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Amagc: Termal tedaviler, cerrahi mudahaleye minimal invaziv alternatifler saglar. Guvenlik ve
etkinlikleri, dogru sicaklik izleme gerektirir Manyetik rezonans (MR) termometrisinin sicaklik/
guriltd oranmm (TNR), ¢ift yollu sekanslarla 3T manyetik alan degerinde dokuya 6zgii parametreler
kullanilarak artirilabilecegi daha 6nce gosterilmistir. Bu calisma, daha fazla dokuda 1.5°T; 3T ve 7T
manyetik alan giiclerinde, dogruluk ve hiz artirabilmek i¢in, kapsaml 6neriler sunar.

Gereg ve Yontemler: Cift yollu bir ‘Kararli-Hal-Serbest-Devinim-Hizli-Gorintileme’ (FISP)-‘ters
FISP’(PSIF) sekansinin TINR’si, daha geleneksel bir ¢ift FISP ile karsilagtirildi. Analitik ¢6ztimler,
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TNR hesaplamalart ve Monte Carlo simiilasyonlari ile yazihm dogrulandi. Oneriler, 1.5T ve 3T°de meme glandiiler ve yag dokusu,
miyometriyum, endometriyum, serviks, karaciger, prostat, pankreas, dalak, miyokard, optik sinir ve omurilik; 1.5, 3T ve 7T°de gri
madde, beyaz madde, bébrek medulla ve korteks, iskelet kasi, yag, kikirdak ve kemik iligi i¢in, gelistirildi.

Bulgular: PSIF-FISP kullanimi, TR azaldikga TNR’yi buiyiik dl¢tide artirirken, sapma-agist arttikca ise TNR’y1 hafifce artirmugtir.
Ozellikle, bébrek, uterus, prostat, dalak, optik sinir ve omurilikte gogu parametre ayarinda ve alan degerinde iyilesme goriilmiistiir. Ek
olarak, karaciger, pankreas, kikirdak, iskelet kasi, miyokard ve memede yalnizca kisa tekrar-siiresi (I'R) ayarlarinda iyilesme gortilmiistur.
Beyinde 1.5T ve 3T°de ¢ogu parametre ayarlarinda iyilesme goriliirken, iyilesme 71°de azalmigtir. Yag ve kemik iliginde 1.5T°de
cogu parametre ayarmda iyilesme gorulurken, iyilesme 37T ve 7T°de azalmugtir. Servikste ise 3T°de ¢cogu parametre ayarlarinda yaygin
tyilesme gorultrken, 1.5T°de yalmzca kisa TR ayarlarinda iyilesme gorilmustiir.

Sonuc¢: MR termometrisi TNR ve gortintii elde etme hizi, gift yollu dizinlerle hedef dokuya ve manyetik alan degerine gore segilen
parametreler kullanilarak, énemli dl¢tide artirilabilir.

Anahtar Sozciikler: Termal tedaviler, Manyetik rezonans termometrisi, Proton rezonans frekans kaymasi, Sicaklik-gtriilti oran,

Simiilasyon ve modelleme, Kararli-Hal-Serbest-Devinim-Hizli-Gortinttileme’ (FISP)-‘ters FISP’(PSIF)

INTRODUCTION

Thermal therapies, specifically hyperthermia, such as
ablation using radio-frequency (RF), microwave, laser, or
focused ultrasound (FUS) devices, offer minimally-invasive
alternatives to surgical resection, and provide effective
adjuvants to radiation, chemotherapy, and immunotherapy
across a wide range of conditions. Promising results
have been achieved in the treatment of brain tumors (1),
neurological disorders (2), strokes (3), uterine fibroids
(4) and bleeding (5), thyroid nodules (6), cancers of the
breast (7), pancreas, prostate (8), liver and kidney (9), as
well as lung, soft tissue (10) and bone (11), with thermal
therapies allowing access to tumors that are more difficult
to reach with traditional open surgeries, reducing certain
risks associated with traditional open surgeries, shortening
recovery times and lessening pain after treatment.

Thermal therapies require maintenance of the target tissue
temperature within a narrow range for extended periods of
time, thus accurate targeting and temperature monitoring
is essential for safe and effective applications. Magnetic
resonance (MR) imaging and MR thermometry are natural
choices for guiding thermal therapies. MR has excellent soft
tissue contrast and can visualize the anatomy for accurate
targeting and enable accurate three-dimensional treatment
planning. MR can also detect temperature changes in
real-time, noninvasively (12), which enables real-time
monitoring and guidance to ensure that the desired thermal
damage (i.e. tissue denaturation and coagulative necrosis)
occurs.

Most commonly, MR thermometry is performed based on
the proton-resonant-frequency (PRT) shift of water signals
(13, 14). PRF depends on the magnetic field experienced
by the protons. Hydrogen electrons shield the nucleus
from the magnetic field, decreasing the PRF. Hydrogen
electrons are pulled away from their protons by hydrogen
bonds between water molecules, increasing the PRF.
Tissue temperature increases cause these hydrogen bonds
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to stretch, bend, and break. As a result, hydrogen electrons
shield the nucleus from the magnetic field more, reducing
the magnetic field experienced by the protons and the PRF.
The effect is the same for all aqueous tissues and linear with
temperature within the temperature range of interest, with
the PRF shift coefficient of a = 0.01 ppm/°C and

AT = (¢ —¢.)/ (ayB,TE), (1

where y =27 x42.58 MHz/T is the gyromagnetic
ratio for hydrogen, B is the field strength, TE is the echo
time, and @ and @, are the heating and reference phases,
respectively. After treatment, MRI can also be used for
assessment of treatment response and the success of these
thermal treatments (i.e. based on the fraction of the target
volume that becomes nonperfused following treatment, for
instance based on post-contrast-enhanced T1-weighted
imaging: when blood vessels are damaged, the contrast
agent gadolinium does not reach necrotic tissue and does
not increase signal intensity as it does in well-perfused
tissue).

MR PRF shift thermometry applications have ranged
from RF ablation of cardiac arrhythmias (15), laser-
induced interstitial thermal therapy targeting the liver
(16), interstitial microwave thermal therapy in the brain
(17), FUS sonication of prostate tumors (18), percutaneous
laser disc decompression (19), through guiding ultrasound-
induced local hyperthermia and drug delivery (20), for
FUS heating of the breast (21), transcranial FUS (22),
measurement of complex temperature distributions
within fluid flow (23), as well as combining MR PRT with
acoustic radiation force imaging (24), with many of these
applications benefiting from fast imaging and improved
coverage without compromising temperature accuracy.

In PRF shift thermometry, tissue temperature is typically
quantitatively monitored based on the change in phase,
resulting from the temperature-induced PRF shift, using
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gradient-recalled echo (GRE) sequences (13, 14). Many
different GRE sequences are sensitive to the PRI shift,
1.e. spoiled (e.g., spoiled gradient (SPGR), fast low angle
shot (FLASH)), unbalanced steady-state (e.g., fast imaging
with steady-state free precession (FISP), gradient recalled
acquisition in the steady state (GRASS)), balanced steady-
state (c.g., balanced-steady state free precession (SSFP),
True-FISP, fast imaging employing steady state acquisition
(FIESTA), balanced-fast field echo (FFE)). Spoiled
sequences are commonly used for PRI thermometry;
however, their signal decreases as the repetition time (ITR)
decreases. In contrast, unbalanced steady-state sequences
can maintain high signal levels for effectively capturing the
PRF effect even at very short TR settings. Short TR settings
can be useful for faster scanning, and thus also improve
motion robustness. The two typically-strongest signal
pathways in steady-state sequences are maximally sensitive
to temperature at different portions of the TR period, with
the ‘fast imaging with steady-state free precession’ (FISP)
pathway being maximally sensitive late in TR, and the
inverted-FISP (PSIF) pathway being maximally sensitive
early in TR. Dual-pathway sequences, a particular type
of unbalanced steady-state sequences, rely on this fact and
were indeed shown to improve the temperature-to-noise
ratio (TNR) over standard GRE sequences (25), with image
acquisition parameters recommendations provided across
various tissues at 3T (26).

Given that 1.5T is the most widely available option in most
clinical settings, and as 7T is becoming more available
beyond research settings and entering the clinical arena,
further guidance across a wider range of tissues and
field-strengths 1s desirable. In this study, we developed
recommendations for increasing MR thermometry TNR,
while maintaining high temporal and spatial resolutions,
using dual-pathway sequences, across a wider range of
tissue types and more field strengths (at 1.5T, 3T and 77T)
than previously available, providing guidance regarding
preferable parameter settings and corresponding expected
TNR improvements.

METHODS

The dual-pathway PSIF-FISP sequence, which samples a
PSIF signal in the early portion of the TR period and a
FISP signal in the late portion of the TR period (25, 26),
was simulated and validated against analytical calculations
and Monte Carlo simulations across a number of different
contexts. The validated software was used to simulate
experiments across a wide range of tissue types, at various
field strengths and imaging conditions, leading to our final
recommendations on when, where and how to improve
TNR using dual-pathways sequences.
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A) Simulations

All calculations were performed in Matlab (Mathworks,
Natick, MA). A homogeneous 1D object without any
k-space features beyond a delta function was simulated
with very high spatial resolution. With unbalanced steady-
state sequences, while all magnetization pathways were
always present, most pathways are displaced to distant
regions of k-space where we can ignore them. Numerical
allow achieving arbitrarily high spatial
resolutions, with arbitrarily-large k-space extent, where

simulations

a Fourier transform can reveal several distinct pathway
signals. Simulated voxels contained isochromats, with
a Lorentzian frequency distribution, pointing along the
z direction. The simulation involved applying rotation
matrices to simulate excitation with RI" pulses, the effects
of imaging gradients and frequency offsets, as well as 7,
recovery along z, and T,=1/R, decay along x and y. RF
phase alternated by 180° every TR, and a half-flip angle
excitation in the first TR accelerated the approach to
steady-state. The first 500 excitations were discarded to
ensure that steady-state was reached even for short TR and
long 7 settings. For positive-pathway signals (e.g., FISP), 7,
decay, combined with coherence loss among isochromats
ledtoa T5 =1/ (R,+ R5) decay. For negative pathways
(e.g., PSIF), signals behaved according to 1/ (R, + R5)
as expected (27). The appropriate pathway signals were
captured by Fourier transforming the object’s signal at
every sampling window.

B) Analytical solutions

In the absence of a reversible decay component (i.e.,
R, =0 and T = T,), PSIF and FISP signal is given by
(28-30):

Sps]F(TE) = Motan (%) ( Ez
Suse (TE) = Mytan (9) (1 (B, ~ O)z R)w e ™™™, )

where 0 is the flip angle (FA), C = COS (0), M, is the
equilibrium magnetization, B, =¢e ™" E,=¢ ™"

and R is given by

3

R=y/(1-E)/((1-E.C)—(Bx(E:—C))?*) @&

Simulations and calculations used the parameter ranges:
T,=300 to 2100 ms, T,=20 to 170 ms, 6=5 to 90°, TR=
5 to 50 ms, with 10 evenly-spaced values in each range,
TE,,=TR/4 and TE_,
simulated over its whole range, while the remaining
parameters were kept constant in the middle of their own

=TR/4. Each parameter was
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ranges (T, =1200 ms, T,=95 ms, 6=47.5°, TR=27.5 ms).
2D slice profiles were simulated using FAs from @ = 0°
through the prescribed nominal FA setting in steps of 3°
combined with Gaussian weighting.

C) TNR equation
The PSIF and FISP signal levels from a variety of tissues

and imaging conditions were converted into a measure
of TNR, using the dual-FISP sequence as a reference
standard, as follows:

The temperature sensitivity for FISP and PSIF signals, L.

FISP

and L, is (25):
Npse = axy x Box TEpsp, ()
APSIF axyXx Box (TR TEPS]F) (6)

where phase shifts from either FISP or PSIF signals, A rsp
or A@rgr, provide the relative temperature:

ATFISP A¢F[SP / AFISP 5 <7>

ATPSIF = A¢PSIF / APSIF 5 (8)

and TNR-optimum estimates are obtained by combining
measurements from individual pathways with proper
weighting (25):

AT psir-pisp = AT vsir XW psir + AT wrse XW prse (9)

W s + W grsp 5
ATFIS‘Pl XW s + ATFIS‘PZ XW rise
ual 1 0
ATd ISP = W irser + W pisps , (10)
where the weights are:
WPSIF = (SPSIFXAPSIF) : , (1 1)
W pisp = (S FISP XAF[SP) ’ s (1 2)

assuming the same noise statistics (i.e., same imaging
bandwidth, matrix size, acceleration, scaling) for all FISP

and PSIF images.

The relative TNR, E, of the PSIF-FISP sequence, as
compared to a dual-FISP sequence, depends only on the
weights from Eq. 12, i.e., £ is independent of the actual
temperature change being measured (26):

W psir + Werse

13
b= \/Wmm + W ise , (13)
E in Eq. 13 compares PSIF-FISP to a dual-FISP as

reference for certain image acquisition parameters. In
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addition, to compare a PSIF-FISP sequence for certain
image acquisition parameters to the best possible (i.e., an
optimized) dual-FISP sequence, the following version of
Eq. 13 1s also considered:

\4 WPSIF + WFISP

maximum (\/ WFISP] + WFISPZ)

b

E global — (14)

where the maximum(x) function is applied over all simulated
image acquisition parameters.

D) Monte Carlo simulations

Monte Carlo simulations were performed to obtain a
Monte Carlo equivalent of £, called £,
13. Normally distributed random noise was added to real

to validate Eq.

and imaginary signals from each pathway to generate noisy
pre-heating signals. Heat-induced phase shifts were added
to simulated pre-heating signals to generate post-heating
signals. Finally, normally-distributed random noise was
added to both real and imaginary channels of both pre-
heating and post-heating signals. Phase differences were
divided by the temperature sensitivities given in Eq. 8 to
obtain temperature estimates. Relative TNR was obtained
by dividing the temperature noise of PSIF-FISP by the
temperature noise of dual-FISP:

Eye=std (ATduaz—FfsP) / std (ATPSIF—FISP) , (15)

E, . and E were compared for all combinations of the
image acquisition parameters 60 = 30°, 45°, 60° and TR =
4, 10, 20 ms, for several tissue types at 1.5T, 3T and 7T,
using T’ and T, values as provided in Table I. For all cases,
TE = TR/4 TE2 3TR/4, T5="T,/2, and 2D slices

were simulated using Gaussian profiles as described.

E) TNR-based recommendations across
different field strengths, for various tissue

types

Relative TNR, £ (Eq. 13) was calculated based on simulated
PSIF and FISP signals for a wide range of image acquisition
parameters (all combinations of =3 to 90°, in steps of 3°
and TR=2 to 50 ms, in steps of 2 ms) and tissues (Table I).

Regions where the PSIF-FISP sequence improves TNR
(£>1) vs. reduces TNR (£<1), were indicated using color
coding: Green represents TNR increases and red represents
TNR decreases with PSIF-FISP, while black represents
conditions with £=1, where TNR of PSIF-FISP and dual-
FISP sequences are nearly equivalent. £ . from Eq. 14,
was overlaid onto the color-coded rendering as a contour
plot. The resulting display thoroughly compares the TNR
performance of PSIF-FISP and dual-FISP sequences,
showing where PSIF-FISP performs ‘better’ in green,
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and contour plots indicate how good the performance is,
globally.

RESULTS

Figure 1 shows dual-pathway PSIF and FISP signal levels
(S/M,, signal S divided by the equilibrium magnetization
M, ) obtained from signal simulations in comparison to those
obtained from analytical solutions, as a function of tissue
parameters T’ , T, and image acquisition parameters 6 and
TR, with R> = 0. Dual-pathway simulations agreed very
well with analytical solutions from Eq. 2-6 (Figure 1A-D).

Figure 2 provides a comparison of relative TNRs obtained
from TNR equations (%) vs. TNRs obtained from Monte
Carlo experiments (£, ), for all simulated tissue types and
various combinations of the imaging parameters FA and
TR, across multiple field strengths. Results are displayed
in ascending order of relative TNRs at the shortest TR
and largest FA setting (TR=4 ms, 0=60°). Excellent
agreement was found between the relative TNR £ (Eq.
13) and the matching Monte Carlo simulation result £ .
(Eq. 15) for all simulated tissue types and across multiple
field strengths (Figure 2A-C). At 1.5T, the myometrium

benefited most from PSIF-FISP among all tested tissues

(up to 33% increase), followed closely by endometrium,
bone marrow, fat, prostate and kidney tissues (up to 32%
increases in all). At 3T, kidney tissues benefited most from
PSIF-FISP among all tested tissues (up to 33% increase),
followed closely by the cervix and myometrium, optic
nerve, prostate and spinal cord (up to 32% increases in all).
At 7T, kidney tissues again benefited most from PSIF-FISP
among all tested tissues (up to 33% and 32% for medulla
and cortex, respectively), followed by brain gray and
white matter, bone marrow and fat (up to 30% increases
in all). Skeletal muscle consistently benefited least from
PSIF-FISP among all tested tissues, across all tested field
strengths, however, even in this case, TNR increases up to
25-30% were observed across all field strength depending
on the parameter settings. Such close agreement between
the simulation software and Monte Carlo simulated data
shown in Figure 1A-D, 2A-C provided validation of the
simulation approach.

Recommendations for sequence and image acquisition
parameters for PRF imaging for various tissue types
across multiple field strengths are given in Figure 3. PSIF-
FISP improved TNR (green) compared to the more
conventional FISP-FISP acquisition in the kidney medulla

Table I: Relaxation rate values, at 1.5T, 3T and 7T, used in simulations.

. 1.5T 3T 7T
Tissues
T, (ms) T, (ms) T, (ms) T, (ms) T, (ms) T, (ms)
Brain (Grey Matter) 1197 842 1607! 722 1939! 472
Brain (White Matter) 646! 802 838! 712 1126! 472
Kidney (Medulla) 1412 85° 1676" 138! 2094" 126"
Kidney (Cortex) 966° 87’ 1261* 121* 1661* 108*
Skeletal Muscle 1130° 35° 1256° 295 1553° 235
Fat 288° 165° 404° 48° 583° 46°
Cartilage 1060° 49° 1016° 396 1568° 326
Bone Marrow 288° 165° 381° 526 549° 47°
Breast glandular 1266’ 587 14457 547
Breast fat 2967 537 3677 537
Uterus Myometrium 1309° 1173 1514° 79°
Uterus Endometrium 1274° 1013 14533 59°
Uterus Cervix 1135° 583 1616° 83°
Liver 586° 46° 809° 343
Prostate 1317° 883 1597° 74%
Pancreas 584° 46° 725° 433
Spleen 1057° 79 1328° 61°
Myocardium 1030° 408 14718 478
Optic Nerve 815° 778 1083* 788
Spinal Cord 745° 74° 993¢ 78°
1(37), %(38), %(39), '(40), >(41), °(42), '(43), *(44)
Akd Med J /Akd Tip D / 2020; 6(2):209-218 213 W
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Figure 1: Dual-pathway PSIF and FISP signal simulations and
analytical solutions as a function of tissue and image acquisition
parameters: 7, 7, 6, and TR with R;=0. (A) /M, vs. T,
(with 7,=95ms, 6=47.5°, TR=27.5ms); (B) S/M, vs. T, (with
T,=1.2s, 6=47.5°, TR=27.5ms); (C) S/M, vs. TR (with T,=1.2
s, 1,=95ms, 6=47.5°); (D) S/M, vs. 0 (with T =1.2s, 7,=95 ms,
TR=27.5 ms). Simulations and analytical solutions show excellent
agreement.

and cortex, uterus, prostate, spleen, optic nerve and spinal
cord imaging at most TR and FA settings, as well as field
strengths, with benefits increasing at shorter TRs. PSIF-
FISP improved TNR only for short TR settings in other
tissues such as the liver, pancreas, cartilage, skeletal muscle
and specifically myocardium, and breast tissues. PSIF-
FISP improved TNR across most parameter scttings for
brain gray and white matter at 1.5T and 3T field strength,
with a considerable reduction in benefit at 7'T. PSIF-FISP
improved TNR across most parameter settings for fat and
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Relative TNR of PSIF-FISP compared to dual-FISP
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Figure 2: Relative TNRs from TNR equations (£) vs. Monte
Carlo experiments (£ ) at (A) 1.5T; (B) 3T; and (C) 7T, for

MC
various tissues and image acquisition parameters, also show

excellent agreement.

bone marrow at 1.5T field strength, with a considerable
reduction in benefit at 3T and 7T. On the other hand,
PSIF-FISP improved TNR only for short TR settings for
the cervix at 1.5T, while the benefit becomes widespread

to cover most parameter settings at 3T. In all cases,
TNR advantages of PSIF-FISP increased considerably as
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Figure 3: L, the relative TNR of PSIF-FISP vs. dual-FISP, for
various tissues, field strengths, and acquisition parameters. Green:
PSIF-FISP increases TNR. Red: dual-FISP increases TNR (TR
increases vertically, FA increases horizontally, the brightest green
shade corresponds to 1.57 and the brightest red shade corresponds
t0 0.33, as also indicated above each figure). Contours: £, , TNR
with PSIF-FISP compared to the maximum achievable dual-FISP
TNR across all tested parameter sets (as a percentage). (a-h) gray
matter, white matter, kidney medulla and cortex, skeletal muscle,
fat, cartilage and bone marrow, at 1.5T, 3T, and 7T, respectively;
(i-n) breast glandular and fat tissue, myometrium, endometrium,
cervix, liver, prostate, pancreas, spleen, myocardium, optic nerve
and spinal cord tissues at 1.5T and 3T, respectively.
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TR decreased, and slightly as A increased. Also, TNR
increases could be achieved in all tissues using PSIF-FISP,
of up to 57% across the tested conditions, depending on the
imaging parameter settings.

E,  contours in Figure 3 show that tissues where maximal
E

dual-FISP TNR occurred at longer TRs, e.g., >30ms,
benefited most from PSIF-FISP. For these cases, a TR
could be reduced by a factor of 2-3 using PSIF-FISP for
little cost in TNR (Figure 3B-G). On the other hand, tissues
where maximal dual-FISP TNR occurred at shorter TR
settings benefited least from PSIF-FISP (Figure 3H-N).

In general, tissues with longer 7 and 7, values showed
a greater tendency to benefit from PSIF-FISP. As tissue
heating causes 7, and 7, to increase (31-35), the relative
TNR would also be expected to increase with heating
during thermal therapies.

DISCUSSION

MR imaging and thermometry can improve the safety
and efficacy of thermal therapies through targeting and
monitoring of temperature, accurately, with high spatial
and temporal resolution. Excellent agreement was found
between our simulated results, and analytical equations as
well as the Monte Carlo approach (Figure 1A-D, 2A-C). Our
recommendations for improving MR thermometry TNR,
when and where to use dual-pathway sequences, at 1.57T,
3T and 7T, for various tissue types, and quantified expected
TNR improvements at various parameter settings (Figure
3) are also in excellent agreement with recommendations
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