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Abstract: Heparin-induced thrombocytopenia type II
(HIT II) requires alternative anticoagulation. Hirudin
has been effectively used in patients with HIT II
scheduled for cardiac surgery. However, bleeding com-
plications were observed in patients with renal impair-
ment. In vitro hemodialysis (HD) has been questioned
over its efficacy in eliminating hirudin. Another approach
to stop bleeding is the application of recombinant factor
VIla (rFVIIa). We report on a patient with HIT II and
chronic renal failure who suffered from severe hirudin-
induced bleeding after cardiac surgery who was safely
treated with a combined approach of surgical hemostasis,
substitution of blood products, HD, and rFVIIa to stop
finally bleeding. Key Words: HIT II—Chronic renal
failure—Cardiac surgery—Hirudin—Postoperative bleed-
ing—Hemodialysis—rFVIIa.

Heparin-induced thrombocytopenia type II (HIT
II) is a potentially life-threatening complication of
heparin therapy because of possible thromboembo-
lism that requires alternative anticoagulation (1).
Hirudin, a recombinant direct thrombin inhibitor,
has been effectively used in patients with HIT II
scheduled for cardiac surgery under inclusion of car-
diopulmonary bypass (CPB) (2). However, bleeding
complications were observed in patients with renal
impairment (2,3). As it is mainly renally excreted, in
patients with renal failure an extensive prolongation
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of the half-life of hirudin has been described (4). In
vitro, high-flux membranes have been used in hemo-
dialysis (HD) for elimination of hirudin, but its effi-
cacy has been questioned as this procedure was
insufficient for low plasma concentrations (5,6). In
postoperative patients hirudin anticoagulation for
continuous renal replacement therapy (CRRT)
induced bleeding complications whereas in nonsurgi-
cal patients it did not (7,8). Patients with renal failure
and HIT II are at high risk of bleeding after sur-
gery. In a recent report on a bivalirudin-induced
hemorrhage after heart transplantation, a combined
approach using modified ultrafiltration, substitution
of fresh frozen plasma, and administration of recom-
binant factor VIIa (rFVIla) stopped blood losses suc-
cessfully (9). Recombinant factor VIla at various
dosages has been reported to be effective in refrac-
tory bleeding after cardiac surgery (10,11).

We report on a patient with HIT II and chronic
renal failure who suffered a severe hirudin-induced
protracted bleed after complex cardiac surgery that
was finally and safely treated with a combined
approach of surgical hemostasis, substitution of
platelets, fresh frozen plasma, high-flux-membrane
HD, and rFVIla.

CASE REPORT

A 58-year-old man was admitted to our hospital
with mitral valve insufficiency II-111° and aortic valve
stenosis III° and was scheduled for mitral valve
reconstruction and aortic valve replacement.

The patient’s medical history included HIT II. HIT
IT was diagnosed 5 years before this admission after
the patient had suffered two cerebral strokes with a
remaining weakness of the left leg without further
neurological deficit. He had known chronic renal fail-
ure due to analgesic nephropathy and was hemodia-
lyzed 3 times a week with a hirudin bolus of 1-3 mg
for dialysis according to a targeted activated partial
thromboplastin time (aPTT) >50s. The last hemo-
dialysis was performed one day before surgery.
The indication for the above mentioned operation
was left heart insufficiency (NYHA III), pulmonary
hypertension, and angina pectoris because of mitral
valve insufficiency II-III° and aortic valve stenosis
I11°. It was re-do surgery after coronary artery bypass
graft surgery (CABG) with postoperative osteomy-
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elitis. The bypass grafts were all sufficient. A 23 mm
mechanical Ultracor valve was placed in the aortic
valve position and a 26 mm Carpentier ring was used
for mitral valve reconstruction. The bypass time on
CPB was 96 min and the aortic cross-clamp-time was
69 min. Due to known HIT II with a positive anti-
body-test, anticoagulation for CPB was performed
using hirudin (Refludan, Aventis Pharma, Bad Soden
am Taunus, Germany) following a fixed protocol
(12). The patient obtained a bolus of 30 mg and a
continuous hirudin infusion of 10-30 mg/h achieving
a targeted hirudin concentration >4000 ng/mL. Fifty
min before discontinuation of CPB hirudin was
stopped and continuous HD with a polysulfone high-
flux-filter (F80, surface area 1.8 m?, Fresenius Medi-
cal Care, Bad Homburg, Germany) and an initial
dialysate rate of 15 L/h was initiated and continued
postoperatively to filtrate hirudin. The hirudin con-
centration (Hirudin-Activity-Assay, DADE Behring,
Marburg, Germany, cut-off 100 ng/mL) is presented
in Fig. 1. During the operation the maximum of the
aPTT was 186 s and the maximum of the interna-
tional ratio (INR) of prothrombin time (PT) (STA,
Roche Diagnostics, Mannheim, Germany) was 1.48.
In the first 20 h after the operation the aPTT
decreased from 107 to 78 s and the INR from 1.38 to
1.13. Because of excessive bleeding, transfusion of 27
packed red blood cells (PRBC), 39 fresh frozen
plasma (FFP), and 8 platelet apheresis concentrates
were required in the first 20 h after surgery. Seven
hours after surgery re-thoracotomy was performed
because of ongoing bleeding. No major bleeding site
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FIG. 1. Hirudin concentration, blood loss, and blood products in
the intra- and postoperative period. rFVIla—recombinant factor
Vlla.
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was found. Minor bleeding sites were surgically
treated. After re-thoracotomy and despite massive
transfusion and continuous HD drainage loss contin-
ued in an average extent of 150 mL/h. Due to failure
of conventional medical and surgical hemostasis,
60 ug/kg of rFVIla were administered 20 h after
surgery. Blood loss ceased completely within a few
hours. Transfusion requirements were 4 PRBC and 2
platelet apheresis concentrates during the next 48 h.
Hirudin anticoagulation was initiated 3 days after
surgery when the aPTT decreased to 42 s. For anti-
coagulation of the mechanical valve and continuous
HD, a bolus of 1-2 mg hirudin was applied every 2—
3 days achieving a targeted aPTT of 40-50 s without
further bleeding complications. The patient was
transferred to a nonsurgical ICU of the same hospital
for further weaning from the ventilator due to lim-
ited capacity in our ICU 10 days after surgery. Anti-
coagulation was accidentally initially performed with
a total hirudin infusion of 43 mg/12 h. Under this
dosage, hirudin concentration rose to 2269 ng/mL
without causing any bleeding complications. The
course of the patient was complicated by pneumonia
(Klebsiella pneumoniae) requiring ventilator therapy.
On day 24 the patient was transferred to a peripheral
ward. He was neurologically without any new deficit.
It was possible to mobilize him into a chair and he
was able to eat and wash himself without any help.
He was discharged on day 73.

DISCUSSION

We report on a patient with chronic renal failure
and HIT II who underwent combined cardiac re-do
surgery using hirudin for CPB anticoagulation. The
postoperative course in this patient was complicated
by excessive and protracted hemorrhage. A stepwise
approach of continuous HD, adequate substitution of
blood products and rFVIla was successful to manage
bleeding.

In patients with a history of HIT II, renal failure,
and in addition need of CPB and/or CRRT, antico-
agulants like prostacyclin, danaparoid, bivalirudin,
and argatroban have been used (13,14). In patients
with a negative test on HIT II antibodies, an alterna-
tive choice for CPB is the use of high molecular
weight (HMW) heparin in combination with a pro-
stacyclin (13). This approach has been proved to be
successful in a low number of case studies reported
(13). However, high doses of prostacyclin necessary
to achieve adequate inhibition of platelet activation
cause severe vasodilation with the need for vaso-
pressors (13). Regarding CRRT, prostacyclins seem
to offer some advantages just in combination with
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HMW heparin, excluding their use for patients with
HIT II (14). Danaparoid applied for CPB and CRRT
showed severe bleeding complications because of its
long half-life which is even more prolonged in
patients with renal failure (13,14). A promising alter-
native for anticoagulation during CPB and CRRT
may be the direct thrombin inhibitor argatroban
(14,15). This anticoagulant is eliminated through
the liver with a half-life of 21-61 min and no cross-
reactivity with HIT II antibodies (14). A few case-
reports have shown preliminary satisfactory results
regarding effectiveness and safety (9,14,15). Bivaliru-
din, another direct thrombin inhibitor, was successful
for anticoagulation in cardiac surgery in a pilot study
and single case reports and is currently under further
evaluation in a phase 3 trial (9,13).

Alternative anticoagulation with hirudin for CPB
in HIT II patients has been used successfully (2).
However, in patients with renal insufficiency or
failure bleeding complications after CPB occurred
because of hirudin cumulation (2,3). In this case
report, a high volume HD with a polysulfone high-
flux-filter was instituted in the operating room after
discontinuation of CPB in order to remove hirudin
from plasma. In vitro studies demonstrated that high
hirudin concentrations can be filtrated effectively
whereas low hirudin concentrations persisted, as
shown in this case report (5,6). Furthermore, other
in vitro studies showed that the filtration of high
hirudin concentrations is dependent on the high flux
membrane used (16). A polysulfone membrane was
superior to an AN69 membrane (16). However,
observations in vivo have shown inconclusive results
(16). Besides possible inadequate filtration of low
hirudin concentrations, another reason for persisting
low hirudin levels may have been the redistribution
from the extravasal space (4,6). Hirudin is distributed
80% into the extravasal space (6). Correspondingly,
aPTT values were persistently high. Another possible
factor influencing persisting low hirudin levels could
have been CPB. CPB induces alterations in the body
fluid distribution (17) which could have had an addi-
tive effect on further hirudin extravasal distribution
and following redistribution postoperatively. How-
ever, to our knowledge, no studies have been per-
formed investigating hirudin distribution during and
after CPB.

Re-do surgery per se is associated with a higher
risk for bleeding complications (18,19). This fact
together with the remaining low hirudin levels as well
as the enormous blood losses led to a poor hemo-
static capacity, possibly ending in disseminated intra-
vascular coagulation. After re-thoracotomy blood
losses were reduced but did not stop. On-going trans-

fusion requirements were necessary to achieve ade-
quate cellular and plasmatic coagulation capacity.

In the situation of on-going bleeding rFVIla was
administered at a dose of 60 pug/kg to generate
thrombin formation. Recombinant Factor VIla at
various dosages has been reported to be effective in
refractory bleeding after cardiac surgery (10,11).
Based on the hypothesis that the effect of a direct
thrombin inhibitor might be counteracted by rFVlIIa,
it has recently been successfully used in a combined
approach to treat bivalirudin-induced bleeding (9).
In that approach, modified ultrafiltration was also
not sufficient to stop bivalirudin-induced bleeding
(9). After rFVIIa application blood loss and trans-
fusion requirements were clearly reduced (9).
Concerns about the use of rFVIIa for bleeding
complications regarding possible thromboembolic
complications remain and have been described in
singular cases (20). Although safety and efficacy
studies are far from complete, positive results in con-
trol of profuse bleeding predominate, as demon-
strated in our patient (20).

After the third postoperative day anticoagulation
for the mechanical valve could be achieved effec-
tively with hirudin boli. Ten days after surgery the
patient accidentally received high doses of hirudin
without further bleeding complications. In contrast
to the postoperative period, after wound healing or
in nonsurgical patients, high hirudin concentrations
seem not to have such deleterious bleeding con-
sequences as immediately postoperatively. Post-
operative bleeding complications after continuous
application of hirudin for CRRT were described by
Kern et al. whereas Fischer et al. administered hiru-
din continuously in nonsurgical patients for CRRT
without bleeding complications (7,8).

In conclusion, successful treatment of a hirudin-
induced bleeding after cardiac surgery may be
achieved by using a stepwise approach of continuous
HD, adequate substitution of FFP, platelets, and
rFVIla. Reoperation should be performed to elicit a
possible surgical source of bleeding. Prospective
studies are required to evaluate the efficacy and
safety of this approach.
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Effect of the Electroporation in the Field
Calculation in Biological Tissues
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Abstract: This article presents results from the field calcu-
lation in a model of biological tissue taking into account
the electroporation process. The electroporation model
used in this study was proposed and experimentally veri-
fied by Glaser et al. for planar membranes. The numerical
method for field calculation is based on a two-step process:
(1) a cell-scale analysis, used for obtaining the field and
current in a small volume containing only one cell and its
nearest neighbors; and (2) a tissue-scale analysis, based on
averaged values of conductivity and permittivity (obtained
from the cell-scale analysis) and used for field calculation
in a large volume of the tissue. The results for a high volt-
age applied between two electrodes in a two-dimensional
analysis show that the electric field in the porated
tissue extends beyond the limits obtained when the
electroporation process is not taken into account. Further-
more, due to the electroporation, the tissue conductivity
increases in the space between the electrodes. These results
show that the electroporation process cannot be ignored in
the field calculation in biological tissues when high strength
electric fields are present. Key Words: Electroporation
—Field calculation—Electrostimulation—Modeling and
simulation.

Electroporation is a pore opening process that
occurs in the plasmatic membrane of cells in a tissue
when a high strength electric field is applied and the
transmembrane voltage is increased to a value of
the order of 1 Volt (1). The porated membrane can
become temporarily permeable to the ionic and
molecular components of the medium. Electropora-
tion can be used for insertion of molecules such as
DNA and proteins into cells and has been applied to
increase the effectiveness of drugs such as bleomycin
in tumor treatments by electrochemotherapy (2).

Although electroporation has been known and
utilized for several years, it still lacks a formal theory
to explain and quantify its physical mechanism.
However, there is experimental evidence for pore
formation and increases in conductance in lipidic
membranes under high transmembrane voltage.
Chang (3) used a rapid-freezing electron microscopy
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technique to obtain visual verification of the pore
creation and evolution in human erythrocytes mem-
branes excited by pulses of a DC shifted radio-fre-
quency electric field. He observed that the pore
distribution changed with time after applying the
field. Glaser et al. (4) verified that planar lipidic
membranes excited by electric field pulses increase
their conductance with time, having a rate depending
on the applied voltage. In the range of 0.65-1.5V of
the experiments, this dependence was observed to
follow a well-defined rule, which can be expressed by
the following equation:

In(AlL,/At)= A+ BV;2 (1)

Where V,, and [,, are the transmembrane voltage and
current, respectively, and At is the time length of the
pulse. The values of the constants A and B were
determined as —16 and 4.8 V2 respectively, for mem-
branes of asolectin (4).

Numerical simulation of the electric field distribu-
tion is a valuable tool in electrochemotherapy plan-
ning for estimating the extent of the electroporation.
However, due to the absence of quantitative models
of electroporation, previous work on numerical sim-
ulation of fields in biological tissues did not take into
account this process (5). Electroporation increases
the tissue conductivity close to the electrodes and the
real field distribution is different from that calculated
assuming that the tissue is homogeneous. In this
paper we present some results obtained from numer-
ical simulation of electroporation in a model of bio-
logical tissue using the Equivalent Circuit Method
(ECM). In this work it is assumed that the Eq.1 is
valid for plasmatic membranes of cells at the begin-
ning of the electroporation process. The main objec-
tive is to estimate the field and conductivity changes
when electroporation is taken into account.

MATERIALS AND METHODS

The equivalent circuit method

The equivalent circuit method (ECM) (6) is based
on modelling of the transport properties of the media
by means of an electric circuit whose elements are
associated with a discrete mesh of blocks that fill the
analyzed space. The ECM has two approaches. The
first is a cell-scale model, used for analysis of micro-
scopic volumes containing a few cells, where the total
current between two adjacent blocks in the mesh is
described as having three components: conduction,
diffusion, and shift current, which are modelled by
circuit elements: conductance, current source, and
capacitance, respectively. The second is a tissue-scale
model, used for analysis of macroscopic volumes

containing large numbers of cells, where the equiva-
lent circuit is based on the averaged values of the
conductivity and permittivity inside the effective vol-
ume of a cell, so that, the circuit models the disper-
sive behavior of the tissue. In this approach, the
equivalent circuit has conductances and capacitances
that model the dominant first order relaxation pro-
cess in a biological tissue (6).

The ECM consists in obtaining and analyzing the
equivalent circuit of the media aiming to obtain the
voltage and charge distributions in the space, in time
steps, from specified initial and boundary conditions.
The voltage is obtained from the computation of the
node equations system and the charge is obtained by
finite integration of the continuity equation in each
block of the mesh.

Numerical model for tissue electroporation

Since the electroporation process creates pathways
across the lipidic matrix of the cell membranes, it can
be considered as increasing both the conductivity and
the diffusion coefficient for ions crossing the mem-
branes. Since both processes in any media can be
modeled by the ionic mobility, Glaser’s experiments
suggest that the ionic mobility in an electroporated
membrane increases with the rate depending on the
transmembrane voltage. We define the relative
mobility (A) of any type of ion in the electrolyte
surrounding the membranes by the quotient between
the averaged mobility in the membrane and the
mobility in water, that is, A= U,/lL,. Based on Eq.1

we can write:

d, Vi

o éeXP( sz) (@)
where £ and V,, are constants. This expression agrees
with Glaser’s model and experimental results, but it
is only valid at the beginning of the electroporation
processes.

The averaged effect of the process described by
Eq.2 is to increase the static conductivity of the tis-
sue. Figure 1a shows the structure of a model tissue
with cells of cubic shape. The static conductance is
obtained as the equivalent of three contributions:
conductance of the interstitial space (g, =2a0y,),
conductance of the electrolyte (g.=2ac.), and con-
ductance of the membrane [g,= (a*/h)c,). Then,
according to Fig.1b, the equivalent static conduc-
tance is given by:

g = Za[csso + %ce} 3)

where G, is the static conductivity of the intact tissue.
The constant ¥ would have a value of 2 h/a if the

Artif Organs, Vol. 29, No. 6, 2005
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FIG. 1. (a) Details of a cubic cell tissue used in the cell-scale
analysis. (b) Equivalent circuit for simulation of the electropora-
tion in tissue-scale analysis. (c) Details of the two-dimensional
structure used in the simulation of tissue electroporation.

electric field was uniformly distributed over the cell
area. Since the field distribution can be obtained
using the cell-scale model, it is possible to correct this
value with numerical simulation. The transmem-
brane voltage can be calculated considering a voltage
divider between g. and g,,. Then, V,, can be given by:

_ (@/2E, _ya/2,
St gm/ge xtA T
where E, is the applied electric field.

(4)

m

Numerical setup
The model tissue was built with cells of cubic
shape. The electrolyte is an aqueous solution of two

Artif Organs, Vol. 29, No. 6, 2005

ions, Na™ and CI, with a concentration of 154 mM.
The cell edge is 20 um with an interstitial width of
70 nm and membrane width of 10 nm. The cell scale
analysis used a three-dimensional mesh of 14 000
blocks. The field source is a short pulse of voltage
with duration of 30 ns applied between two elec-
trodes in such a way that the electric field is 100 V/
cm. It was performed 20 000 steps in the iterative
method for cell-scale analysis with a time step of
0.3 ns, according to the rule for convergence given in
(6). Based on the voltage and charge distributions
around the cells, the averaged values of field and
current were calculated and the conductivity and per-
mittivity of the tissue were obtained. The parameters
of Eq.2 were estimated from Glaser’s paper (con-
stants A and B of Eq. 1). The values used in this work
were £=1x10"" and V,=0.46V. The tissue-scale
analysis used a regular two-dimensional mesh with
100 x 100 squares with 0.05 cm of edge. As shown in
the Fig. lc, electrodes were placed in the central
region of the tissue and kept 1 cm apart. One pulse
of 1800 V was applied during 50 us and the iterative
process was performed in 167 000 steps of 0.3 ns.
Based on the voltage and charge distributions, the
field and current in the tissue were calculated.

RESULTS

The dispersive parameters of the tissue obtained
from cell-scale analysis are: 6,=5x 10" S/cm, Ac =
1.9x 10 S/cm, e.=81e Ae=1x10*. The obtained
value for the constant y is 1.33 x 107. Figure 2 shows
the electric field distributions in the tissue at the end
of the applied 1800 V pulse under electroporation
occurrence and for the intact tissue. This figure also
shows the distribution of conductivity.

DISCUSSION

There are noticeable differences between the field
distributions for the porated tissue and for the intact
tissue. For the porated tissue the stimulated area is
quite large and fields as high as 1000 V/cm or higher
are not only concentrated around each electrode.
Furthermore, in the electroporated tissue there are
weak field areas at the back of each electrode, which
are probably due to the high concentration of current
and field in the high conductivity region between the
electrodes. Also, in the porated tissue, the conductiv-
ity between the electrodes is higher than in the intact
tissue and there is a correlation between the field and
the conductivity distribution. According to Eq. 2, the
conductivity increases faster in the places where the
field is higher. We see that there is a maximum con-
ductivity region of 19 mS/cm between the electrodes,
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FIG. 2. Electric field distribution for a pulse of 1800 V during
50 us (a) without electroporation occurrence; (b) with electropo-
ration occurrence; (c) conductivity distribution for the porated
tissue. The positions of the electrodes are marked with “+” inside
the little square. The legend shows the minimum values in the
area indicated by the gray scale.

forming a high conductance channel. Since this value
is equal to the electrolyte conductivity, it means that,
due to the poration process, cell membranes have lost
their ability to screen the ion displacement.

CONCLUSION

The ECM method was used to study the field and
conductivity distribution in a model of biological tis-
sue excited by a short pulse of high voltage. Numer-
ical results showed that the field distribution depends
on the occurrence of electroporation of the plasmatic
membranes and the increasing conductivity is higher
in the space between the electrodes. Because of the
electroporation processes, the tissue becomes inho-
mogeneous close to the electrodes. These results
showed that the field calculation in biological tissue
under high electrical fields should consider elec-
troporation in order to take into account the conduc-
tivity changes of the media. This study was based on
an electroporation model and experimental results
for planar artificial membranes in the beginning of
the electroporation process. Hence, numerical results
should only be considered in a qualitative sense.
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