
Renal ablation using magnetic resonance-guided high 
intensity focused ultrasound: Magnetic resonance imaging 
and histopathology assessment

Maythem Saeed, Roland Krug, Loi Do, Steven W Hetts, Mark W Wilson

Maythem Saeed, Roland Krug, Loi Do, Steven W Hetts, Mark 
W Wilson, Department of Radiology and Biomedical Imaging, 
School of Medicine, University of California San Francisco, San 
Francisco, CA 94107-5705, United States

Author contributions: Saeed M designed the study, performed 
the experiments, analyzed MR images/histology and wrote the 
manuscript; Krug R performed the ablation and MR imaging and 
involved in manuscript editing; Do L achieved and analyzed the 
images, prepared the figures and involved in manuscript editing; 
Hetts SW and Wilson MW provided vital advices and were also 
involved in manuscript editing.

Institutional review board statement: Departmental Scientific 
Merit Approval.

Institutional animal care and use committee statement: 
This study received approval from Institutional Animal Care and 
Use Committee.

Conflict-of-interest statement: All investigators have no conflict-
of-interest.

Data sharing statement: The authors are solely responsible for 
the data.

Open-Access: This article is an open-access article which was 
selected by an in-house editor and fully peer-reviewed by external 
reviewers. It is distributed in accordance with the Creative 
Commons Attribution Non Commercial (CC BY-NC 4.0) license, 
which permits others to distribute, remix, adapt, build upon this 
work non-commercially, and license their derivative works on 
different terms, provided the original work is properly cited and 
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

Correspondence to: Maythem Saeed, PhD, Professor, 
Department of Radiology and Biomedical Imaging, School of 
Medicine, University of California San Francisco, 185 Berry Street, 
Suite 350, Campus Box 0946, San Francisco, CA 94107-5705, 
United States. msaeed@ucsf.edu
Telephone: +1-415-5146221

Fax: +1-415-3539423

Received: June 26, 2015
Peer-review started: July 7, 2015
First decision: September 11, 2015
Revised: October 23, 2015
Accepted: November 13, 2015
Article in press: November 17, 2015
Published online: March 28, 2016

Abstract
AIM: To use magnetic resonance-guided high intensity 
focused ultrasound (MRg-HIFU), magnetic resonance 
imaging (MRI) and histopathology for noninvasively 
ablating, quantifying and characterizing ablated renal 
tissue. 

METHODS: Six anesthetized/mechanically-ventilated pigs 
underwent single/double renal sonication (n  = 24) using 
a 3T-MRg-HIFU (1.1 MHz frequency and 3000J-4400J 
energies). T2-weighted fast spin echo (T2-W), perfusion 
saturation recovery gradient echo and contrast enhanced 
(CE) T1-weighted (T1-W) sequences were used for 
treatment planning, temperature monitoring, lesion visuali
zation, characterization and quantification, respectively. 
Histopathology was conducted in excised kidneys to 
quantify and characterize cellular and vascular changes. 
Paired Student’s t-test was used and a P-value < 0.05 was 
considered statistically significant.

RESULTS: Ablated renal parenchyma could not be 
differentiated from normal parenchyma on T2-W or non-
CE T1-W sequences. Ablated renal lesions were visible as 
hypoenhanced regions on perfusion and CE T1-W MRI 
sequences, suggesting perfusion deficits and necrosis. 
Volumes of ablated parenchyma on CE T1-W images in  
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vivo  (0.12-0.36 cm3 for single sonication 3000J, 0.50-0.84 
cm3, for double 3000J, 0.75-0.78 cm3 for single 4400J 
and 0.12-2.65 cm3 for double 4400J) and at postmortem 
(0.23-0.52 cm3, 0.25-0.82 cm3, 0.45-0.68 cm3 and 
0.29-1.80 cm3, respectively) were comparable. The 
ablated volumes on 3000J and 4400J double sonication 
were significantly larger than single (P  < 0.01), thus, 
the volume and depth of ablated tissue depends on the 
applied energy and number of sonication. Macroscopic 
and microscopic examinations confirmed the locations and 
presence of coagulation necrosis, vascular damage and 
interstitial hemorrhage, respectively.

CONCLUSION: Contrast enhanced MRI provides ass
essment of MRg-HIFU renal ablation. Histopathology 
demonstrated coagulation necrosis, vascular damage and 
confirmed the volume of damage seen on MRI. 

Key words: Magnetic resonance-guided high intensity 
focused ultrasound; Renal ablation; Magnetic resonance 
imaging; Microscopy; High intensity focused ultrasound
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Core tip: Renal carcinoma constitutes the majority of 
kidney malignancies. The gold standard procedure for 
treatment of renal carcinoma remains surgical excision. 
However, in a large number of patients, surgical excision 
is precluded by increased perioperative risk due to 
medical comorbidities. Recent innovations in the field of 
thermal ablation procedures and real-time imaging have 
accelerated the development of magnetic resonance-
guided high intensity focused ultrasound (MRg-HIFU). 
This study showed that contrast enhanced magnetic 
resonance imaging (MRI) provides good assessment 
of renal ablation created noninvasively by MRg-HIFU. 
The volume and depth of ablated tissue depends on the 
applied energy and number of sonications. Histopathology 
demonstrated coagulation necrosis and vascular damage 
in the ablated tissue and confirmed the volume of damage 
seen on contrast enhanced MRI.

Saeed M, Krug R, Do L, Hetts SW, Wilson MW. Renal ablation 
using magnetic resonance-guided high intensity focused 
ultrasound: Magnetic resonance imaging and histopathology 
assessment. World J Radiol 2016; 8(3): 298-307  Available from: 
URL: http://www.wjgnet.com/1949-8470/full/v8/i3/298.htm  DOI: 
http://dx.doi.org/10.4329/wjr.v8.i3.298

INTRODUCTION
The number of renal cell carcinoma cases increases with 
approximately 65000 new cases diagnosed each year in 
the United States[1]. The increased use of high-resolution 
diagnostic imaging has led to the serendipitous detection 
of small renal tumors in asymptomatic patients with 
small masses of renal carcinoma[2,3]. The gold standard 

procedure for treatment of localized renal carcinoma 
remains surgical excision. However, in a large number 
of patients, surgical excision is precluded by increased 
perioperative risk due to medical comorbidities[4,5]. In 
early 1990, radiofrequency ablation has emerged as 
a treatment option for this population, with the aim of 
achieving local oncologic control in a nephron-sparing 
manner while avoiding the potential morbidity associated 
with surgical extirpation and general anesthesia. Ritchie et 
al[6] showed that magnetic resonance-guided high intensity 
focused ultrasound (MRg-HIFU) was effective in two-third 
of the renal cell carcinoma cases. They suggested that 
advancement in ablation speed, respiratory navigation 
and treatment monitoring will improve outcomes and 
accurate histological analyses are essential in determining 
treatment efficacy. Innovations in the field of thermal 
ablation procedures and imaging in the last decade have 
accelerated the development of MRg-HIFU[7].

There are great differences in heat sensitivity between 
different cell types and tissues. In order to exploit the use 
of hyperthermia in the clinic, investigators need a better 
understanding of heating effects on various cell types and 
tissues[8]. MRg-HIFU has been used for treating uterine 
fibroids[9,10], palliation of bone metastases[11], ablation in 
the brain tumor through the skull[12], breast cancer[13,14], 
prostate[15] and hepatocellular carcinoma[16]. The safety 
and feasibility of using extracorporeal HIFU in treating 
patients with kidney tumor has been demonstrated[17,18]. 
The objective of this study was to use magnetic resonance 
imaging (MRI) and histopathology for assessing non-
tumor renal ablation in swine model created by MRg-HIFU.

MATERIALS AND METHODS
Animal model
This investigation conformed to National Institutes of 
Health guidelines for the care and use of laboratory 
animals and was approved by the Institutional Animal 
Care and Use Committee. Six farm pigs (mean weight 
31.0 ± 1.7 kg) (Pork Power Farms, Turlock, CA) were 
premedicated with 0.5 mg/kg acepromazine (Fort Dodge 
Animal Health, Fort Dodge, IA) and 25 mg/kg ketamine 
(Fort Dodge Animal Health). Animals were anesthetized 
with a mixture of isoflurane 2%-5% (Abbot Lab., North 
Chicago, IL) and oxygen and mechanically ventilated. 
Saline (10 mL/kg per hour) (Abbot Lab., North Chicago, 
IL) was IV infused. Heart rate, O2-saturation and core 
body temperature were monitored. Rocuronium bromide 
(Hospira Inc, Lake Forest, IL) was IV administered prior 
to ablation to minimize twitching and diaphragm motion 
during ablation.

MRg-HIFU setting
An MRg-HIFU system (ExAblate 2000, Insightec Ltd, 
Tirat Carmel, Israel) with a phased array transducer 
of 208 elements embedded in an MR table was used 
to create renal ablations. The table was connected 
to a 3T wide-bore MRI scanner (Discovery MR750w, 
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GE, Milwaukee, WI). The back hair was shaved and 
closely examined for any defects or scars, which might 
impede the propagation of acoustic energy from the 
transducer. The pigs were then placed onto the scanner 
table in a supine position, inside a shallow bath filled 
with degassed water, so both non-tumor kidneys were 
centered above the transducer.

Increases in temperature were monitored using phase-
differences in fast spoiled gradient-echo sequences (proton 
resonant frequency shift method) in renal parenchyma. 
A low-energy test sonication was performed in the para-
vertebral muscles to confirm accuracy of the system set-
up, calibrate the HIFU beam location and the path of the 
sound waves. All prescribed targets in the kidneys were 1 
cm of the proximal and distal poles based on sagittal plane 
(Figure 1). A total of 24 lesions (4 per animal and 2 per 
kidney) were created at 2-3 mm from the renal capsule. 
The energies used in this study were determined in a pilot 
study (n = 1 pig), where lower energy (< 2000J) showed 
no visible renal ablation. The used focal spots were similar 
in size and geometry. In all animals one single sonication 
of 3000J at the upper (or proximal) pole of the right 

kidney and one single sonication of 4400J at the lower (or 
distal) pole of the right kidney were performed. Double 
sonication at the respective poles of the left kidney was 
performed. Unlike single sonication in the right kidney, each 
target in the left kidney was treated with double overlapping 
sonication of 3000J lasted for 30 s or 4400J lasted for 40 s 
(Figure 2). In the double sonication, the second sonication 
was performed in the exact same location as the first. 
The frequency was constant (1.1 MHz) in all cases, but 
the cooling times between sonication were 90 s and 132 s 
for 3000J and 4400J, respectively. The cooling time was 
determined by the HIFU software and was sufficient to 
prevent thermal damage related to heat accumulation 
in non-targeted tissues. Relatively high energies (3000J 
to 4400J) and low power (100-110W) were needed to 
produce visible lesions compared with other soft tissue like 
in the pancreas (1000J and 500-1350W)[19].

MR imaging and analysis
The default body coil and a 64-channel receiver cardiac coil 
(GE Healthcare, Waukesha, WI) were used in the current 
study. Axial, coronal and sagittal planes to the kidney were 
acquired to verify proper position of the transducer and to 
plan the ablation treatment. Axial and sagittal T2-W fast 
spin echo (FSE) (T2-W) sequence with fat saturation was 
used and the acquired images transferred to the HIFU 
software. MR thermometry was performed, using 3D 
segmented-EPI during each sonication with multiphase 
multi-slice echo planar imaging[20,21]. 

Post-ablation imaging without contrast was performed 
60 min after sonication and with contrast media after 
90 min. Table 1 shows the used imaging sequences 
and their parameters. Two-dimensional T2-W, 2D CE 
T1-weighted (T1-W) FSE and 3D liver acquisition with 
volume acquisition (LAVA) images were performed before 
and after ablation. Signal intensity (SI) ratios (ablated 
lesion SI/normal parenchyma SI) on T2-W and non-
enhanced T1-W images were determined to demonstrate 
the SI differences prior to contrast media administration. 
Furthermore, perfusion imaging was conducted during 
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Figure 1  A localizer was performed to verify the position of the kidneys relative to the transducer. Coronal T2-weighted (T2-W) magnetic resonance images 
show the result of added T2-W treatment planning sequence, which was transferred to the high intensity focused ultrasound software (left and center). The right plot 
shows the temperature rise during ablation in the renal parenchyma. The red temperature curve represents the maximum temperature measured at the point of focus, 
while the green curve represents the average temperature in the region of interest.

Figure 2  Macroscopic dorsal lesions in the right (single sonication) and 
left (double sonication) kidney are shown after high intensity focused 
ultrasound. Note the doughnut-shape hemorrhage (dark red) is surrounding 
coagulation necrosis (pale). Double sonication at 4400J produced larger lesions 
compared with the others.
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MRI in situ and postmortem data was assessed using 
Pearson’s correlation coefficient. A P value of less than 
0.05 was considered statistically significant.

RESULTS
MR imaging-guided HIFU was successfully used to create 
24 focal renal lesions in 6 animals (4 per animal and 2 
per kidney). The duration of renal planning and sonication 
was between 50-60 min. The sonication caused no 
change in average core body temperature, heart rate 
or O2 saturation (Table 2). Breath-hold, with the use of 
muscle relaxant, rocuronium bromide, minimized muscle 
twitching and diaphragm movement motion during 
sonication and imaging. During ablation, the temperature 
rise (58 ℃-63 ℃) in the targeted region was monitored 
(Figure 1). 

MRI characterization and quantification
The ablated lesions were not visible (isointense compared 
with surrounding renal parenchyma) on fat-suppressed 
T2-W and non-enhanced T1-W images. SI ratios on 
T2-W and non-enhanced T1-W images were 1.02 ± 0.02 
and 1.03 ± 0.01, respectively, suggesting that there was 
no evidence of edema four hours after treatment.

On the other hand, perfusion imaging during injection 
of Gd-DTPA demonstrated hypoperfused ablated lesions 
as wedged-shaped zones (Figure 3). The changes in SI 
as a function of time were demonstrated in aortic blood, 
normal and ablated renal parenchyma. The perfusion 
deficits persisted for 2 min after contrast administration 
regardless of the sonication energies. Severe ischemia 
was observed in ablated lesions (Figure 4). We were 
unable to monitor the first passage indices (max upslope, 
max SI and time to the peak) of MR contrast media in 
the kidneys, because there was a trade-off between 
temporal resolution, spatial resolution and coverage 
related to the anatomical locations of the left and right 
kidneys and the lesions in a single kidney being created 
far from each other.

Furthermore, 2D CE T1-W FSE and 3D LAVA demon
strated the locations of the lesions in the proximal and 
distal poles of the kidneys (Figure 5). The locations of 
lesions on these images matched lesions seen on perfusion 

bolus injection of 0.2 mmol/kg Gd-DTPA (Bayer, Wayne, 
NJ). Saturation recovery gradient echo sequence was 
acquired after ablation to monitor regional perfusion in 
normal and ablated renal parenchyma. Imaging was 
performed before and during contrast injection. Regional 
signal intensity was monitored for 2 min after bolus 
injection of MR contrast media. Signal intensities were 
measured in the aortic blood (arterial input function), 
ablated and normal renal parenchyma. 

Post-contrast administration, 2D CE T1-W and 3D 
LAVA images were repeated. LAVA is based on a 3 
dimensional spoiled gradient echo pulse sequence. The 
3D volumes (cm3) of ablated renal parenchyma on only 
CE MRI (showed best delineation) were determined by 
multiplying the cranial-caudal, transverse and anterior-
posterior lengths of each lesion and presented as means 
± standard error of the means. On histopathology, each 
slice (both faces) was digitally photographed and weighed 
and the volumes (cm3) of ablated renal parenchyma were 
measured using planemetric method.

Histopathology 
The skin and tissues adjacent to the kidneys were macro
scopically examined after each procedure. More than 
four hours after sonication the animals were heparinized, 
terminated and perfused in situ with 4% formalin to 
ensure proper tissue fixation. At postmortem, both kidneys 
and surrounding organs were macroscopically examined 
in situ. The kidneys were excised, transversely sliced, 
examined and weighed then fixed in buffered formalin 
for 48 h to delineate ablated lesions. The lesions were 
measured using planemetric method. For histopathology 
the slices from the ablated lesions were embedded in 
paraffin, sectioned (5 µm) and stained with hematoxylin-
eosin (H and E) and examined microscopically.

Statistical analysis
Paired Student’s t-test was performed to compare lesion 
volumes after different sonication energies. Regional 
signal intensity on perfusion imaging and lesion masses 
were presented as means ± standard error of the 
mean. Kruskal-Wallis test was used as a non-parametric 
test to compare the extents of ablated lesions measured 
on MRI and postmortem. The relationship between 
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Table 1  Multiple magnetic resonance imaging sequences used for temperature monitoring, characterization and quantification of 
ablated kidneys

Pulse sequence TR (ms) TE (ms) ETL rBW (kHz) Flip angle (degree) Slice thickness Matrix size NEX Acquisition time (s)

T2-W thermometry   210    18.3 12   15.63   35 4 256 × 192 1 100
2D T2-W FSE (pre and post 
ablation)

7300 68 12   15.63   11 4 256 × 192 3 400

Perfusion (post ablation)          3.7      1.5 NA 62.5     9 5 96 × 96 1 120
2D T1-W FSE (pre and post 
ablation1)

  985      7.2   6   31.25 120 5 192 × 192 1   16

3D LAVA (pre and post ablation1)          3.9      1.5 NA 62.5   15 5 192 × 192 3 240

1Both 2-dimensional T1-weighted fast spin echo and 3-dimentional LAVA images. TR: Repetition time; TE: Echo time; ETL: Echo train length; rBW: Receiver 
bandwidth; NEX: Number of excitation per step; LAVA: Liver acquisitions with volume acquisition.
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MRI. Furthermore, both CE 2D T1-W FSE and 3D LAVA 
pulse sequences provided good contrast (T1 weighted). 
On both sequences, a thin hyperenhanced rim was visible 
around the ablated region on both MRI sequences. Figure 
6 shows the wedged-shaped lesions on delayed CE 3D 
LAVA and 2D T1-W FSE images and macroscopic slices 
with close correspondence between ablated lesions in vivo 
on MRI and in vitro sections. 

The average of each lesion dimension and volumes 
as a function of energy (joules) and sonication number 
are summarized in Table 3. The lesion volumes within 
each of the energies varied between animals (0.12-0.36 
cm3 for single sonication 3000J, 0.50-0.84 cm3 for double 
3000J, 0.75-0.784 cm3 for single 4400J and 0.12-2.65 
cm3 for double 4400J). The ablated volumes on 3000J 
and 4400J double sonication were significantly larger 
than single (P < 0.01). The ablated volumes on 4400J 
double sonication were significantly larger than 3000J 
double sonication (P < 0.01).

A
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Table 2  Regional, core body temperatures, heart rate and oxygen tension monitored during each sonication

Energy dose (Joules) Temp (max) (℃) Temp (avg) (℃) Core body temp (℃) HR (bpm) O2-saturation (%)

Single 3000 57 ± 3 56 ± 3 38.3 ± 0.6 89 ± 5 99 ± 1
Double 3000 61 ± 4 59 ± 4 38.1 ± 0.5 87 ± 4 99 ± 1
Single 4400 63 ± 6 61 ± 6 38.4 ± 0.4 86 ± 5 99 ± 1
Double 4400 63 ± 4 62 ± 5 38.5 ± 0.3 88 ± 4 99 ± 1

bpm: Beat/min. O2: Oxygen; HR: Heart rate; Temp: Temperature.

D

B

E

C

F

Figure 3  Selected 2D perfusion magnetic resonance images acquired from two representative animals. The images show the arrival of Gd-DTPA bolus (A, D) 
in the aorta and 20-120 s (B, E and C, F) in the kidneys. Arrows denote the hypoperfused ablated lesions.
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Figure 4  2D magnetic resonance perfusion demonstrates severely 
hypoperfused ablated lesions after magnetic resonance-guided high 
intensity focused ultrasound compared to remote non-ablated tissue. 
Diamond: Aortic blood; Triangle: Viable renal tissue; Square: Ablated lesion. a.u.: 
Arbitrary units.
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On CE T1-W MRI, the transverse and anterio-posterior 
dimensions were significantly larger on double sonication 
(3000J or 4400J) compared with single. Cranial-caudal 
dimension was significantly larger on double 4400J 
compared with all other energies and number of sonication. 
Single sonication of 3000J compared with 4400J produced 
no significant difference. Paired Student’s t-test revealed no 
significant difference in the lesion volumes measured in 
situ on MRI and postmortem (Table 3).

Histopathology characterization and quantification
At postmortem, minor skin burns were observed in two 
animals and one in the adjacent intestine at double 4400J 
energy. During postmortem laparotomy no bleeding 
was found in the peritoneal cavity. In the kidneys, the 
ablated lesions and surrounding hemorrhage were visible 
by the naked eye (Figure 2). Renal axial slices showed 

predominantly wedged-shaped confluent necrotic renal 
parenchyma (pale) surrounded by hemorrhagic zone 
(dark red) (Figure 6).

Quantitative analysis of the volumes of ablated 
parenchyma revealed significant difference between 
double sonication at 3000J and 4400J and single. Single 
3000J and 4400J sonication caused no significant 
difference in the volumes of ablated parenchyma (Table 3). 
The data indicate that two overlapping sonication of 4400J 
are required to produce large lesions > 1.4 cm3. The lesion 
volumes within each energies varied between animals 
(0.23-0.52 cm3 for single sonication 3000J, 0.25-0.82 
cm3 for double 3000J, 0.45-0.68 cm3 for single 4400J and 
0.29-1.80 cm3 for double 4400J. Pearson’s test showed 
close correlation between in situ MRI and postmortem 
analysis of ablated parenchyma (r = 0.98, y = -0.19 + 
0.13x, P < 0.001) (Figure 7).
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Table 3  Lesions dimensions and volumes using single and double overlapping rectangular focal sonication

Energy dose (Joules) CC (mm) Transverse (mm) AP (mm) MRI volume (mm3) Postmortem volume (mm3) 

Single 3000     7.3 ± 0.07   7.8 ± 1.0 5.6 ± 0.1 317 ± 54   380 ± 111
Double 3000   7.9 ± 1.1 11.4 ± 1.6 7.5 ± 0.7    675 ± 41a,c  587 ± 28a

Single 4400   7.5 ± 0.7   7.8 ± 1.6 5.6 ± 0.7   354 ± 143 517 ± 52
Double 4400 11.4 ± 1.7 12.8 ± 3.0 10 ± 1.4     1450 ± 458a,e,h      1280 ± 238a,e,h

aP < 0.05 2 × 3000J overlapping sonication vs single 3000J sonication; cP < 0.05 2 × 3000J overlapping sonication vs single 4400J sonication; eP < 0.05 2 × 4000J 
sonication vs single 3000J sonication; and hP < 0.01 2 × 4000J overlapping sonication vs 2 × 3000J overlapping  sonication. CC: Cranial-caudal; AP: Anterio-
posterior; MRI: Magnetic resonance imaging.

Figure 5  Renal lesions on three magnetic resonance imaging views acquired 3 h after sonication using single 4400J (top row, animal 1) and double 4400J 
(bottom row, animal 2). The wedge-shape hypoenhanced lesions are seen on contrast enhanced T1-weighted fast spin echo images in sagittal (left images), coronal 
(center images) and axial (right images) views.
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At the cellular level, ablated parenchyma showed 
necrotic cells in the core of the lesion, hemorrhage at the 
rim and vascular damage. The necrotic renal parenchyma 
was without nuclei, opaque and eosinophilic, due to 
the denaturation of proteins. Intracellular details were 
lost, which is typical of coagulation necrosis containing 
outlines of enucleated cells. No evidence of inflammation 
or peri-renal parenchyma injury was found (Figure 8).

DISCUSSION
The major findings are that (1) noninvasive MRI pro
vided an instant sense of temperature elevation and 
quantification of renal ablated lesions demonstrated by 
focal perfusion deficits and necrosis in order to monitor 
the effects of a range of energies on MRg-HIFU; (2) 

volumes of renal damage on MRg-HIFU are energy (Joules) 
dependent; (3) lesion volumes measured in situ on MRI 
and postmortem specimens showed good correlation, 
despite the difference in the methods of measurement; 
and (4) macroscopic examination confirmed lesion 
location and wedged-shape necrosis, while microscopic 
examination revealed coagulation necrosis, microvascular 
damage and hemorrhage in the ablated target.

We found that the best contrast between the ablated 
lesion and normal renal parenchyma is on perfusion, 
CE 2D T1-W FSE and CE 3D LAVA in a clinically 
feasible scan time. Although T2-W FSE provides better 
anatomical information within the kidney, the contrast 
between the lesion and normal renal parenchyma was 
poor on T2-W and non-enhanced T1-W images (1.02 ± 
0.02 and 1.03 ± 0.01, respectively). The capsules were 
not visible on T2-W MRI to determine the degree of 
damage because of the use of fat saturation sequence, 
but microscopy confirmed the lack of damage in peri-
renal renal parenchyma (Figure 8). Wile et al[22] found 
that the ablated lesions become difficult to visualize 
on fat-suppressed T2-W, since the lesion is isointense 
relative to surrounding suppressed fat.

MRI and computed tomography (CT) play important 
roles in guiding renal tumor ablation[22]. However, CE CT 
was limited in detecting post-ablation (12 mo) lesions. 
Furthermore, given the need for ionizing radiation on 
CT, multiple ablation procedures and follow-up imaging, 
it is likely that MRI will assume an increased role in 
longitudinal monitoring after renal ablation[23]. The 3T 
MR-guided system satisfies the requirements of HIFU 
ablation by providing temperature mapping, high spatial 
resolution images of target soft tissues and perfusion 
data. It also provides better features, such as twice the 
SNR/CNR and uniform fat suppression compared with 
1.5T system[24].

This noninvasive study used a 3T MR-guided HIFU 
and energies (Joules, InSightec) as units of ablation 
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Figure 6  The wedge-shape lesions on contrast enhanced liver acquisitions with volume acquisition (left) and T1-weighted fast spin echo (center) images 
and gold-standard macroscopic slices (white arrows) from 2 animals (top and bottom rows). Note the close correspondence of ablated lesions in situ and in 
vitro. Coagulation necrosis (white arrows) is surrounded by hemorrhagic zone (arrowheads) as shown macroscopically.
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Figure 7  A close correlation was found between in situ magnetic resonance 
imaging and postmortem renal ablation volumes. The bars in the x- and 
y-axes represent the standard error of the means. The ablated volumes after 
single sonication at 3000J and 4400J were not significantly different, while 
volumes at double sonications were significantly larger on both 4400J than 3000J. 
Furthermore, the effect of double sonications at 4400J was significantly larger 
than the other energies. 
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rather than power (Watts, Philips Systems) used in 
previous studies[25,26]. Recent experimental studies 
showed the effectiveness of both power (Watts) and 
energy (Joules) units in ablating tissues[20,21,25-27]. The 
relationship between energy dose and lesion depth must 
be considered[20,21], especially in deep-seated tumors, 
because this relation depends on the type/density/size of 
targets and microenvironment factors, such as vascularity/
perfusion. Other biologic factors, such as different organs 
or pathologies with variable structures and perfusions, 
may dictate the variable with greater utility in generating 
thermal lesions, thus further comparative studies are 
necessary.

Our histological study indicated that not only renal 
parenchyma showed coagulation necrosis but also vessels 
were severely damaged by HIFU treatment. The damaged 
vessels with coagulated blood most likely played a critical 
role in abolishing blood perfusion. Wu et al[28] suggested 
that the cause of perfusion deficits after MR-HIFU ablation 
is vascular damage, while Shaw et al[29] presented an 
integrated multi-stage mechanism through which HIFU-
mediated vascular occlusion could occur. 

Study limitations
The main limitations of this feasibility study were: (1) the 
use of non-tumor kidney model to determine the suitable 
energies, frequency and duration, which may have 
different acoustic response from the microenvironment of 
renal cell carcinoma tissue; (2) the renal motion related 

to the breathing was not navigated, but minimized by a 
muscle relaxant and breath holding during sonication. 
The effects of respiratory motion, boney obstacles and/
or shallow angle of focused spots on the variability of 
ablated volumes and depth cannot be excluded; and (3) 
the used energy for the kidneys caused minor collateral 
damage in the skin, subcutaneous muscles and intestine 
in two animals. Similar cutaneous and subcutaneous 
tissue burning was previously observed in patients[9]. 

In conclusion, this MRI and histopathology study 
provided good assessment of non-tumor renal ablation 
created by MRg-HIFU. The volume of renal damage is 
energy and number of sonication dependent on MRg-HIFU. 
Contrast enhanced MRI is a good tool for visualization and 
quantification of ablated tissues.
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COMMENTS
Background
Renal carcinoma constitutes the majority of kidney malignancies. The increased 
use of high-resolution diagnostic imaging has led to the serendipitous detection 
of small renal tumors in asymptomatic patients with small masses of renal 
carcinoma. The gold standard procedure for treatment of localized renal 
carcinoma remains surgical excision, however, in a large number of patients, 
surgical excision is precluded by increased perioperative risk due to medical 
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Figure 8  Microscopic sections (hematoxylin-eosin) of a normal renal tissue (A, × 40), the territory of both ablated (pale) and normal renal tissue (B, × 10) 
and ablated lesion (C, × 40) with damaged nephrons in a haphazard array and hemorrhage (D, × 100). Note the close agreement in the triangular infarct territory 
on microscopy and microscopy lesions in Figure 6 and magnetic resonance imaging in Figure 6. There was no evidence of peri-renal tissue injury (B).
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comorbidities.

Research frontiers
The combination of 3T magnetic resonance imaging (MRI) and MR-guided 
high intensity focused ultrasound (MRg-HIFU) is suited for noninvasive renal 
and other tissues ablation. Ablated tissue is well defined on MRI and reflects 
macro and micro-anatomic changes observed at autopsy and microscopy. 
Furthermore, the volumes of ablated tissue measured on MRI after MRg-HIFU 
are energy (Joules) dependent and comparable with autopsy. 

Innovations and breakthroughs
Radiofrequency ablation has emerged as a treatment option for renal 
carcinoma population, with the aim of achieving local oncologic control in a 
nephron-sparing manner, while avoiding the potential morbidity associated with 
surgical extirpation and general anesthesia. Innovations in the field of thermal 
ablation procedures and real-time imaging in the last decade have accelerated 
the development of non-invasive MRg-HIFU.

Applications
Noninvasive MRg-HIFU with MRI may be utilized for diagnostic and therapeutic 
purposes in cases of renal masses. It reduces morbidity and health care cost. 

Terminology
MRg-HIFU is a new noninvasive technique used for treating tumors. 
Currently, it is used for treating some cases of uterine fibroids, palliation of 
bone metastases, brain tumor through the skull, breast cancer, prostate and 
hepatocellular carcinoma. MRI is another noninvasive imaging technique that 
has the potential to detect and monitor tumor treatment. 

Peer-review
The study is well-performed and the results are interesting.
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