
13X 12 mm, 12X 7 mm multiple one. In such cases, we
refer to a discussion with a neurological team on its risk
for hemorrhagic transformation. ICC data was detected by
diffusion-weighted magnetic resonance imaging (MRI) or
computed tomography (CT) scanning. The size of the infarct
and bleeding area was measured at maximal length on the
axial plane of CT or MRI. Written informed consent was
obtained from the patient for publication of this article and
accompanying images. The patient characteristics are listed
in Table 1.

Criteria of using NM-CPB under emergent surgery

The strategy and methods of NM-CPB were shown in Fig. 1.
The indication of NM is for early cardiac surgery using CPB
for patients with ICH. In non-ICH cases, the indication is for
acute cerebral infarction if the lesion is larger than 30 mm
or at the risk for hemorrhagic transformation. Regarding the
size of 30 mm, the size of infarction which could be treated
safely by early surgery was 15-20 mm [7, 8]. There are
some case reports, which stated that the size of it, when less
than 30 mm, was treated safely with normal CPB [9]. When
the infarction area was smaller than 30 mm or older than
4 weeks, we also considered cardiac surgery with CPB with
normal dosage of heparin. Contraindication for NM-CPB
was the cases of coma and needed hypothermic surgery.

Table 1 Characteristics of the study patients (n=19)

Parameter Value/no. of patients (%)
Gender ratio (M:F) 12:7
Age (years) 63.6+20.2 (24-91)
NYHA class I/IV 9 (47.3)
Hypertension 12 (63.1)
Diabetes Mellitus (HbAlc>6.5%) 3(15.7)
Peripheral artery disease 6 (31.5)
LVEF(%) <50 5(26.3)
Old Stroke 2 (10.5)
Chronic kidney disease (€GFR < 60%) 5(26.3)
Hemodialysis 1(5.2)
Previous cardiac surgery 4(21.1)
Neurological findings
Hemiplegia 10 (52.6)
Dizziness 3(15.7)
Disorder of consciousness 3(15.7)
Headache 2 (10.5)
Aphasia 1(5.2)
Intracranial complication

ICH 7(36.8)

Non-ICH
Large infarction

30—49 mm 5(26.3)

>50 mm 5(26.3)

Multiple-small infarction 2 (10.5)

NYHA, New York Heart Association Functional Classification; LVEF,
Left Ventricular Ejection Fraction; eGFR, estimated Glomerular Fil-
tration Rate; /CH, intracranial hemorrhage

Anticoagulation protocol during NM-CPB

As stated in the literature [5], NM (1.0 mg/kg) was admin-
istered intravenously to assess for any allergic reaction after
induction of anesthesia. Heparin (50 IU/kg; 25% of normal
dosage) was then administrated to achieve the activated clot-
ting time (ACT; measured by HemocronTM, Instrumenta-
tion Laboratory, USA) of > 400 s after induction of general
anesthesia. When measured antithrombin activity was not
reached 70%, we added 1500 IU of antithrombin concen-
trate before CPB. If ACT did not exceed the valid area at an
initiation of CPB, an additional dose of heparin (30 IU /kg)
was administrated. The CPB circuit consisted of a motor
pump (Terumo APS 1, negative pressure drainage), a sili-
con-heparin-coated hollow-fiber polypropylene Oxygenator
(Terumo CX-FX25RE), and a heparin-coated bypass circuit.
After connecting the patient to the pump circuit, NM was
infused continuously through the venous line of the pump
circuit at 1.8 mg/kg/h. ACT was maintained at 350-500 s
by a fine titration of the NM dose, which was added at
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Strategy of cardiopulmonary bypass using nafamostat mesylate (NM-CPB)

Cardiac surgery with
intracranial complication

No
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CPB without NM and &
normal dosage of heparin

.

No Lesion = 30mm
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Surgery at > 4 weeks

No

¥

With intracranial hemorrhage
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CPB with NM and
low-dose heparin
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Methods of cardiopulmonary bypass using nafamostat mesylate (NM-CPB)

* Heparin 50 IU/kg (25% of normal)

* ACT 350-450 q 15 min

* Mild hypothermia (33°C)

* Pump flow : 2.4-2.6 I/m%/ min

* Systemic pressure : 40-50 mmHg

Fig.1 Strategy and method of cardiopulmonary bypass using nafa-
mostat mesylate (NM-CPB) were shown. Image of below is the pump
circuit of NM-CPB. Nafamostat mesylate was infused continuously to

0.8 mg/kg/hr to the cardiotomy reservoir and at 1.0 mg /kg/
hr. ACT was measured every 15 min. When insufficiency
or excess of ACT during CPB was observed, the NM dose
was adjusted in 0.2 mg/kg/hr increments. There is no upper
limit on the amount of NM dose. All patients were cooled
to mild hypothermia (33°C-34°C). The target mean systemic
pressure was 40-50 mmHg to protect a brain perfusion. The
cerebral oxygenation was monitored with a near-infrared
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the cardiotomy reservoir and venous reservoir at a 0.8 mg/kg/h and
1.0 mg/kg/h, respectively. The rate of injection changed according to
activated clotting time (ACT)

oxygen monitor (INVOS. 4100; Somanethics Corporation,
Troy, Mich). Concerning brain protection, we set a targeted
systemic blood pressure of 50 mmHg and a partial pressure
of atrial carbon dioxide (PaCO2) of 30 mmHg during CPB.
Monitoring the optimal cerebral oxygenation, we reduced
excessive reflex to the injured brain by low systolic blood
pressure and PaCO2, which might be part of the explanation
of the lack of adverse neurological events. After weaning
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from CPB and decannulation, no pump suction was allowed
and protamin was not usually administrated. If re-CPB is
needed after NM-CPB at the same operation, we consider
cardiac surgery with a normal dosage of heparin for safety.
This protocol was approved by the Ethics committee of our
institution (No 22, Jun 29, 2017).

Operative timing and surgical procedure

Their preoperative diagnoses were as follows: 7 cases of IE
(native valve endocarditis, NVE: 6, prosthetic valve endo-
carditis, PVE: 1), 6 cases of left atrial appendage (LAA)
thrombosis, and others. The details of patients with unknown
reasons are 2 cases of left ventricle thrombus, root abscess,
traumatic ascending aortic rupture, left atrial tumor (myx-
oma), and aortic valve calcification. All diagnoses of IE were
made according to the modified Duke criteria. All cases of
LAA thrombosis were diagnosed by detailed examination at
the time of stroke. The indications of early cardiac surgery
were mobile and repeated embolus in 16 patients, septic
shock, heart failure and aortic rupture in 1 patient, respec-
tively (Table2). There were 4 patients with stoke underwent
surgery with usual CPB. 3 patients were very small and
asymptomatic infarction. 1 patient was more than 2 weeks
passed from the onset. The mean interval between diagnosis

Table 2 Operative timing and indication of surgery (n=19)

Parameter Value/no. of patients

Preoperative diagnosis

IE 7 (NVE 6, PVE 1)
(36.8)

LAA thrombosis 6(31.5)

Root abscess 1(5.2)

Others 5(26.3)

Indications for early surgery

Mobile and repeated embolus 16 (84.2)

Uncontrolled heart failure 1(5.2)

Uncontrolled infection 1(5.2)

Aortic rupture 1(5.2)
Operation status

Urgent (2-5 days) 5(26.3)

Emergent<24 h 13 (68.4)

Salvage 1(5.2)
Diagnosis to surgery

ICH (day; IQR) 1.1+1.5(0-4)

Non-ICH (day; IQR) 1.4+1.4(0-5)

Cerebral event to surgery
ICH (day; IQR)
Non-ICH (day; IQR)

4.6+6.3 (0-18)
4.6+5.4 (0-20)

IE, infective endocarditis; LAA thrombus, left atrial appendage
thrombus; /CH, intracranial hemorrhage; /QR, interquartile range

and cardiac surgery was 1.2+ 1.3 days (range 0—4 days) in
the ICH cases and 1.5 + 1.3 days (range 0-5 days) in the non-
ICH cases. All cases underwent cardiac surgery urgently.
The employed surgical procedures covered a wide range.
In cases of IE, mitral valve plasty was performed for all
NVE patients. Re-aortic valve replacement for PVE and
patch plasty for aortic annulus was performed after enough
vegetectomy and debridement. In cases of LAA thrombosis,
thrombectomy with LAA closure was performed with partial
sternotomy. Among these cases, procedures, such as mitral
valve replacement (MVR) for MS, re-MVR (mechanical to
bioprosthetic valve), and Maze operation, were performed
concomitantly to avoid anticoagulation therapy in periopera-
tive period. We extracted and examined its details of patients
with ICH. The perioperative data and findings were listed
in Table 3.

Results
Intraoperative date

The mean CPB time was 146.7 +66.03 min (range
68-331 min), and the mean doses of NM and heparin were
347.5+279.3 mg (range 315-700; 2.23 + 1.59 mg/kg/hr) and
3778 +£1556 IU (range 2300 to 8000 IU; 56.8 +20.3 IU/kg),
respectively. One case required additionally 3000 IU (31 IU/
Kg) of heparin for achieving a valid ACT, and another case
required 3500 IU (50 IU/kg) for a second CPB. The mean
ACT was 426.8 +112.4 s, and it was generally controlled
within the target zone during CPB (Fig. 2). The mean plate-
let count (x 10*/ul) were 25.2 + 14.2 as pre- CPB, 11.9+6.8
as CPB 30 min, and 12.1 +5.4 as post- CPB.

Outcome

In-hospital mortality was 5.3% (n=1), which was a case of
multiple trauma with ICH, dead on day 8 after surgery due
to repeated lethal arrhythmia and disseminated intravascular
coagulation. For all patients CT was performed on postop-
erative day 1. There was no further deterioration of intrac-
ranial bleeding or any new hemorrhage or stroke (Table 4).
There are no thrombotic events in postoperative periods. The
average observation period was 18.1 + 14.4 months (range
0-44 months), and the follow-up rate was 94%. The mor-
tality rate after 3 years was 5.3%, and no deterioration of
neurological findings has been established.

The perioperative findings and images of ICH were listed
in Fig. 3. Although it was suspected that enlargement of
the hemorrhagic infarction in case 5 and increasing edema-
tous change of brain in case 7 on postoperative CT images,
these findings would be within the range of normal clini-
cal course after acute cerebral hemorrhage according to the
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Table 3 Summary of ICH group (n=7)

No. Age (years) Sex Diagnosis

ICC with hemorrhage
(bleeding area, mm)

Neurologic findings Indication

Procedure and Cerebral
event to surgery

1 70 M  PVE (aortic) Lt occipital hemorrhagic
infarction (13X 6)
2 69 M NVE Rt occipital hemorrhagic
(mitral, tricuspid) infarction (40 X 20)
3 21 M NVE (mitral) Mycotic aneurism
SAH (26 x21)
4 63 M  Root abscess Mycotic aneurism
Graft infection SAH (15x5)
5 68 M LAA thrombus Lt occipital hemorrhagic
MS infarction (39 X 20)
6 76 M LAA thrombus Rt parietal hemorrhagic
infarction (39 X 19)
7 81 M Traumatic Traumaic SAH (35%x9)

Delirium Vegetation, mobile Re-AVR, Patch plasty (7 d)
(12x10), Sepsis

Lt Vegetation, mobile MVP, TAP, LAAC (18 d)

hemiplegia (12x7,17x5)

Dizziness Vegetation, mobile MVP,LAAC (1 d)
(35x%20), embolus

Delirium Septic shock ARR +semi-Arch rep. (1 d)
Uncontrolled

Rt Thrombus, mobile MVR, TAP, LAAT, LAAC

hemiplegia (28 x20),embolus 34d

Lt Thrombus, mobile TAP. Maze, LAAT, LAAC

hemiplegia (11x11), embolus 24d)

Disorder of

Shock, rupture

Asc. Ao replacement (0 d)

Asc Ao.rupture

Consiousness

ICH, Intracranial hemorrhage; Asc Ao, Ascending Aorta; SAH, subarachnoid hemorrhage; PVE, Prosthetic valve endocarditis; AVR, aortic valve
replacement; NVE, native valve endocarditis; MVP, mitral valve plasty; TAP, tricuspid annuloplasty; LAAC, left atrial appendage closure; LAA
thrombus, left atrial appendage thrombus; MVR, mitral valve replacement; LAAT, left atrial appendage thrombectomy; Maze, Maze procedure;

ARR, aortic root replacement; Arch rep., aortic-arch replacement
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Fig.2 Average of activated coagulation time (ACT) during cardiopulmonary bypass using nafamostat mesylate (NM-CPB) of all 19 cases was

shown. Yellow zone shows values of target ACT (350-450)

neurological team. There were also no worsen neurological
findings in all ICH cases.

Discussion

Cardiac surgery with cerebral complications especially

in cases of IE with cerebral complication, has been only
hesitatingly operated on with normal CPB until now. A

@ Springer

multicenter study suggests that open cardiac surgery in case
of cerebral complications can be performed safely 4 weeks
after onset [10]. In the recently revised guideline for IE [11],
cardiac surgery should be considered without any delay in
cases of heart failure, uncontrolled infection, abscess, or per-
sistent high embolic risk as long as coma is absent and the
presence of ICH has been excluded. However, for IE with
ICH it is still recommended to delay cardiac surgery for
4 weeks [12, 13].
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Table 4 Summary of Outcome (n=19)

Parameter Value/no. of patients
In-hospital mortality 1(5.3%)
ICH 1 (4.2%)
Non-ICC 0
Postoperative course
New or worsen hemorrhage 0
New or worsen Neurological findings 0
New systemic embolization 0
ICU-stay (day) 44+17
Ventilation time (h) 14.3+8.0
Re-thoracotomy for bleeding 0
Tracheostomy 2 (10.5%)
New renal failure (permanent) 0

ICH, Intracranial hemorrhage

Garcia-Cabrera et al. [14] and Ruttmann et al. [15]
reported that the mortality of early surgery in IE patients
with ICH was 66-75%. Okita et al. [16] reported that the
mortality of IE patients who underwent surgery within
7 days was higher than that underwent between days 8 and
21. These studies indicate thus that mortality decreases as
cardiac surgery in case of ICH is delayed. Contrarily, there
are some reports on early surgery of IE with ICH as well.
Note also that in case of difficult situations, such as shock,
uncontrolled infection, or high embolic risk in patients with
ICH, the current guidelines recommend delaying the surgery
not to aggravate the situation of the patients.

In the case of non-IE patients, especially with residual
LAA thrombosis after ICC, in our institution, cardiac sur-
gery with NM-CPB is usually performed. Because there is
no clear guideline for emergent operations of residual LAA
thrombosis after ICC, the indication and timing of surgery
remain unclear. There are reports of successful anticoagulant
therapy in such cases [15—-19], however, cases of re-ICC with
disastrous results are also known [20, 21]. As we experi-
enced two cases of re-ICC in patients under anticoagulant
therapy in our institution, we extended the indication of
emergent surgery to LAA thrombosis with ICC. The indi-
cation in such cases was a thrombus size > 10 mm and the
fact that it was mobile. The cases of coma were excluded.
When a cardiogenic stroke was suspected, we checked for
the presence of thrombosis by ultrasound or CT within 48 h,
and surgery with NM-CPB was performed as soon as pos-
sible if indicated. This has been successfully done for six
cases of ICC with or without hemorrhage, without mortality
cases or worsening of neurological findings.

We performed cardiac surgery using NM-CPB on IE
patients with recent cerebral infarction. Though the target
was IE with non-hemorrhage infarction in the early stage,
we expanded the indication to ICH, multiple trauma. The

anticoagulation protocol was based on the one issued by
the Department of Cardiovascular Surgery of the Kobe
University. Early surgery for IE with ICH using the same
anticoagulation protocol was reported to produce success-
ful outcomes. Sakamoto et al. and Ota et al. reported that
the timing of surgery was 2.1-2.3 days from onset, with a
mortality of 33.3% and no worse hemorrhages [5, 6]. In both
cases, mortality was not explicitly associated with surgery.
There were some reports of NM-CPB surgery from other
facilities, too. Yamamoto et al. reported a surgical case of
left atrial myxoma with hemorrhagic cerebral infarction on
day 5 from onset using NM (1.0 mg/kg/hr) as an anticoagu-
lant, whereas the total dose of heparin sodium was 150 TU/
kg [22]. Yasuda et al. reported on a surgical case of left
atrial thrombus with hemorrhagic cerebral infarction on day
5 from onset using NM (2.0 mg/kg/h) as an anticoagulant
while the total dose of heparin sodium was 100 IU/kg [23].
In the seven cases of cardiac surgery with ICH performed by
the authors of this study, the timing of surgery was 1.1 days
from onset, and the mortality reached 14.2%.

ACT is not a good parameter for NM as anticoagulation
during CPB: However, it is good for heparin. We meas-
ured ACT by HemocronTM, which was Celite-measured
ACT (Celite; World Minerals Inc, Santa Barbara, Calif).
The Celite-ACT is total ACT which reflects the activity of
anticoagulation of both heparin and NM. Kaolin-measured
ACT reflects the only heparin activity in the blood under
the combined use of NM because kaolin absorbs NM [24].
Although we should measure both Celite and Kaolin ACT
for all cases, it was difficult to measure and analyze both
ACT each 15 min in a limited situation for all cases. Besides,
we gradually became possible to perform surgery with NM-
CPB safely by close monitoring the surgical site and pump-
circuit visually with concerning to celite-ACT. Although it
is difficult to measure directly the effect of NM only by ACT,
we should consider measuring the anticoagulation of NM
by other testing tools, such as thromboelastography (TEG).

NM has also been used as an anticoagulant in substitution
for heparin for extracorporeal membrane oxygenation and
hemodialysis. Although its exact action mechanism has not
been clarified yet, the advantages of NM consist of its very
short half-time and successful application in inactive coagu-
lation, fibrinolysis, and platelet aggregation. Miyamoto et al.
reported that fibrinolysis was inhibited during CPB when
using NM [25]. Tanaka et al. reported that NM preserves the
platelet function and that heparin sodium enhances fibrinoly-
sis activity during CPB [26, 27]. Therefore, it was necessary
to perform cardiac surgery under severe circumstances of
ICH, wherein the inhabitation of fibrinolysis and preser-
vation of the platelet function were stressed as advantages
brought by NM.

Other studies noted that blood loss during CPB was
reduced while employing NM, although this happened after
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No Emergent indication Surgical finding

'*-". -

Ao

N vegets

Fig.3 Emergent surgical indication, surgical findings, pre- and post-
operative brain computed tomography (CT) of cases with intracranial
hemorrhages (n=7) were shown. Allows shows mobile vegetation
or thrombus. White circle of third column shows surgical findings of
vegetation, thrombus, abscess, and rupture site. Another white cir-
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cle of fourth, fifth column shows intracranial hemorrhage site. Forth
column is preoperative CT and fifth column is postoperative one. Ao,
Aorta; LA, left atrium; RA, right atrium; LV, left ventricle; LAA, left
atrial appendage
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the administration of a normal dose of heparin [28, 29].
Although Fukata et al. presented the successful study on
the timing of using NM during CPB, the problem of identi-
fying the optimal dose of NM and analysis of its safety are
still open [30]. Several contributions suggested that the dose
of NM should be about 1.0-2.0 mg/kg/h for 100-150 IU/
kg of heparin sodium. Contrarily, in our study we worked
with an NM dose of 2.23 +1.59 mg/kg/h for 56.8 +20.3 U/
kg of heparin sodium, showing that more effective positive
results of cardiac surgery could be achieved with smaller
amounts of heparin sodium by maximizing the benefits of
NM. Further research on the optimal dosage of NM and
heparin sodium is necessary.

Regarding safety concerns during CPB, there were no
reports of blood coagulation in the pump circuit in our study
group. When we observe coagulation tendency in the circuit
or the filter of the reservoir regardless of usual protocol, we
plan to add a full dose of heparin and transfer to the usual
CPB. As clots in the heart sac were reported during CPB in
the literature, we sprinkled directly the clot in the heart sac
when necessary.

Despite the significant contributions of our study, several
limitations have to be addressed as well. First, because the
study was performed on a very small number of patients,
further research on larger cohorts are necessary for confirm-
ing our findings. Second, our study was not based on basic
research while approved by the Ethics committee of our
institution. Third, we could not assign patients with acute
ICC to ECC with normal dosage heparin group as a con-
trol from an ethical perspective. Fourth, no laboratory data
about coagulation and fibrinolysis were used as none was
available to us.

In this study, we have shown that NM can be a useful
option as an anticoagulant in critical situations of cardiac
surgery with ICC involving cardiopulmonary bypass.

In emergent cases of open heart surgery with ICC, espe-
cially with hemorrhage, the approach we proposed turned
out to significantly reduce postoperative neurological com-
plications. Further investigations are necessary to identify
the optimal dosage of NM in surgery with cardiopulmo-
nary bypass and to find further possible useful effects of its
employment.
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