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ABSTRACT

Background. Bleeding is the main cause of postoperative

complications of hepatic surgery. To minimize intraoper-

ative bleeding during hepatectomy, resections are generally

carried out under hepatic vascular control despite the risk

of liver dysfunction in patients with chronic liver disease.

This study evaluates the feasibility and safety of high-

intensity focused ultrasound (HIFU)-assisted hepatic

resection during an open procedure in an animal model.

Methods. Three groups of 12–14-week-old Landrace pigs

(n = 7/group) were used to evaluate HIFU-assisted liver

resection (group A) vs liver resection with or without portal

triad clamping (groups B and C). In each pig, liver resec-

tion was performed on the right and left paramedian lobes.

The following were evaluated and compared in the 3

groups: total blood loss, blood loss/cm2 of resection area,

clip density, procedure duration, morbidity, and mortality.

Results. Median blood loss was significantly lower in

group A than in group B (P = .02), and group C

(P = .007). Median blood loss/cm2 of resection area was

4.77 mL/cm2 in group A, 11.35 mL/cm2 in group B,

12.22 mL/cm2 in Group C. Precoagulation resulted in

sealing blood vessels \5 mm; therefore, median clip den-

sity during liver transection was 0.78 clip/cm2 in group A,

1.61 clip/cm2 in group B, and 1.57 clip/cm2 in group C.

Median duration of the surgical procedure was 12 min in

group A, 21 min in group B, and 19 min in group C.

Conclusions. HIFU-assisted hepatic resection during an

open procedure in an animal model is safe, reduces

bleeding, and allows real-time ultrasound guidance.

Bleeding is the main cause of postoperative complica-

tions of hepatic surgery. When a perioperative transfusion

is needed, morbidity, mortality, and tumor recurrence

increase. Thus, control of blood loss is imperative for

reducing hematic transfusions during hepatic resection.1–4

As the hepatic parenchyma tolerates ischemia better

than bleeding, intraoperative maneuvers have been pro-

posed to minimize the risk of intraoperative bleeding

during hepatic resection (e.g., total vascular exclusion, the

Pringle maneuver, and selective ligature to control hepatic

inflow).5–8 None of these methods is completely effective,

and each carries a risk of inducing liver dysfunction in

patients with chronic liver disease. Vascular clamping is a

time-critical technique, since higher morbidity results if it

lasts more than 45 min.9,10

Hepatic resection techniques have been improved using

devices such as bipolar forceps, water jet dissectors,

ultrasonic cutting systems, argon coagulation, and others.11

These techniques are both expensive and time consuming.

Recently, new approaches have been developed for per-

forming bloodless hepatic resection without any vascular

exclusion using energy sources such as radiofrequency,

ultrasonic scalpels, and microwave coagulation.12–15

Among these alternative techniques, the use of high-

intensity focused ultrasound (HIFU) holds great promise

because of its potential advantages, which include echo-

graphic targeting and no need to puncture. The feasibility

of HIFU for the ablation of liver tumors have been dem-

onstrated previously, and we describe in a previous study

how HIFU induces homogeneous lesions.16–19
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The aim of this study was to evaluate the feasibility of

HIFU for hepatic resection in an animal model, with a

focus on evaluation of blood loss and safety.

MATERIALS AND METHODS

All experiments were conducted at the Experimental

Surgery Institute of the Centre Léon Bérard (Lyon,

France) after approval of the local institutional review

board. These experiments were in accordance with the

requirements of the local Ethical Committee and with the

legal conditions of the National Commission on Animal

Experimentation.

Animal Model

This study used 12–14-week old Landrace pigs. Pigs are

the most frequently used animals for experimental hepatic

resection because the size and physiology of the porcine

liver are similar to human liver. Preliminary surgical pro-

cedures were performed on 4 pigs to optimize the HIFU-

assisted resection technique, to investigate tolerance to

hepatic resection, and to verify that the blood loss was less

than 10 mL/kg using standardized surgical techniques.

HIFU Equipment

The HIFU source used in this study had a toroid trans-

ducer with an integrated ultrasound imaging probe.19

Compared with conventional HIFU treatment, the ultra-

sound fields were generated by 8 ultrasound emitters

operating at a frequency of 3 MHz. With this technology,

the destruction zone induced in 40 s has a diameter of

2 cm, a major axis of 3 cm, and is placed at 7 cm from the

emitting surface to enable treatment of the deepest region

of the liver.20 The HIFU probe was brought into contact

with the liver using a sterile ultrasound cooling and cou-

pling liquid (Ablasonic, Edap-Technomed, Vaulx en Velin,

France) in a sterile polyurethane envelope (Civco, Kalona,

IA) (Fig. 1). Because of the thickness of the porcine liver

(2–4 cm), the coupling sterile envelope was filled such that

approximately 50–60 mm of liquid was present between

the device and liver to correctly place the focus. Never-

theless, it is possible to change the location of the focal

zone by adjusting the quantity of coupling liquid present

between the device and tissues or by electronic focusing.

Under these conditions, the location of the focal zone can

be placed from the surface of the liver to 9 cm in depth.

Such parameters permit treatment of the entire plane of

resection. A 7.5-MHz ultrasound imaging probe was placed

in the center of the device and connected to a BK HAWK

2102 EXL scanner (B–K Medical, Herlev, Denmark) to

guide the resection procedure (Fig. 1) and allows sonogram

visualization of the region that will be coagulated by

ultrasound exposure: the position of the HIFU focal region

is superimposed on the ultrasound image.21,22 In this way,

the surgeon could precisely visualize the treatment zone

within the hepatic tissue.

In this study, the HIFU toroid transducer was manually

applied to the surface of the liver by the surgeon.

Animal Care and Surgical Procedures

The pigs were housed on-site 7 days before surgery and

fasted for 24 h prior to surgery.23 Plasma samples were

withdrawn from each animal from a central venous cath-

eter prior to surgery for the following laboratory deter-

minations: hemoglobin level, hematocrit, thrombocyte

count, aspartate aminotransferase, alanine aminotransfer-

ase, prothrombin time, activated partial thromboplastin

time, bilirubin, and ammonia.

HIFU-assisted resection (group A) was compared with

standard surgical liver resection with or without vascular

clamping (group B, positive control, and group C, nega-

tive control, respectively). Premedication, induction, and

anesthesia were performed as reported previously by

N’Djin et al..19 In all animals, a 25-cm median laparotomy

was performed under sterile conditions. The liver was

FIG. 1 a Front view of the HIFU therapy hepatic imaging probe. b
High-intensity focused ultrasound (HIFU) therapy hepatic imaging

probe
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mobilized and exposed by surgical mops. The resection

line was marked using a sterile marker. Liver echography

was carried out by a 12-MHz linear probe on the paren-

chyma to be resected, and all the main vessels within the

resection line (hepatic veins and portal veins) were marked

on the glissonian surface for tracing during resection. A

cholecystectomy was performed routinely to eliminate the

possibility of affecting the gallbladder during resection.

The surgical procedure was: systematic control of the

major blood vessels was first established, then 2 hepatic

resections (right and left paramedian lobes, segments IV,

V, and VIII) were performed in each animal. The resection

line was located at the level of the division between the left

and right median lobes (Fig. 2).

In group A, resection was performed after precoagula-

tion of the hepatic parenchyma by HIFU. This allowed

bloodless resection without using hepatic stalk clamp-

ing. Precoagulation was intended to establish a defined

full thickness plane of coagulative necrosis; this was achie-

ved by multiple side-to-side 40-second HIFU treatments

(Fig. 3). HIFU application began along the marked line on

the glissonian surface using the toroid transducer under

manual control; this created a single defined ischemic

necrotic lesion in the liver parenchyma. The 7.5-MHz

ultrasound imaging probe placed in the center of the HIFU

device allowed real-time guidance during the treatment.

After the first single HIFU lesion was performed, if nec-

essary, the focus of the probe was changed to obtain a full

thickness precoagulation of the resection plane and then the

toroid transducer was moved along the planned resection

line, and another HIFU lesion was induced next to the first

lesion. The positioning of the HIFU-induced lesions

resulted in a homogeneous ‘‘wall-shaped’’ lesion that

encompassed the plane of resection.

Resection was performed in the middle of the preco-

agulated zone. The liver resection technique was the same

for all 3 groups and was performed using a Kelly clamp

claw, a suction device, and metallic clips (SLS-CLIP

B2180-A, Vitalitec International). In group B, resection

was done under intermittent clamping of the hepatic stalk

FIG. 2 a Two liver resections were performed on each pig (the red

lines on the diagram indicate the planned resection lines). b
Representative pig liver. The right and left paramedian lobes and

the resection line are indicated

FIG. 3 ‘‘Precoagulation line’’ is created using ultrasound guidance

by positioning multiple HIFU lesions side by side. After the first

single HIFU lesion is performed, if necessary, the focus of the probe

is changed to obtain a full thickness precoagulation of the resection

plane, and then the toroid transducer is moved along the planned

resection line, and another HIFU lesion is induced next to the first

lesion
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using intermittent hepatic inflow occlusion (duration,

10 min) followed by a short period of reperfusion (dura-

tion, 5 min). In group C, hepatic resection was obtained

without any vascular clamping.

Additional surface hemostasis on the hepatic tissue was

performed at the end of resection using a monopolar dis-

sector. All blood loss and biliary leakage were controlled by

clips and surgical sutures as necessary. At the end of the

surgical procedure, the laparotomy was closed in all animals

with a running suture (2 planes). A video camera (DCR-

PC110E PAL, Sony) recorded all phases of each resection.

Postresection Analysis

Immediately after each hepatic resection, the removed

specimens including a grid were photographed, and these

images were thereafter digitally processed. The entire

abdominal cavity was inspected for collateral HIFU effects

on adjacent organs, that is, burns. All the animals were

examined clinically twice a day by a veterinary surgeon

until postoperative day D15.

Postoperative analgesia was administered by a fentanyl

patch. Plasma samples were withdrawn from a central

venous catheter on postoperative days D1, D4, D7, and

D15 for the following determinations: hemoglobin level,

hematocrit, thrombocyte count, AST, ALT, PT, APTT,

bilirubin, and ammonia (Fig. 4). The results were com-

pared with normal values in accordance with the Canadian

Council on Animal Care.23

On D4 and D7, an echograph was used to assess liver

size, the presence of perihepatic fluid collections, and the

permeability of the main hepatic and portal vessels and to

inspect the biliary tract.

Animals were euthanized on D15. The abdominal cavity

and internal organs were inspected carefully, and livers

were weighed, measured, and analyzed by a pathologist.

Histopathological analysis was performed on liver tissue to

verify coagulation necrosis, hemostasis, and biliostasis.

Assessment Criteria

The primary criterion was to assess whether HIFU-

assisted liver resection resulted in reduced blood loss

compared with liver resection with or without clamping.

Blood loss referred to hepatic resection was systematically

determined by weighing all blood-soaked surgical mops

on a high-precision scientific scale (PB1502, Mettler

Toledo). The aspirated fluid (blood suctioned out of the

abdomen) was weighed as well. The secondary assessment

criteria were blood loss/cm2 of resection area, clip density,

duration of the resection procedure, and morbidity and

mortality in each group.

Statistical Analysis

Animals were divided into 3 groups to evaluate HIFU-

assisted liver resection (group A) vs liver resection with or

without clamping (groups B and C, respectively). Using a

Wilcoxon rank-sum test with a .05 2-sided significance

level for each 2-by-2 comparison (group A vs group B and

group A vs group C), 14 resections were required in each

group to detect a difference in mean blood loss of 100 mL

with 80% power, assuming a common standard deviation

of 81.2 mL based on preliminary data.

Quantitative variables were compared between groups

(group A vs group B and group A vs group C) using a

Wilcoxon rank-sum test with a .05 2-sided significance

level.

RESULTS

All surgeries were performed by a single researcher on

21 12–14-week-old Landrace pigs. There were 14 separate

liver resections performed in each group (2 per animal).

Total hepatectomy took place on D1 after surgery (n = 1;

1 pig in group C died of a massive left pulmonary

thrombotic embolism) and on D15 (n = 20 pigs).

Plasma 
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Echography 

D0 D1 D4 D15 D7 D10 

Plasma 
Samples 

Surgery 
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Samples 

Plasma 
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FIG. 4 Study overview. High-intensity focused ultrasound (HIFU)-

assisted hepatic resection was performed on pigs on day 0 (D0) using

a handheld probe, and the animals were monitored until euthanasia

on day 15 (D15). Plasma samples were withdrawn from each ani-

mal from a central venous catheter for the following laboratory

determinations: hemoglobin level, hematocrit, thrombocyte count,

aspartate aminotransferase (AST), alanine aminotransferase (ALT),

prothrombin time (PT), activated partial thromboplastin time (APTT),

bilirubin, and ammonia
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The median weight of the harvested livers was 881.3 g

[666.2–1263.9], the median resected rate was 11.38% [6.1–

16.4], and the total mass of resected liver was 100 ± 25 g

[57.6–153.5]. The median resection line length was 80 mm

[60–117], and the median depth of the resected lobe was

24 mm [16–32]. The median resected surface area was

15.52 cm2 [8.7–49.7]. All the values in the 3 groups were

homogeneous (Table 1A), but depth of the resection lobe

(greater in group A than group B and C) and resection rate

that was slightly greater in group C than in group A.

Finally, this does not affect blood loss referred to hepatic

resection area when we compare the results in group

A and C.

In Group A, HIFU treatment was visible on both sides of

the transection line (Fig. 4). The median number of HIFU

lesions needed to obtain coagulative necrosis of the

resection line was 8.9 lesions.5–12 All vessels \5 mm in

diameter were sealed successfully using HIFU precoagu-

lation. Surgical clips were used to control vessels [5 mm

in diameter. In group A, no additional surface hemostasis

was needed. In groups B and C, a monopolar dissector was

used to achieve complete liver hemostasis.

Histological Analysis

Histological analyses were performed on the resected

specimens on D0 (the day of surgery) and on D15. After

specimen fixation and sectioning, homogeneous lesions

were identified on the resection line in samples from pigs in

group A. Lesions consisted of a central yellow/white area

TABLE 1 A Animal and resection characteristics and B animal and plasma sample analysis

Group A Group B Group C Test (P value)

A

Animal weight (kg) 30.2 [26.7–34.2] 30.0 [25.2–33.0] 27.7 [24.5–29.7] P (A vs B) = .46

P (A vs C) = .12

Liver weight (g) 1051.8 [743.6–1263.9] 873.2 [666.2–1095.7] 864.3 [688.5–980.5] P (A vs B) = .26

P (A vs C) = .10

Resection rate (%) 8.38 [7.69–12.16] 12.15 [6.09–16.44] 12.71 [11.34–15.11] P (A vs B) = .16

P (A vs C) = .03

Liver resected weight (g) 92.7 [66.6– 128.5] 90.9 [57.6–153.5] 98.0 [87.5–148.2] P (A vs B) = .90

P (A vs C) = .33

Depth of resected lobe (mm) 26 [22–34] 24 [16–27] 23.5 [20–32] P (A vs B) = .03

P (A vs C) = .049

Length of resection line (mm) 75 [60–110] 87.5 [60–117] 80 [65–100] P (A vs B) = .33

P (A vs C) = .89

Resected area (cm2) 14.49 [10.13–22.53] 15.52 [8.74–49.66] 17.79 [11.62–25.09] P (A vs B) = .26

P (A vs C) = .12

Group A Group B Group C

B

AST (UI/L) Day 0 45 [24–102] 48 [26–71] 56 [41–73]

Day 1 316 [191–454] 319 [202–569] 206 [73–283]

Day 4 52 [43–69] 44 [34–65] 61 [26–103]

ALT (UI/L) Day 0 51 [40–63] 70 [39–109] 74 [57–95]

Day 1 79 [67–88] 113 [91–141] 83 [69–100]

Day 4 68 [59–92] 83 [66–113] 68 [37–93]

PT (%) Day 0 94.5 [81.0–100.0] 90.7 [78.0–100.0] 96.3 [91.0–100.0]

Day 1 80.8 [34.0–100.0] 86.2 [76.0–94.0] 83.5 [72.0–93.0]

Day 4 95.3 [91.0–100.0] 92.2 [82.0–100.0] 83.3 [77.0–96.0]

Bilirubin (lmol/L) Day 0 1.9 [1.0–3.0] 1.7 [1.0–3.0] 2.0 [1.0–3.0]

Day 1 4.2 [2.0–7.0] 6.8 [3.0–13.0] 2.4 [1.0–4.0]

Day 4 2.7 [1.0–6.0] 1.2 [1.0–2.0] 2.0 [1.0–3.0]

Animals are divided into 3 groups to evaluate HIFU-assisted liver resection (group A) vs liver resection with or without clamping (groups B and

C, respectively)

All values are expressed as median [range]
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surrounded by an outer dark red zone. Histological analysis

revealed coagulated necrotic tissue, no incomplete

destruction was found. A transition zone was present

between the coagulated zone (pyknotic nuclei, cytoplasm

containing few vacuoles) and normal liver parenchyma

(Fig. 5).

In all animals, HPS staining showed a homogeneous

hepatic resection line with intense reactive fibroses. Clips

were integrated into the scar tissue that was present on the

resection line.

Blood Loss, Clip Density, and Treatment Time

The median blood loss in group A was 68 mL (28–

489.2), which was significantly lower than in group B

(194.7 mL; 58.5–383.8) (P = .02) and in group C

(200.05 mL; 106.5–523) (P = .007). Median blood loss/

cm2 resection area was 4.77 mL/cm2 (1.66–21.71) in

group A, 11.35 mL/cm2 (3.67–17.94) in group B, and

12.22 mL/cm2 (7.81–29.97) in group C.

The median clip density during liver transection was

0.78 clip/cm2 (0.35–1.37) in group A, 1.61 clip/cm2 (0.83–

2.45) in group B, and 1.57 clip/cm2 (0.80–3.16) in group C.

The median surgical resection duration was 12 min (7–

30) in group A, 21 min (15–39) in group B, and 19 min

(10–27) in group C.

Morbidity and Mortality

Morbidity and mortality reflect tolerance of the treat-

ment. In this study, all but 1 pig survived (1 group C pig

died of a massive left pulmonary thrombotic embolism),

and all pigs had a normal postoperative recovery until

euthanasia on D15. Clinical examinations were performed

daily, and results of the plasma sample analysis were

normal from D4 onwards (Table 1B). Extracorporeal ech-

ographic liver examinations, performed on D4 and D10,

allowed visualization of the remaining parenchyma. We

had only a single case of subglissonian fluid collection

(63 mL) in an animal in group B; it did not require

drainage.

After euthanasia, 1 liver in each group (i.e., a total of 3

livers) was found to have a small uncomplicated fluid

collection. The 18 remaining animals (86%) did not show

any complications. Most of the clips were still on the

resection line, and we observed adhesions along the

resection line and on contiguous organs.

DISCUSSION

HIFU liver precoagulation is a promising technique for

minimizing blood loss during hepatic resection without the

Pringle maneuver. Avoiding dissection and pedicle

clamping can prevent liver ischemia–reperfusion injury,

which is known to predispose patients to postoperative

liver failure. This study demonstrated the feasibility, safety,

and reproducibility of HIFU-assisted hepatic resection

during an open procedure in an animal model.

HIFU coagulative necrosis can target a precise focal

volume within the liver without any puncture or impair-

ment of overlying structures, such as major blood vessels;

even structures within the path of the ultrasonic beam are

unharmed.18 This represents a major advantage compared

with techniques that use heat coagulation because coagu-

lative necrosis is induced without risk of needle-track

seeding.24,25

The toroid HIFU transducer used in this study enabled

access to extended homogeneous complex lesions without

the encumbrance of a device coupled to a reflector, as

described previously.26 Juxtaposition of the HIFU-induced

elementary lesions created a ‘‘wall’’ of necrosis that facil-

itated resection in hepatic parenchyma, resulting in

reduction of intraoperative blood loss compared with

standard hepatic resection techniques. Vessels less than

5 mm in diameter located along the resection plane are

sealed by HIFU coagulative necrosis, while larger vessels

need to be isolated, clipped, and cut using surgical scissors.

Hemostasis is therefore easily achieved with fewer surgical

clips. In contrast to other techniques used to assist liver

resection, in this study HIFU biliostasis was definitive
FIG. 5 Resection line on postoperative day 15 in a representative pig

in group A. a Macroscopic view. b Microscopic view
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without any postoperative bile leaks.14 Morbidity related to

treatment was acceptable: no animal died as a result of

HIFU-assisted hepatic resection.

Regarding HIFU precoagulation duration, the toroid

geometry of the probe was optimized to induce a large

coagulation volume (volume: 7.0 ± 2.5 cm3) in only

40 s.27

The results of this study indicated that this procedure

could be used in human patients for whom precoagulation

may offer better control of blood loss, for example, for

patients with postchemotherapy fragile liver.28 Patients

undergoing iterative hepatic resection might also benefit

from HIFU precoagulation: In these cases, segmental and

nonanatomical resections to spare liver parenchyma can be

mandatory. Usually segmental and nonanatomical resec-

tions are classified as minor hepatectomies, but they can be

technically demanding and result in more bleeding than for

major resections. In this same situation, intermittent

hepatic clamping, which is often used to prevent bleeding

during hepatic resection, and liver mobilization can be

difficult because of previous procedures and postoperative

adhesions. In such situations, HIFU may be useful since

precoagulation necrosis can help to achieve a blood-

less resection without using intermittent hepatic inflow

occlusion.

In this study, the resection was performed in the middle

of a coagulated zone, and the narrow coagulated zone in

the resection margin may improve the clearance of this

margin and thus reduce the incidence of local recurrence.29

This represents a major advantage when a sterilized margin

cannot be anatomically improved, for example, because of

hepatic veins, hepatic pedicle, and so on. In such cases,

resection in conjunction with ultrasound precoagulation

may be an option for a surgical strategy that maintains

oncological radicality.

Finally, this technique permits excellent control of the

surgical resection line and is easy to reproduce. Fine con-

trol is possible because each lesion induced by HIFU is

visible with contrast on sonograms performed by the

imaging probe that is integrated within the HIFU toroid

transducer. This allows 4-dimensional control (topographic

and real-time visualization) of the resection line during the

procedure.

What we call ‘‘focused ultrasound liver surgery’’ thus

represents progress in the use of ultrasound in liver sur-

gery: ultrasound can first be used to identify lesions and

then aid in liver tumor resection or destruction.18 HIFU

broadens the concept of ultrasound-assisted liver surgery

and helps optimize the surgical strategy. We demonstrated

previously that the same HIFU probe that is used to assist

hepatic resection can also be used to destroy hepatic

lesions.30 A combined approach, that is, lesion resection

plus focal destruction of lesions that cannot be excised, is a

potentially curative treatment option for patients with

multiple bilobar hepatic metastases. This strategy may

expand the number of patients who can successfully

undergo surgery and achieve positive oncological

outcomes.

We have already begun the first HIFU applications in

human patients in open liver surgery.

In conclusion, HIFU-assisted hepatic resection is a safe

technique that greatly reduces bleeding during resection

and also allows real-time ultrasound guidance.
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