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NON-INVASIVE THERAPEUTIC MODALITY 

•  HIFU non-invasively changes 
tissues at the cellular level 
–  Thermal: tissue heating due to the 

absorption of ultrasound energy 
–  Mechanical: cavitation 

•  Image guidance used for 
treatment planning, monitoring, 
and assessment should be non-
invasive as well  

Efficacy:	
Invasive,	
discrete	
thermocouples	
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MAGNETIC RESONANCE IMAGING 

•  Generally qualitative images 
weighted by tissue properties 

•  Quantitative information rapidly 
increasing 

•  Rapid advancement of MRI 
sequences and reconstructive 
techniques 

 Svedin	et	al.,	Mag	Reson	Med	2017,	Early	view	
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Review current and developing MRI techniques 
that are used in MRI guided high intensity focused 
ultrasound therapies for treatment 

OBJECTIVE 

•  Planning 
•  Monitoring 
•  Assessment 

MRI in treatment planning 
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TREATMENT PLANNING 

•  Patient setup, transducer alignment 

Thermoguide,	Image	Guided	Therapy,	Bordeaux	France	
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TREATMENT PLANNING 

•  Evaluation of acoustic window 
–  Gas bubbles 
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TREATMENT PLANNING 

•  Evaluation of acoustic window 
–  Far-field considerations 

Bucknor	et	al.,	J	Ther	Ultrasound	2017	5:4	
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TREATMENT PLANNING 

T1w	

T2w	
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BEAM LOCALIZATION 

Ghanouni	et	al.,	Am	J	Roentgenol	2015,	205:150-159	
McDannold	et	al.,	Med	Phys	2008,	35(8):3748-58	

•  Test sonications are often performed to localize 
and calibrate the ultrasound beam 

•  Repeated multiple times to adjust positioning and 
align MR slices 

•  Potential unwanted thermal buildup 
•  Alternative is MR Acoustic Radiation Force Imaging 

UCAIR  
UTAH CENTER FOR ADVANCED IMAGING RESEARCH 

BEAM LOCALIZATION 

de	Bever	et	al.,	Mag	Reson	Med,	2016,	76:803-813	
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BEAM LOCALIZATION 

de	Bever	et	al.,	Mag	Reson	Med,	2016,	76:803-813	
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PATIENT-SPECIFIC TISSUE PROPERTIES 

•  Known intra- and inter-patient variability 

McDannold	et	al.,	Radiology,	2006,	240(1)	
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THERMAL TISSUE PROPERTIES 

Dillon	et	al.,	NMR	Biomed,	2015,	28:803-813	
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ACOUSTIC TISSUE PROPERTIES 

Johnson	et	al.,	Int	J	Hyperthermia,	2015,	32(7)	

Calculated	
Measured	value	
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ACOUSTIC TISSUE PROPERTIES 

Johnson	et	al.,	Int	J	Hyperthermia,	2015,	32(7)	

Simulated	
Experimental	

Calculated	
Measured	value	

MRI treatment monitoring 
techniques 
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TYPICAL ABLATION REGIONS 

21	days	aKer	treatment	 3	days	aKer	treatment	

m=muscle	

	r	=	inflammatory	rim	a	=	ablated	

f	=	fat	
t	=	necro;c	VX2	tumor	

Wijlemans	et	al.,	Inv	Radiol,	2013	

TD	>	240	CEM,	T	>	57°C	for	1s	

TD	<	4	CEM,		
T	<	44°C	for	4	min	
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MR THERMOMETRY: PROTON RESONANCE FREQUENCY 

•  Linear with the temperature range of interest 
–  α=dω/dT 

•  Calculated from the phase image 

ωhigh(T) = γB0(1-σT) ωlow(T+ΔT) = γB0(1-σ(T+ΔT)) 

T+
Δ

T	

T	 Strong	bonding	–	Less	
shielding	

Electron	
cloud	

O–	

H+	

H+	

O–	
Weak	bonding	–	Greater	

shielding	

More	
mo;on	

O–	

H+	

H+	

O–	
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MR THERMOMETRY: PROTON RESONANCE FREQUENCY 

-	 =	

Current	Time	Frame	 Reference	 Difference	

The	proton	resonance	frequency	(PRF)	decreases	with	temperature	increase		

ΔTemperature	

€ 

ΔT =
Δφ

αγBoTE

Not	absolute	temperature	
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MRI THERMOMETRY: TECHNICAL SPECS 

Spa*al	Resolu*on:	
Temporal	Resolu;on:	
Volume	Coverage:	
Signal-to-Noise:	

FWHM	≈	3	mm	 Simula]on	

Experiment	1	x	1	x	3	mm	
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MRI THERMOMETRY: TECHNICAL SPECS 
Spa;al	Resolu;on:	
Temporal	Resolu*on:	
Volume	Coverage:	
Signal-to-Noise:	
Temperature	Plot	 Thermal	Dose	Plot	

1	–	2	°C/sec	

1	x	1	x	3	mm	
2	sec/image*	

€ 

TD(t) = R43−T (t )dt
0

t
∫

*Specific	for	brain	treatments	
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MRI THERMOMETRY: TECHNICAL SPECS 
Spa;al	Resolu;on:	
Temporal	Resolu;on:	
Volume	Coverage:	
Signal-to-Noise:	

1	x	1	x	3	mm	
2	seconds	per	image*	
256	x	162	x	72	mm*	

Image	Volume	

Brain	

*Specific	for	brain	treatments	
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MRI THERMOMETRY: TECHNICAL SPECS 
1	x	1	x	3	mm	
2	seconds	per	image	
256	x	162	x	72	mm	

SNR	=	47	 SNR	=	26	 SNR	=	10	 SNR	=	5	
σT	=	0.5°C	 σT	=	0.7°C	 σT	=	1.4°C	 σT	=	2.5°C	

>	25*	
Temperature	accuracy:	σT	~	1	/	SNR	

Spa;al	Resolu;on:	
Temporal	Resolu;on:	
Volume	Coverage:	
Signal-to-Noise:	

*Specific	for	brain	treatments	
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VOLUMETRIC MR THERMOMETRY 

•  3D reduced field of view 
–  2D spatially selective RF 

excitation 
–  Parallel imaging + 

UNFOLD6 

1Marx	et	al.,	IEEE	Trans	Med	Imag,	2014	34:148-155	
2Todd	et	al.,	Mag	Reson	Med,	2009	62:406-419	
3Todd	et	al.,	Mag	Reson	Med,	2010	63:1269-1279	
4Gaur	et	al.,	Mag	Reson	Med,	2015	73:1914-1925	
5Svedin	et	al.,	Mag	Reson	Med,	2017	early	view	
6Mei	et	al.,	Mag	Reson	Med,	2011	66:112-122	

•  Interleaved 2D 
–  MASTER (multiple adjacent 

slice thermometry with 
excitation refocusing) 1 

•  3D undersampled  
–  Temporally constrained 

reconstruction2 
–  Model predictive filtering3 
–  Direct temperature 

estimation4 

–  Hybrid radial-Cartesian5 UCAIR  
UTAH CENTER FOR ADVANCED IMAGING RESEARCH 

VOLUMETRIC MR THERMOMETRY 

Transverse	 SagiHal	

Coronal	

Model	predic]ve	filtering	
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VOLUMETRIC MR THERMOMETRY 

3D	mul]-echo	
stack-of-stars	
sequence	

Svedin	et	al.,	Mag	Reson	Med,	2017	early	view	

•  Simultaneous acquisition of 
multiple parameters 
–  ΔT, M(0), T2*, fat/water 

separation  
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VOLUMETRIC MR THERMOMETRY 

3D	mul]-echo	
stack-of-stars	
sequence	

Svedin	et	al.,	Mag	Reson	Med,	2017	early	view	

•  Simultaneous acquisition of 
multiple parameters 
–  ΔT, M(0), T2*, fat/water 

separation  
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TEMPERATURE MONITORING IN FAT 

•  PRF inaccurate in tissues with 
high lipid content 
–  Bone marrow, adipose tissues 
–  Subcutaneous fat layers, near-

field heating 

•  Relaxometry methods were first 
used to demonstrate MR 
temperature imaging 
techniques. 

 
Parker D. et al., Med. Phys. 10(3):321-325, 1983   
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T2-BASED THERMOMETRY 

•  3T, dual-echo TSE, 15 
second acquisition  

•  Calibrated T2 
changes to ex vivo 
tissue, normal subjects 
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the tissue and was consistent with ecchymosis (bruising),
reported by the patient post-treatment. The water-
suppressed T2 maps did not show residual T2 change
in that area at the end of the treatment. The longer
term effects of adipose tissue damage following treat-
ments with focused ultrasound remain to be studied.
Accurate monitoring of near-field heating should enable

the physicians and equipment manufacturers to find

optimized treatment strategies that avoid continuously
heating the same region of near-field tissue. Implementing
near-field monitoring between sonications would allow to
reduce the cooling times and result in shorter treatments
and more complete ablation of the target region. At the
same time, it would improve safety by requiring longer
cooling times when the near-field temperature reaches a
certain threshold.

0

5

10

15°C

Fig. 6 Temperature change from the baseline in the same patient. Intersections of the beam axes and the slice are shown as circles, location of
the measurement as “cross”
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Fig. 7 Top: measured temperature change from baseline (blue bars) for the location marked with a cross in Fig. 6 and energy of sonications (red
bars) over the course of the treatment. Bottom: temperature change between subsequent measurements shows effects of groups of sonications
and a single sonication (numbers indicated on timeline above)
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T1-BASED THERMOMETRY 

•  Variable flip-angle, 
spoiled GRE 
sequence 

•  Hybrid PRF/T1 
thermometry 
measurements 

•  Calibration done on 
excised human 
breast fat samples 

 

variation in tissue inhomogeneity across patients can be
seen. The precision results from four representative vol-
unteers are shown in Figure 4, displaying one mostly
fatty breast (#4), one mostly glandular tissue breast (#7),
and two mixed content breasts (#1 and #6). For each
case, the Dixon images show the fat/water separation,
and the T1 precision and PRF temperature precision are
shown for the adipose tissue and glandular tissue,
respectively. The precision of each measurement is fairly
homogenous over the breast, with the exceptions that the
precision of each can be worse near tissue boundaries
and the PRF temperature precision is worse near the
chest wall.

Table 1 summarizes the precision results for all 10 vol-
unteers, where the values reported are the mean and
standard deviation of the precision over a 6 ! 6 voxel
region of interest in the respective tissue types. For com-
parison, precision values are also reported for the cases of
the data being reconstructed using only the first echo
(which would provide optimal precision for T1 measure-
ments obtained with a single-echo sequence) and using
only the last echo (optimal precision for PRF temperature
measurements obtained with a single-echo sequence).

When the data were combined, the T1 precision values
ranged from 62.5% to 64.8%, which corresponded to a
temperature precision of 61.3"C to 62.4"C (by converting
the 8.0 ms/"C temperature coefficient to 2.0%/"C). The T1
precision values for volunteer #7 were treated as an outlier
due to the fact that this volunteer only had a very thin
layer of adipose tissue on the periphery of the breast. The
combined PRF precision values remained very close to
61.0"C for all cases, with the exception of volunteer #8,
whose breast composition was almost entirely adipose tis-
sue. For the case of only using the shortest echo time, the
T1 precision values were only slightly worse, but the PRF
precision was significantly worse. Conversely, the T1 pre-
cision values were significantly degraded for the single
long echo case, while the PRF precision values were only
slightly worse. The extremely poor T1 precision values for
the long echo case seen in volunteers 3, 7, and 9 were due
to susceptibility effects at tissue boundaries that reduced
the signal at this echo time to almost the noise level.

The results from the three separate FUS heating
experiments are shown in Figure 5. The ultrasound
acoustic power and duration for each heating run is
noted in the figure. The Dixon images show the fat/water

FIG. 4. Example results from four of the 10 volunteers. The first two columns show the Dixon water and fat images, the third column
shows maps of the T1 precision for all fat-based voxels, and the fourth column shows maps of the PRF temperature precision for all
water-based voxels.
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and where the column of heating has been prescribed
are shown in Fig. 6a. The PRF temperature map shown
in Fig. 6c clearly demonstrates the heating achieved in
the pork muscle, but as expected, no temperature
changes are measured in the breast fat with this tech-
nique. For Fig. 6d, the T1 changes in the breast fat are
converted to temperature changes and overlaid on a mag-
nitude image along with the PRF temperatures in the
pork muscle. There is a 2-voxel region on the boundary
of the fat and muscle where no temperatures are dis-
played due to the confounding effects of having mixed
fat/water voxels.

The PRF temperature versus time plots are shown in
Fig. 7a. The same single voxel in the targeted region of
the pork muscle has been plotted for each of the four
runs carried out at increasing power levels. The maxi-

mum measured temperature increases in this voxel for
the four runs were 8.4!C, 14.3!C, 20.4!C, and 26.8!C. Fig-
ure 7b displays the T1 change versus time plots (percent
change scale on the left and temperature change scale on
the right). The T1 percent change was calculated in the
breast fat tissue using a 3 " 3 ROI that was directly
above the voxel chosen for the PRF temperature plots.
The maximum T1 percent change for the four runs were
10.6%, 13.5%, 20.8%, and 26.9%, which correspond to
temperature changes of 7.6!C, 9.6!C, 14.9!C, and 19.2!C.

Stability in In Vivo Human Breast

Figure 8 shows the results from the hybrid PRF/T1

sequence stability tests carried out on a human volunteer.
The 3-point Dixon images of the breast are presented in

FIG. 6. HIFU heating of the pork
and breast fat samples. a: and
b: Three-point Dixon images
showing the water and fat
contents of the pork and breast
tissue samples. c: PRF tempera-
ture map showing temperature
changes in the pork muscle but
not in the breast fat, as
expected. d: Combined PRF/T1
temperature map overlaid on the
magnitude image where the cal-
culated T1 change has been
converted to temperature using
1.4%/!C. SNR in the fat for the
two flip angles was 56 and 58.

FIG. 7. HIFU heating of the pork and breast fat samples. a: Single voxel plots of the PRF temperature changes over time in the pork
muscle for each of the four runs. b: Plots of T1 percent change over time in the breast fat for each of the four runs. The T1 plots are
averaged over a 3 " 3 ROI that is in the breast fat, directly above the heating seen in the pork muscle.
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FIG. 7. HIFU heating of the pork and breast fat samples. a: Single voxel plots of the PRF temperature changes over time in the pork
muscle for each of the four runs. b: Plots of T1 percent change over time in the breast fat for each of the four runs. The T1 plots are
averaged over a 3 " 3 ROI that is in the breast fat, directly above the heating seen in the pork muscle.
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incomplete spoiling of the transverse magnetization, and
therefore the signal does not quite follow the assumed
function given in Eq. [1].

The calibration results of the T1 temperature depend-
ence for human-excised breast fat are shown in Fig. 5.
Although noisy, the T1 measurements display a linear
temperature dependence over the range of temperatures
considered. The slope was found to be 4.5 ms/!C, or
approximately 1.4%/!C, which is in agreement with the
T1 temperature dependence values reported by others
(26,28). Because of the limited temperature range of the
calibration experiment, a second experiment was per-
formed in the same manner with a different human-
excised breast fat sample where linearity was observed

up to 50!C with a slightly different slope of 3.2 ms/!C
(results not shown). Deviations from linearity are not
expected until tissue necrosis is reached (39).

HIFU Heating Experiments

Figure 6 shows the setup for the HIFU heating experi-
ments with excised breast fat and pork muscle. Three-
point Dixon images are shown in Fig. 6a,b, depicting the
fat-based breast tissue that has been inserted inside the
water-based pork muscle. The location of the transducer

FIG. 3. Simulation results showing the effects of noise as a function of TR and TE. a: SNR of the hybrid PRF/T1 sequence as a function of
TR and TE for a given noise level. b: Noise error in the PRF temperature calculation as a function of TR and TE (displayed as 6!C). c: Noise
error in the VFA T1 calculation as a function of TR and TE (displayed as percent error). For the particular noise level chosen, at TR ¼ 50 and
TE ¼ 5, the SNR is 53.8, the PRF temperature error is 60.7!C, and the T1 calculation error is 2.9%. d–f: Zoomed-in regions for the respec-
tive maps to show the short TR and TE ROI. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIG. 4. Comparison of IR method of measuring T1 versus VFA
method. Line plots of each measurement technique through the
pork and excised breast tissue samples. Over a 5 # 5 ROI and 1
time frame, the IR method measured a T1 in the breast fat of 302
6 4.5 ms; over the same 5 # 5 ROI and 29 time frames, the VFA
method measured a T1 of 303 631 ms. Both samples were at
room temperature (21!C).

FIG. 5. Breast fat T1 temperature dependence calibration. The
breast fat sample was heated outside of the scanner in a water
bath. As it cooled inside the scanner, VFA T1 measurements were
acquired continuously and a fiber optic temperature probe moni-
tored the sample temperature. The T1 value changed at 4.5 ms/!C,
or approximately 1.4%/!C.

66 Todd et al.

Todd et al., Mag Reson Med, 2013,  69:62-70   
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TREATMENT ASSESSMENT 

Bi_on	et	al.,	JMRI	2016;	43:181-189	

•  Thermal dose 
and non-
perfused 
volume 
comparison 

•  7-42% of the 
disagreement 
due to heat 
accrual errors 
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VOLUMETRIC MR THERMOMETRY 

•  Treatment endpoint evaluation 
by interrogating changes in tissue 
mechanical properties 

Payne	et	al.,	Med	Phys	2015,	42(2)	

Odeen	et	al.,	ISMRM	2017,	1172	
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MULTI-POINT MR-ARFI 
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MULTI-PARAMETRIC ASSESSMENT 

Hectors	et	al.,	Mag	Reson	Med	2015,	75:302-317	

•  Cluster analysis 
of T1, T2, ADC 

•  Determine 
tumor viability 
at multiple time 
points 

•  Most sensitive 
for delayed 
effects 
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•  Often conflicting results 
that are tissue type 
dependent 

•  Acute MRI methods 
should be sensitive to 
ischemic effects 
–  BOLD MRI, amide 

protein imaging, 23Na 

Hectors	et	al.,	Mag	Reson	Med	2015,	75:302-317	
Jacobs	et	al.,	JMRI	2009	29:649-656		

ACUTE TREATMENT ASSESSMENT 
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SUMMARY 

•  MRI currently used extensively in HIFU treatments 
•  Planning 

–  Visualization and evaluation 
–  Patient-specific property estimation and 

implementation 

•  Monitoring 
–  MR temperature imaing 
–  Volumetric multiple parameter, quantitative 

monitoring measurements 
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SUMMARY 

•  Assessment 
–  Thermal dose, non-perfused volumes 
–  Mechanical properties 
–  Direct measurement of tissue pathology 

•  Adequate SNR critical for all areas 
–  HIFU specific RF coil development 
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