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MR-guided cryosurgery
for liver cancer
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lce ball imaging during cryosurgery using MR

Before cryosurgery

1 min after freezing

An MR image of

. i PVA gel in
M contact with dry
\\\\ . R ice for 9min
PVA gel o :
x NN I dryice |
A photo of PVA
E oS gel in contact 35 min after thawing 55 min after thawing
O __\.\,\.\..;..x..\ with dry ice for
9min
LiDZo GRE MR images from the beginning
GRE MR images and a photo of the PVA gel in contact of freezing to the end of thawing
with dry ice
Isoda H. Nippon Igaku Hoshasen Isoda H. Nippon lgaku Hoshasen

Gakkai Zasshi 1989;49:1096-1101. Gakkai Zasshi 1989;49:1499-1508.



lce ball imaging during cryosurgery using CT

Non contrast enhanced Non contrast enhanced

CT image before CT image 1 min after
freezing freezing

CT image of CT image of

PVA gel in PVA gelin

contact with contact with

dryice for 1 » dryice for 11

min min

Photo of PVA
gel in contact
with dryice
forl 11 min

!\Ion Co_ntrast _enhanced CT Contrast enhanced CT
image immediately after image immediately after

thawing thawing
CT images of the PVA gel in contact with dryice CT images from the beginning of freezing to the end of thawing

Isoda H. et al. Sequential MRI and CT monitoring in cryosurgery--an experimental study in rats.
Nihon Igaku Hoshasen Gakkai Zasshi. 1989;49:1499-508.

frozen
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Fig. 5 Histological section of the rat’s thigh 2
days after the cryosurgery
1; coagulated necrosis, 2 ; necrotic cancer cells,
3; necrotic cancer cells and necrotic striated
muscle with inflammatory cells, 4 ; striated mus-
cle (Degeneration appeared near the granulation
tissue), arrow head; granulation tissue with
inflammatory cells

ID\NTE, BRI EESE R B o SSEAR ARV RIS E
Xhic (Fig. 7d, Fig. 8d).
+=+BEiEE A BB NS oY = EBREsvh L HeEG

Fig. 6 Histological section of the rat’s thigh 7
days after the cryosurgery
1; coagulated necrosis, 2; mainly necrotic stri-
ated muscle, 3; striated muscle (Degeneration
appeared near the granulation tissue), arrow
head; granulation tissue containing many
inflammatory cells

SWER LY, EFLEBEZERFETAZ LT
% %. Cryosurgery TUXEE AL A A RANCIEIE
LI <, Ly EETEL KL TR
BE o VHEERE 7o VORI A6y TEEEL

BHE HEx

Fig. 7 MRI and CT images 2 days after cryosurgery are shown. (a) The cryone-
crosis (N) had high intensity on the SE (1,500/90) image. (b) The necrotic portion
showed isointensity on the IR (1,200/400) image. (c) The cryonecrosis (N) was
slightly low in density on the plain CT. But it is difficult to make a definite
border between the cryonecrosis and surrounding tissues. (d) The cryonecrosis
(N) was hypodensity and it was well delineated because the inner part of
inflammation appeared as a band-like high density on the postcontrast CT

image. N; cryonecrosis, T ; tumor, C; coagulated necrosis, arrow head;
inflammatory tissue

1505
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MRI-Guided Cryotherapy

Paul R. Morrison, MS,* Stuart G. Silverman, MD, Kemal Tuncali, MD, and Servet Tatli, MD

Over the last decade the focus of published research on
MRI-gulded cryotherapy has switched from the study of
experimental models to the clinical treatment of patients.
The latter reports attest to the safety and feasibility of
treating lestons in the liver, kidney, and other sites
throughout the body. Further, the published images and
initial results speak to the utility of MRI for the task of
monitoring this specific procedure. This clinical utility is a
realization of the promise of the earlier experimental work
that showed the clarity with which interstitial ice is seen
under MRI under various pulse sequence parameters.
Early adopters have taken advantage of access to the pa-
tient that is provided by low and mid-field open scanners;
the near future will test the suitability of higher field sys-
tems. It has been critical that an FDA-approved cryother-
apy system and suitably thin probes were customized for
the MRI environment a decade ago by which percutaneous

L T I T e o i T B R R N

Table 1
Chronology of Experimental and Clinical MRI-Guided Cryotherapy in Closed and Open Bore Scanners

guided cryotherapy had just begun to be applied in the
clinical arena. The advance from experimentation to
patient care was made possible with the development of
open MRI scanners that were suitable for intervention
and cryotherapy devices that were customized for the
MRI environment.

Three years later, around the time of the subsequent
2000/2001 JMRI Special Issues, the first clinical re-
sults had been published demonstrating the feasibility
and safety of percutaneous MRI-guided cryotherapy in
patients. Research continued to provide additional data
on the tissue effects of cryotherapy and reassurance of
its feasibility and safety in various organ systems. Re-
searchers also proposed methods to optimize MR imag-
ing techniques for improved intraprocedural guidance
as well as postprocedural assessment.

eetitE e S R ETer ahe e g e e B . SRR LTINS SRR 1Y,

Morrison et al.

Scanner Field Strength &

Year Conlitiration Laboratory:Experimental Model Clinical:Target Organ
1989 0.1 T Closed Bore Isoda; Gel phantom —
B 0.1 T Closed Bore Isoda; In vivo rat tumor —
1992 1.5 T Closed Bore Matsumoto et al; In vitro and in —
vivo rabbit liver
1993 1.5 T Closed Bore Matsumoto et al; In vivo rabbit liver —
1994 2.35 T Closed Bore Hong et al; Gel phantom —
1995 2.35 T Closed Bore Pease et al; Gel phantom —
1997 2.35 T Closed Bore Gilbert et al; In vivo rabbit liver —
1997 0.5 T Vertically Open Klotz et al; In vivo porcine liver —
1998 1.5 T Closed Bore Tacke et al; In vivo rabbit liver
1999 1.5 T Closed Bore Daniel et al; In vitro bovine liver, —
fat, muscle
“ 1.5 T Closed Bore Tacke et al; In vitro porcine liver —
2000 O 5T Vertically Onen e Silverman at al- | wwver

Morrison PR, J Magn Reson Imaging.
2008; 27:410-420.



Temperature-Sensitive Frozen-Tissue Imaging
for Cryoablation Monitoring Using STIR-UTE MR

STIR-UTE TSE

Dry ice (-78.5°C)

- ° —p
40°C Frozen tissue

-8°C Unfrozen tissue

STIR UTE
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Tokuda J, et al. Invest Radiol. 2020,55.310-317. o S0 t0 0 5% —o0: 20 6 b
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T2-weighted

STIR-UTE

Temperature-Sensitive Frozen-Tissue Imaging
for Cryoablation Monitoring Using STIR-UTE MR

Coronal Sagittal

Prostate
Isotherm (= -8"C) /

Tokuda J, et al. Invest Radiol. 2020;55:310-317.
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BRKERARSFORT
’— (magnetic

resonance spectroscopy,
MRS)
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Ozawa F, Matsuo K, Kato C, Nakai T, Isoda H, Takehara Y, Moriya T,
Sakahara H. The effects of listening comprehension of various genres of

literature on response in the linguistic area: an fMRI study. Neuroreport.
2000;11:1141-3
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Effects of Gradient Coil Noise and
Gradient Coil Replacement on the
Reproducibility of Resting State
Networks
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Isoda H, et al. MR angiography of aneurysm models of various shapes
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Fig 7. Signal intensity for each of three flip angles (107, 207,
and 30°) of aneurysm models, parent vessel models, and back-
ground brain models is plotted as a function of TR (milliseconds)
for each of four terminal saccular aneurysm models (neck diam-
eter: A, 2.5 mm; B, 5.0 mm; C, 7.5 mm; D, 10.0 mm). There is
little difference in signal among the models at a flip angle of 10°.
Signal intensity of vessel models is stronger with larger flip angle
and is independent of TR at TR of 60 or greater. Stronger signal
intensity and greater slopes were obtained in aneurysm models
with wider necks than in those with narrower necks. Signal inten-
sity in each model was greater than that in lateral saccular aneu-
rysms (Fig 5). These findings were dependent on the flow. How-
ever, there was little difference between the aneurysm with the
5.0-mm neck and that with the 7.5-mm neck.
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Isoda H, et al. MR angiography of aneurysm models of various shapes
and neck sizes. AJNR Am J Neuroradiol. 1997;18:1463-1472.
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Figure 1. Phase-encoding scheme for an ECG-gated 4D-Flow acquisition with flow encoding along all spatial directions and a
selected number of ny, = 4 slice-encodes for each cardiac cycle. Two adjacent ECG-cycles for the ['" I, phase encoding step and
the first two subsections (ny,) of a total of N, slice encodes are shown. Three-directional velocity encoding is illustrated by the
gray shaded bars representing pulse sequences with different first moments but otherwise identical parameters.

Markl M. et al. Timeresolved three-dimensional
phase-contrast MRI. J Magn Reson Imaging.
2003;17:499-506
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3IDDRGZEFA)Ta4hb/monf-EE, HEzXEE. ZHFHWSS
[SDWLWTD., VSRR L., RITEREBIDISKIEEXED TRELR

Evaluation items Modality ICC (95% CI) of inter-analyst variability
RA 0.995 (0.974-1.000)
Vascular diameters CTA 0.989 (0.940-1.000)
MRA 0.970 (0.844-0.999)
RA 0.943 (0.729-0.998)
Cross section maximum velocities CTA 0.586 (0.040-0.986)
MRA 0.857 (0.458-0.996)
RA 0.960 (0.839-0.997)
Spatially averaged WSS CTA 0.882 (0.595-0.991)
MRA 0.922 (0.709-0.994)

ICC, mtraclass correlation; CI, confidence mterval; RA, three dimensional rotational
anglography; CTA, computed tomography angiography; MR A, magnetic resonance
anglography
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« Aspect ratiomfE

— Ujiie H, et al. Neurosurgery 2001; 48:495-503

—Jing L, et al. PLoS One 2015; 10:e0132494

— Chung BJ, et al. AJNR 2018; 39:1860-1866
« Size ratiom1{E

— Dhar S, et al. Neurosurgery 2008; 63:185-197

— Chung BJ, et al. AUNR 2018; 39:1860-1866

— Xiang J, et al. Stroke 2011; 42:144-152

— Amigo N, et al. J. Med. Biol. Eng 2019; 39:329-335
+ BlebDETE

— UCAS Japan Investigators, N Engl J Med 2012; 366:2474-

2482
« Non sphericity index & {&

— Raghavan ML, et al. J Neurosurg. 2005; 102:355-62

— Chung BJ, et al. AJNR 2018; 39:1860-1866
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* An. Size
 An. Volume
* Size Ratio

* OSl.ave
* OSl.max
« RRT.ave
« RRT.max




EEEINAANT—H— BZE=9MH

NAF2—H— KGR e p value

An. size 4.975 (2.09) 7.66 (6.23) 0.021*
An. volume 28.038 (42.01)  175.118 (288.66) 0.035*

Aspect ratio 0.601 (0.29) 0.849 (0.58) 0.121

Size ratio 1.048 £ 0.43 1.408 + 0.62 0.039*

Parametric variables are denoted with mean = SD and nonparametric variables with
median (IQR). An. size, size of the aneurysm; An. volume, volume of the aneurysm
*statistically significant at p<0.05.
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TAWSS.ave
TAWSS.max
TAWSS.min

OSl.ave

RWEHRE
0.436 (0.67)
1.353 +0.39
3.003 + 1.04
0.416 + 0.15

0.075(0.08)

R
0.791 (1.04)
1.157 + 0.41
2.868 + 1.01
0.331 +.134

0.120 (0.08)

RBEHRE
0.842 (0.92)
2.442 (2.72)
12.412 £ 5.98
0.096 (0.24)

0.011 (0.01)

A
1.140 (0.80)

1.852 (2.05)
13.687 + 9.15
0.049 (0.12)
0.026 (0.02)

0.288 (0.15) 0.405 (0.08)

0.475 (0.05)

0Sl.max 0.442 (0.08)

0.0001 (.0001) 0.0001(0.000)

OSl.min 0.0019 (0.01) 0.0016 (0.003)

2.012 (1.26) 0.879 (1.52) 1.533 (4.54)

RRT.ave 1.111 (0.58)

20.277 (62.58) 100.477 (133.72)

RRT.max 12.377 (19.70) 28.453 (73.24)

0.079 (0.07) 0.089 (0.08)

RRT.min 0.382 (0.20) 0.390 (0.21)

Parametric variables are denoted with mean+SD and nonparametric variables with median (IQR). MRFD, magnetic resonance fluid dynamics; CFD, computational fluid dynamics; ICI, inflow concentration index;
TAWSS, time averaged wall shear stress; TAWSS.ave, spatially averaged TAWSS; TAWSS.max, spatially maximum TAWSS; TAWSS.min, spatially minimum TAWSS; OSI, oscillatory shear index; OSl.ave, spatially
averaged OSI; OSl.max, spatially maximum OSI; OSl.min, spatially minimum OSI; RRT, relative residence time; RRT.ave, spatially averaged RRT; RRT.max, spatially maximum RRT; RRT.min, spatially minimum RRT.
*statistically significant at p<0.05. tTmarginally significant at p<0.05.




ZIEBEMESFIE (ROC) 3 ATHa R
s ROCHHTIZEKY . TRTOEEEDH>I=/1\MAT—Hh—O R T EE
(AUC) [EAY0.7&LY K=Y

Biomarker Threshold (Sensitivity, Specificity)

An. size 8.525 (0.50, 0.97)
An. volume 152.315 (0.60, 0.97)
Size ratio 1.188 (0.80, 0.71)
OSl.max-MRFD 0.459 (0.70, 0.74)

RRT.ave-MRFD 1.494 (0.80, 0.76)

OSl.ave-CFD 0.021 (0.80, 0.84)
0Sl.max-CFD 0.358 (0.80, 0.74)

RRT.max-CFD 31.719 (0.80, 0.63)

AUC, area under the curve of receiver operating characteristic analysis curve; An. size, size of the aneurysm;

An. volume, volume of the aneurysm; OSI, oscillatory shear index; RRT, relative residence time; OSl.max-MRFD,
spatially maximum OSI obtained using MRFD; RRT.ave-MRFD, spatially averaged RRT obtained using MRFD;
OSl.ave-CFD, spatially averaged OSI obtained using CFD; OSI.max-CFD, spatially maximum OSI obtained using CFD;
RRT.max-CFD, spatially maximum RRT obtained using CFD. Threshold values were obtained using Yuden Index.
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e TAWSS.ave, TAWSS.min.
OSILmax. RRT.ave,
RRT.max, & K ICIZDLN
T.PEENGEINEDE
SRR »Y

Biomarker

ICI
TAWSS.ave
TAWSS.max
TAWSS.min

OSl.ave
OSl.max
OSl.min
RRT.ave
RRT.max
RRT.min

Correlation
coefficient

0.863*
0.413*
0.257
0.506*
0.318*
0.419*
-0.030
0.447*
0.434*
0.171

p value

0.000
0.004
0.078
0.000
0.028
0.003
0.842
0.001
0.002
0.245

ICI, inflow concentration index; EL, energy loss; PLc, pressure loss coefficient; TAWSS, time averaged wall shear stress; TAWSS.ave, spatially
averaged TAWSS; TAWSS.max, spatially maximum TAWSS; TAWSS.min, spatially minimum TAWSS; OSI, oscillatory shear index; OSl.ave,
spatially averaged OSI; OSl.max, spatially maximum OSI; OSI.min, spatially minimum OSI; RRT, relative residence time; RRT.ave, spatially

averaged RRT; RRT.max, spatially maximum RRT; RRT.min, spatially minimum RRT. * Correlation is significant at the 0.05 level.
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