Recovery from Extreme Hemodilution (Hemoglobin

Level of 0.6g/dL) in Cadaveric Liver Transplantation
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Decompensated hepatic failure occurred in a patient with a rare blood type. The patient had
extreme hemodilution due to massive bleeding during liver transplantation. A shortage of
matched and universal donor blood prompted us to transfuse albumin and fresh frozen plasma
for intravascular volume resuscitation. The lowest hemoglobin was 0.6 g/dL, accompanied by ST
depression and a serum lactate of 100mg/dL. The accuracy of the measured value of 0.6g/dL was
confirmed. However, the patient recovered from this critical situation after transfusion, and he
was eventually discharged from the hospital without significant sequelae. Maintaining normovole-
mia, administering pure oxygen, ensuring appropriate anesthetic depth, and maintaining minimal

inotropic support were essential for this patient’s survival during massive bleeding.
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assive bleeding is a primary cause of intraopera-
Mtive cardiac arrest. Affected patients often expe-

rience poor outcomes, including death.! The
tolerable limit of anemia, that is, the threshold hemoglobin
value below which patients develop ischemic organ dys-
function associated with elevated serum lactate levels, is not
known with certainty.

We report the case of a patient with a rare blood type who
developed extreme hemodilution during liver transplanta-
tion. The lowest measured hemoglobin concentration was
0.6g/dL, which was associated with an episode of ventricu-
lar tachycardia (VT), sustained ST segment depression on the
electrocardiogram (ECG), and a precipitous increase in serum
lactate level. Despite these serious conditions, the patient
recovered and was discharged without significant sequelae.

The patient reviewed the Japanese translation of this
manuscript and gave written permission for the authors to
publish the report.

CASE DESCRIPTION

A 45-year-old Japanese man was admitted with decompen-
sated hepatic failure resulting from primary biliary cirrhosis.
He had previously been diagnosed with hepatocellular car-
cinoma and had been treated successfully with percutane-
ous radiofrequency ablation. However, because his state of
decompensated hepatic failure had persisted, cadaveric split
liver transplantation was indicated. The patient had a history
of splenectomy and devascularization of the esophagus (the
Hassab procedure). He also had a rare blood type, A-RhD(-),
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having a prevalence of 0.5% in Japan,* and coagulopathy sec-
ondary to hepatic dysfunction. He did not have any cardiovas-
cular disease. His height was 173 cm, and his weight was 91kg.

Blood products (2800mL of red cell concentrates-leuko-
cytes reduced [RCC-LR], 6000mL of fresh frozen plasma-leu-
kocytes reduced [FFP-LR], and 250 mL of platelet concentrates)
were available. General anesthesia was induced with thiopen-
tal and fentanyl. Vecuronium was administered to facilitate
tracheal intubation. Mechanical ventilation was established,
and general anesthesia was maintained with air, oxygen,
sevoflurane, midazolam, and fentanyl. Central venous lines,
a large-bore venous sheath, and a pulmonary arterial catheter
were inserted. Dopamine and norepinephrine were adminis-
tered by continuous infusion for inotropic support.

During separation of dense adhesions in the abdomi-
nal cavity, bleeding persisted at a rate of approximately
5000mL/h. Seven hours after the initial incision was made,
the patient’s hemoglobin concentration was 3.6g/dL, after
preoperatively prepared 2800mL of RCC-LR blood prod-
uct had been transfused, as well as large quantities of other
blood derivatives, including FFP-LR and 5% albumin. We
ordered additional units of A(-) and O(-) RCC-LRs.

Ten minutes after portal reperfusion, a transient ST
elevation was noted in the inferior leads. Pure oxygen and
nicorandil, a drug with coronary vasodilator properties
attributable to nitrate and K*-ATP channel agonist activi-
ties, were started in an effort to improve the coronary oxy-
gen supply. Monomorphic nonsustained VT developed
after the first minute of ST segment elevation. The VT and
ST segment elevation resolved immediately after lidocaine
administration (Fig. 1). Arterial blood gas and laboratory
values obtained just after ST segment resolution revealed
acidemia (pH 7.157), normokalemia (4.2 mmol/L), a low
ionized calcium level (0.64 mmol/L), and anemia (hemo-
globin 8.0g/dL). At that time, we had transfused 5600 mL
of A(-) and O(-) RCC-LR in total. Acidemia and hypocalce-
mia were treated using boluses of sodium bicarbonate and
calcium chloride. The next arterial laboratory values, mea-
sured 13 minutes after the VT, showed improved pH and
ionized calcium, 7.275 and 0.91 mmol/L, respectively.

Because the ST segment elevation and VT had
resolved, we proceeded to perform a microscopic
hepatic arterial reconstruction to completely restore
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Figure 1. Traces from the monitored elec-
trocardiogram of the patient, a 45-year-
old Japanese man. Preincisional trace
(A) (leads Il and V5) showed sinus rhythm
without ST-T change. The ST segment
was elevated (B) 2 minutes after the por-
tal reperfusion (lead Il) and was followed
by nonsustained ventricular tachycardia
(C) (lead 1l). ST segment depression (D)
occurred during extreme anemia (hemo-
globin 0.6g/dL) (lead V5). ST segment
depression was resolved (E) concomitantly
with red cell concentrates transfusion
(hemoglobin 5.6g/dL) (leads Il and V5).
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graft perfusion. After the hepatic arterial reconstruction,
because of a shortage of A(-) and O(-) RCC-LRs, the
procedure was temporarily interrupted until additional
RCC-LRs arrived. During that waiting period, 5% albu-
min solution was transfused for intravascular volume
resuscitation. This resulted in progressive extreme ane-
mia, with a nadir hemoglobin level of 0.6g/dL (Fig. 2,
Table 1). This low hemoglobin level was associated with
ST segment depression on the monitored ECG (Fig. 1D)
and rapid increase in serum lactate to a maximum level
of 100mg/dL (Fig. 2).

We confirmed that the patient had not previously
received A(+) RCC transfusion, and A(+) RCC-LRs were
ready to use in the operating room. However, we did not
transfuse the A(+) RCC-LRs because the patient’s hemo-
dynamics had been maintained, hemostasis had been
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achieved, and we were aware that additional A (-) and O
() RCC-LR concentrates would arrive shortly.

The procedure resumed after A(-) and O(-)RCC-LRs
arrived and were administered. The patient’s extreme
anemia, ST depression, and excessive serum lactate con-
centration improved immediately after transfusion of an
additional 2600mL of RCC-LR (Figs. 1E and 2). The pro-
cedure was completed successfully, and the patient was
transferred to the intensive care unit with a hemoglobin
concentration of 3.1g/dL, requiring only low-dose dopa-
mine infusion for inotropic support.

Throughout the procedure, noninvasively measured sys-
tolic blood pressure was maintained >60mm Hg, and cen-
tral venous pressure was maintained at around 10mm Hg.
To protect the liver, we infused 0.01 pg/kg/min of prosta-
glandin E1 and 1 pg/kg/min of gabexate mesilate. Arterial
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Table 1. Blood Count, Arterial Blood Gas,
Electrolyte, and Metabolite Data Obtained During

Nadir Hemoglobin Concentration (0.6 g/dL)

Item Value

Blood count
White blood cells 3300/l
Red blood cells 19,000/ puL
Hemoglobin 0.6g/dL
Hematocrit 1.8%
Platelets 61,000/ pL

Blood gases, electrolytes, and metabolites
pH 7.286
Pco, 39.7mm Hg
Po, 535mm Hg
Na* 144 mmol/L
K+ 3.8 mmol/L
CIr 99 mmol/L
Ca?* 0.53 mmol/L
Bicarbonate 18.3 mmol/L
Glucose 110 mg/dL
Lactate 97mg/dL
Base excess —7.0 mmol/L

Results were obtained at time T in Figure 2. The blood count was measured
with an MEK-6318 Celltac a (Nihon Kohden, Tokyo, Japan). Blood gases,
electrolytes, and metabolites were analyzed with an ABL 800 FLEX
(Radiometer, Copenhagen, Denmark). Ten minutes after T, the serum lactate
concentration reached 100 mg/dL.

Table 2. Intraoperative Fluid Balance

Content Amount (mL)
In Crystalloid 4910

Colloid (5% albumin) 28,000
Blood transfusion
A(-) RCC-LR 8260
O(-) RCC-LR 2240
FFP-LR 20,400
PC 1900
Subtotal 65,710
Out Estimated blood loss? 61,600
Urine output 570
Subtotal 62,170
Net +3540

FFP-LR = fresh frozen plasma-leukocytes reduced; PC = platelet concentrates;
RCC-LR = red cell concentrates—leukocytes reduced.
2The estimated blood loss included 5000 mL of peritoneal and pleural fluids.

pH was maintained between 7.2 and 7.5, except during the
episode of VT, with administration of periodic boluses of
sodium bicarbonate. Calcium chloride was administered to
maintain the plasma ionized calcium level at normal values.
Bladder temperature was maintained between 36°C and
38°C. Sevoflurane was administered at an end-tidal concen-
tration of 1.2%, along with periodic boluses of midazolam
and fentanyl for the maintenance of general anesthesia, up
to 13mg and 1.2mg, respectively. Bispectral Index (Aspect
Medical Systems, Norwood, MA) values were maintained
in the 40s to 60s. The pulmonary arterial (mixed venous)
oxyhemoglobin saturation was continuously monitored but
not recorded.

The total duration of general anesthesia was 20 hours
and 18 minutes. The fluid balance of the case is summarized
in Table 2. On postoperative day 7, the patient’s trachea was
extubated uneventfully. He was discharged on postopera-
tive day 57 without significant sequelae.
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DISCUSSION

To the best of our knowledge, 0.6 g/dL is the lowest hemo-
globin value ever observed in an anesthetized patient who
survived. This extreme result led us to question the accu-
racy of the blood-counting instrument we used: a Celltac
o Hematology Analyzer (MEK-6318; Nihon Kohden
Corporation, Tokyo, Japan). For hemoglobin, this instrument
has a measuring range of 0 to 29.9g/dL and a reproduc-
ibility within 1.5% of the coefficient of variation.’ We tested
the accuracy of the MEK-6318’s hemoglobin measurements
at low concentrations using diluted whole blood with a
hemoglobin concentration set to 0.64g/dL. All 10 measure-
ments produced the same result, 0.5g/dL, confirming that
the MEK-6318 is accurate to within 0.15g/dL in measuring
extremely low hemoglobin concentrations (approximately
0.6g/dL). Therefore, we believe that the hemoglobin values
obtained in the present case were accurate.

The patient’s extreme anemia is attributable to
preoperative hepatic dysfunction, the large area of vis-
ceral adhesion to be separated, a long and highly inva-
sive operation, and the scarcity of the RhD(-) phenotype
in Asian countries. Because the prevalence of this phe-
notype is low in Japan (approximately 0.5%? vs 15%* in
Western countries), blood products are not always readily
available for RhD(-) patients with massive bleeding. We
used 8260 mL A(-) and 2240 mL O(-) RCC-LRs and used
up all the matched and universal donor RCC-LRs readily
available in Japan at that time.

Because the patient’s hemodynamics were stable and
hemostasis was nearly achieved, we did not transfuse A(+)
RCC-LRs. In retrospect, we believe that we could have
transfused A(+) RCC-LRs without much hesitancy because
the patient had not undergone an A(+) RCC transfusion.
From an ethical standpoint, if a patient has compromised
hemodynamics due to anemia, ABO-incompatible RCCs
should be considered as a lifesaving measure.

The physiological limit of dilutional anemia in clinical
settings has been implied in many case reports. Dai et al.®
reported a nadir hemoglobin level of 0.7 g/dL without signs
of hypoperfusion during surgery for axillary artery trauma
in a 53-year-old man. Zollinger et al.° reported a 1.1g/dL
hemoglobin level accompanied by ST depression during a
spine operation in a patient with lumbar metastasis of renal
cell carcinoma. In those cases, serum lactate levels were not
measured.

We were able to record serum lactate levels, which
increased more rapidly during profound anemia (hemo-
globin <2g/dL) in the neohepatic phase than before por-
tal reperfusion. It has been reported that serum lactate
levels normally decrease in the neohepatic phase of liver
transplantation because the lactate clearance of the liver
increases.” Findings from animal studies suggest 2 major
causes of hyperlactatemia in hemorrhagic shock: anaerobic
glycolysis due to tissue hypoxia, and endogenous or exog-
enous catecholamine stimulation of $2 adrenoceptors with
subsequent Na*, K*-ATPase activation, facilitating aerobic
glycolysis in skeletal muscle.®° In the present case, we
assume that facilitated anaerobic glucose metabolism con-
tributed, at least in part, to the markedly elevated serum
lactate levels. After RCC-LR transfusion, the serum lactate
level decreased (Fig. 2).
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The critical hemoglobin concentration (Hb,) is typi-
cally defined as the hemoglobin concentration at which
the oxygen consumption of vital organs starts to decline,
depending on the oxygen delivery during isovolemic hemo-
dilution.’-1¢ Further hemodilution beyond Hb, results in
tissue hypoxia; ST segment depression develops, and the
serum lactate concentration increases.*!”18

In humans, previous reports have emphasized the
importance of maintaining normovolemia during extreme
hemodilution for hemodynamic stabilization.>® During nor-
movolemic hemodilution, hyperoxic ventilation with a frac-
tion of inspired oxygen (F10,) of 1.0 increases the amount of
dissolved oxygen in the plasma, improving oxygen availabil-
ity in the microcirculation.'” In pigs, rescue hyperoxic venti-
lation compared with room air ventilation during a period
of Hb_,, resulted in maintenance of tissue oxygenation and
reduced mortality.'*1” Also, prophylactic hyperoxic venti-
lation reduced the Hb, level in pigs.’® In dogs, increased
anesthetic depth led to decreased tolerance to acute isovole-
mic anemia,! suggesting that appropriate anesthetic depth
should also be considered in normovolemic hemodilution.

In our patient, ST segment depression was seen for
80 minutes, while the patient’s hemoglobin was <2g/dL
(Fig. 1). The increasing serum lactate levels, as well as ST
depression during this period, suggested that the patient’s
Hb,; with the new liver graft was approximately 2g/dL. We
estimated the patient’s oxygen supply and demand from the
values in Table 1. The calculated arterial blood oxygen con-
tent (CaO,) was 2.41mL per 100mL of blood (1.34x0.6x1.0
+ 535x0.003). Setting the hemoglobin concentration to 1.0
and 2.0g/dL results in CaO, values of 2.95 and 4.29mL/dL,
respectively. Given the increase in the patient’s cardiac out-
put from 5 to 8L/min due to the increase in the heart rate
(from 70 to 110 bpm), systemic oxygen deliveries (DO,) are
192.72 (hemoglobin 0.6 g/dL), 235.60 (hemoglobin 1.0g/dL),
and 342.80 (hemoglobin 2.0g/dL) mL/min.

Reportedly, systemic oxygen consumption (VO,) values
during liver transplantation for a single patient with cir-
rhosis are 1.18 (preincisional), 0.62 (anhepatic phase), 3.49
(30 minutes after portal reperfusion), and 2.79 (60 minutes
after portal reperfusion) mL/kg/min.2 The VO, declines
by 45% in the anhepatic phase and increases by 130% in the
neohepatic phase compared with the preincisional value. In
our patient, the increase of VO, in the neohepatic phase
partly explains why ST depression and precipitous lactate
increase were seen only in the neohepatic phase. If the
abovementioned values were simply applied to the present
case, the V02 would be 56.42 (anhepatic phase), 317.59
(30 minutes after portal reperfusion), and 253.89 (60 minutes
after portal reperfusion) mL/min. It is likely that the DO,
decreased below the VO, during the patient’s ST depres-
sion. The increased heart rate and cardiac output probably
largely compensated for the decreased CaO,, thereby facili-
tating survival.

We maintained normovolemia by infusing 5% albumin
solution and FFP-LR (because of the shortage of matched
and universal donor RCC-LRs). Also, we maintained the F1o,
>0.5 and at 1.0 during the latter half of the period of anes-
thetic care. Furthermore, we monitored the anesthetic depth
with a Bispectral Index system and avoided inappropriate
fluctuations in anesthetic depth. Finally, minimal amounts
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of inotropes were administered to maintain perfusion pres-
sure. We did not attempt to induce mild hypothermia due to
concerns regarding causing platelet dysfunction, although
its effectiveness in preventing the adverse effects of severe
hemodilution has been discussed.?*

In severe dilutional anemia, if matched and universal
donor RCCs are unavailable, and the patient experiences
hemodynamic collapse or has an uncontrollable lactate
increase related to low oxygen supply, ABO-incompatible
RCC transfusion should be considered. In massive bleed-
ing with severe hemodilution, transfusing any available,
even uncrossmatched, RCCs should always be considered
to avoid patient death due to lack of red cells. An increase
in serum lactate may be an indication for additional RCC
transfusion or conversion to an abbreviated surgical proce-
dure with plans for future definitive repair.

However, in our patient, despite extreme intraoperative
hemodilution due to massive bleeding, administering 100%
oxygen, maintaining normovolemia, ensuring an appro-
priate anesthetic depth, and minimizing inotropic support
resulted in a good clinical outcome. These actions should
be considered for other patients with massive bleeding if
sufficient matched and universal donor RCCs are not avail-
able. Trends in serum lactate levels, as well as abnormal
ECG findings, can serve as warnings of tissue hypoperfu-
sion due to Hb_;. Monitoring the mixed or central venous
oxyhemoglobin saturation may also be helpful.

Previously, the lowest reported intraoperative hemoglo-
bin level was 0.7g/dL.5 In that trauma case, the patient had
been previously healthy. In contrast, our patient had sev-
eral preoperative comorbidities. The fact that our patient
tolerated severe anemia supports the effectiveness of the
strategies we used. Refining the best strategies for treating
massive bleeding will require additional reports of similar
cases with detailed monitoring and records. g8
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