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Abstract

Objective Recent years have seen an increased interest in

combining MRI thermometry with devices capable of

destroying malignancies by heat ablation. Expected from

the MR protocols are accurate and fast thermal character-

izations, providing real time feedback on restricted tissue

volumes and/or rapidly moving organs like liver. This

article explores the potential advantages of relying on

spatiotemporally encoded (SPEN) sequences for retrieving

real-time thermometric images based on the water’s proton

resonance frequency (PRF) shifts.

Materials and methods Hybrid spatiotemporal/k-space

encoding single-scan MRI experiments were implemented

on animal and human scanners, and their abilities to deliver

single- and multi-slice real-time thermometric measure-

ments based on PRF-derived phase maps in phantoms and

in vivo, were compared against echo planar imaging (EPI)

and gradient-echo counterparts.

Results Under comparable acquisition conditions, SPEN

exhibited advantages vis-à-vis EPI in terms of dealing with

inhomogeneous magnetic field distortions, with shifts

arising due to changes in the central frequency offsets, with

PRF distributions, and for zooming into restricted fields-of-

view without special pulse sequence provisions.

Conclusion This work confirms the ability of SPEN

sequences, particularly when implemented under fully-

refocused conditions, to exploit their built-in robustness to

shift- and field-derived inhomogeneities for monitoring

thermal changes in real-time under in vitro and in vivo

conditions.

Keywords Spatiotemporal encoding � Real-time MRI �
1H-based thermometry � In vivo PRF � Restricted FOV

Abbreviations

MRI Magnetic resonance imaging

NMR Nuclear magnetic resonance

FOV Field of view

FT Fourier transform

SPEN SPatio-temporal ENcoding

PRF Proton resonance frequency

STD Standard deviation

SNR Signal-to-noise ratio

SR Super-resolution

SAR Specific absorption rate

RF Radio frequency

RO Readout

PE Phase-encode

SS Slice-select

TE Echo time

TR Repetition time

EPI Echo-planar imaging

Introduction

Among its many contemporary applications, ‘‘ultrafast’’

MRI is used for obtaining real-time information on tem-

peratures changes undergone by tissues under in vivo
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conditions. These ‘‘MR thermography’’ measurements rely

on water’s well-documented -0.01 ppm/�C chemical shift

temperature dependence [1–3]. If suitably characterized

and combined with imaging modalities, these proton res-

onance frequency (PRF) shifts can be exploited in different

therapies, including guiding laser- and ultrasound-focused

ablation [1–5]. Some forms of MR thermography include

direct measurements of water’s chemical shift by spec-

troscopic imaging, either in a reference-less mode or in

combination with other tissue resonances acting as inter-

nal references [6, 7]. Another approach to determine PRFs

is by monitoring the phase shift changes that water’s

temperature-dependent shifts will impart on different

voxels upon introducing a single delay prior to an image’s

acquisition. All these applications require that the voxels

themselves be imaged using rapid techniques, so as to

provide a real-time feedback mechanism for guiding the

invasive treatment/device. Such rapid imaging character-

izations have been primarily based on echo-planar imag-

ing (EPI) [8, 9], and have led to considerable successes in

MRI-integrated tumor ablation treatments. This endeavor,

however, is not without its challenges. Single-shot PRF

measurements based on EPI face a number of complica-

tions arising from organs which are motion-prone like

livers or kidneys, due to the method’s need for high

spatial resolutions–which often calls for restricted Fields-

of-View (FOVs), and due to a need to target areas subject

to sizable magnetic field inhomogeneities including those

close to the intestines (e.g., uterine fibroids), abdomen, or

lungs. Also worth noting are the challenges that frequency

offsets arising from either treatment devices placed in

close proximity to the regions of interest, from high fat

contents that may cause an incorrect central frequency

selection, or even due to the effects that the heating

process itself, will impart on the water resonance. When

relying on MRI as the feedback mechanism for a treat-

ment or device, all such shifts can disrupt the accurate

targeting of a region and/or treatment of the lesion –

particularly in high-B0 magnets. Still, given the promises

carried by these real-time procedures, a number of solu-

tions have been put forward to compensate for these

weaknesses. These include the restriction of EPI’s FOV

with the assistance of parallel imaging and/or multidi-

mensional RF pulses [10, 11], the use of multi-shot and/or

multi-segment EPI procedures [12–15], the reliance on

independently derived field maps of DBo inhomogeneities,

or the use of other sequences such as rapid multi-scan

gradient echo to satisfy the fast imaging requirements [9].

The present work explores the options that in this area are

opened by yet another alternative capable of delivering

the images sought within single shot, but which instead of

k-space encoding relies on spatiotemporal manipulations

for performing the MRI.

While initial developments in manipulations that excite

and collect spin signals sequentially in both space and time

were explored decades ago [16, 17], recent years have

witnessed a revived interest in such procedures. A main

driving force for this stemmed from the realization that

spatiotemporal encoding (SPEN) enables the acquisition of

arbitrary multidimensional NMR spectra within a single

scan [18]. Recent publications have explored and demon-

strated that such sequences can also be advantageously

exploited in purely imaging-oriented single scan multidi-

mensional acquisitions [19–23]. Particular advantages

result when relying on ‘‘Hybrid’’ schemes [19, 20] whereby

the robust, high-bandwidth readout direction of a 2D MRI

acquisition is encoded in k-space, and SPEN is exploited to

unravel the more artifact-prone, low-bandwidth direction.

Besides a higher intrinsic immunity to DB0 inhomogenei-

ties, this approach offers the capability of performing

‘‘fully-refocused’’ scans, whereby each instant throughout

the data acquisition process corresponds to the formation of

a spin-echo from the signal-contributing voxels [20]. Yet

another built-in advantage of SPEN stems from its avoid-

ance of a numerical Fourier transform (FT); this allows one

to restrict FOVs without experiencing image folding, and

without interferences arising from the presence of multiple

chemical shifts. In their original implementations, SPEN

imaging techniques suffered from a number of drawbacks

vis-à-vis EPI; particularly lower spatial resolutions, higher

specific absorption rate (SAR) values, and limitations in

the rapid acquisition of multi-sliced 3D imaging infor-

mation. Recent publications, however, have opened up

ways to deal with these drawbacks by means of super-

resolution (SR) and adiabatic passage methods [24–27],

which make SPEN-based techniques alternatives worth

exploring when facing challenging applications [22, 25].

In view of all these features, this article explores the

potential of SPEN for thermometry purposes. As further

detailed below, comparable thermal measurements can be

extracted from this technique as from EPI-based coun-

terparts under ideal conditions. A number of implemen-

tations based on both fully-refocused and non-fully-

refocused sequences highlight the superior performance

that SPEN techniques yield when dealing with more

challenging scenarios–including those currently restricting

certain thermometric applications.

Materials and methods

SPEN-based single-scan 2D MRI: principles

and sequencing considerations

Before focusing on the relative merits of SPEN’s thermo-

metric applications, it is convenient to briefly summarize
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how SPEN delivers its single-scan imaging information

and its differences vis-à-vis EPI. This is simplest to visu-

alize first in a 1D experiment, assumed to focus on

retrieving a y–axis profile. The SPEN will rely on a chirp

radiofrequency (RF) excitation pulse acting during a time

Texc in combination with a gradient Gexc, to introduce a

spatially-dependent parabolic phase profile:

/excðyÞ ¼ �
cGexcTexc

2FOV
y2 þ cGexcTexc

2
yþ const; ð1Þ

where the range of the sweep cGexcFOV defines the

targeted field-of-view (FOV). This encoding is followed by

a readout, whereby an acquisition gradient Gacq(t) acts over

a time Tacq such that kacq t ¼ Tacq

� �
¼ c

R Tacq

0
GacqðtÞdt ¼

�GexcTexc (i.e., GexcTexc = -GacqTacq for a constant Gacq).

Relying on a Stationary Phase Approximation [18]

d

dy
/excðyÞ þ kacqðtÞ � y
� �

y¼ySPAðtÞ¼ 0; ð2Þ

whereby spin-packets interfere destructively everywhere in

the sample except in the point ySPA (in whose

neighborhood the spins’ evolution phases have a ‘‘flat’’

profile), it follows that the acquired time-domain signal S(t)

will reflect in its magnitude the spin’s density profile along

the FOV range, according to

jSðtÞj / Dy � qðySPAðtÞÞ: ð3Þ

Here Dy is a nominal spatial resolution defined during

the encoding by the parabolic phase’s curvature

Dy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

FOV
cGexcTexc

q
. Recent publications have discussed a

variety of single-shot alternatives for acquiring 2D and

multi-slice 3D images based on this strategy [18–23]; as

mentioned, here we shall concentrate on ‘‘Hybrid’’

approaches encoding the read-out direction in a usual

k-space fashion, while using SPEN to rasterize the image in

what would normally be a ‘‘low bandwidth’’ dimension.

Figure 1 compares the Hybrid SPEN sequences assayed

in this work, with a spin-echo EPI counterpart. Notice that

despite the analogous acquisition structures of the Hybrid

and EPI sequences, the latter requires an FT to deliver its

phase-encoded imaging information, whereas SPEN’s

blipped dimension provides its information in direct image

space. Two versions of SPEN-based hybrid imaging

sequences are treated here. One imparts its encoding by a

90� chirp RF excitation of the whole sample followed by a

slice-selective (SS) refocusing of the region to be targeted

(Fig. 1b); a second variant is based on a 90� slice-selective

excitation and pairs of 180� RF pulses (Fig. 1c). The lat-

ter’s usefulness results from its compatibility with multi-

slice acquisitions on 3D volumes. Notice that given this

sequence’s reliance on a broadband 180� adiabatic sweep

for spatial encoding of a selectively-excited slice of inter-

est, a rewinding of the remaining magnetizations is

required. This could be done using adiabatic sweeps [19,

27], but to minimize the sequence’s SAR a hard, slab-

selective 180� pulse was utilized instead.

An important feature of these approaches concerns their

‘‘full-refocusing’’ abilities [20], allowing one to achieve a

particularly high immunity to DB0 inhomogeneities and

other offset-derived distortions. Full refocusing is a par-

ticular form of spin echo whereby the scan’s timing

parameters are set so as to endow individual spin-packets

with a full refocusing of their T2*/shift effects, at instants

corresponding to the achievement of their respective SPAs

(Eq. 2). This possibility arises due to the progressive way

by which spins are excited and detected in SPEN. For the

sequences that will be here used for thermal imaging, these

conditions are fulfilled by setting Texc = Tacq if SPEN is

imparted by a 90� chirp pulse, and by introducing a free-

evolution delay Tacq/2 in case SPEN is imparted by a 180�
adiabatic inversion pulse of duration T180 = Tacq/2

(Fig. 1b, c). In addition to benefiting from these full-refo-

cusing conditions, SPEN’s sensitivity and resolution can be

further improved by departing from the simple magnitude-

mode processing conveyed by Eq. (3), and upgrading it to a

Super Resolution (SR) reconstruction [24]. The SR

expands SPEN’s formulation beyond the stationary phase

approximation, and extracts imaging information from

within the parabolic phase summarized by Eq. (1) by

recasting Eq. (3) into a phase-sensitive formulation of the

digitized signal: S(t) = ASR(t, y).qSR(y). Here ASR is a

point-spread function matrix containing all the phase

encoding and decoding information and depending on a

priori known sequence parameters, and qSR is the spin

density being sought. By casting back the image-recon-

struction procedure as this set of linear equations, involving

the calculation of each of the image’s pixels by a sum-

mation of multiple phase-corrected sampled data points,

SR reinstates the multiplexing advantage that had been lost

by the simple magnitude-mode image reconstruction.

Moreover, by exploiting the fact that signals S(t) in SPEN

experiments are usually sampled at dwell times Dt that are

significantly shorter than the sampling rate cGacqDy

demanded by Eq. (3)’s basic resolution expectation, a

significantly higher spatial definition is simultaneously

achieved. The increased sensitivity and spatial resolution

that the SR procedure affords, is illustrated for a standard

ACR phantom in Fig. 2. In this example qSR(y) was solved

by a first-iteration Conjugate Gradient (CG) solution [24];

as described in a number of literature instances [18, 24,

25], this Figure clearly demonstrates the higher resolution

and sensitivity that SR imparts on the hybrid SPEN exper-

iment, vis-à-vis a basic magnitude-mode reconstruction.
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Resolution is in fact comparable to the FOVy/Nacq values

associated an ideal EPI scan, where Nacq is also the number

of points used in the SR reconstruction. For all the cases

reported below the spatial resolutions quoted along the

SPEN dimensions reflect these SR-endowed gains. Also

sensitivities end up, on average and when dealing with

homogeneous environments, similar for SE EPI and for

fully-refocused SPEN experiments. At the same time, SR

helps one to reduce SPEN’s usually higher SAR percent-

ages and without impairing SPEN’s robustness to sam-

pling- or shift-derived imperfections.

Real-time SPEN MRI: thermometric considerations

In order to extract PRF values from single-scan SPEN

images—and from there temperature changes DT—we

focused on the phase shifts arising upon introducing so

delays into the original sequences, as indicated in Fig. 1.

The Du phase shifts experienced by each pixel in the image

can be then expressed as DT ¼ Du
a�cBo�s [24], where a =

-0.01 ppm/�C is the PRF thermal change coefficient and

cBo defines the Larmor frequency. In EPI, the frequency-

encoding s delay is uniform for all positions. In SPEN one

needs to distinguish among two cases. In fully refocused

experiments [20], which often yield the highest quality

images, the addition of a so delay prior to the data acqui-

sition (Fig. 1b, c) ‘‘breaks’’ to some extent the aforemen-

tioned full-refocusing demands. Still, as so values are

generally small vis-à-vis Tacq, this effect will be small and

will affect all the spatially-encoded positions equally. By

contrast, if non-fully-refocused conditions Texc \ Tacq or

T180 \ Tacq/2 are chosen for Fig. 1b, c, respectively, the

(a)

(b) (c)

Fig. 1 Sequences used in this study: (a) Spin-Echo EPI. b Real-time

Hybrid SPEN based on a 90� chirp encoding. c Multislice sequence

employing an adiabatic 180� passage for SPEN, and a final 180� hard

pulse for re-equilibrating the magnetizations of non-encoded posi-

tions. The SPEN sequences are akin to fully-refocused proposals that

have been introduced and discussed in the past [18–20, 27], but

incorporate a so delay for assessing thermal changes via PRF-derived

phase shifts of the imaging signals. The definition of various

parameters involved include: a RF/ADC row displaying the RF

pulses and the acquisitions’ timing (ADC for Analogue-to-Digital

Converter); RO, PE/SPEN and SS rows displaying the gradients

applied along the readout, the phase- or spatiotemporally-encoded and

the slice-selective directions, respectively; Tacq/exc, Gacq/exc—

acquisition or excitation durations and gradient strengths associated

with the PE/SPEN dimensions; Tro, Gro—acquisition duration and

gradient strength associated with the orthogonal read-out dimension;

Nlines—number of PE/SPEN-encoded elements; T180,G180—180�
duration and gradient strength associated with the inversion pulse;

kro and kSPEN—pairs of prewinding gradients flanking the adiabatic

180� inversion and imparting &cGroTro/4 and &cG180T180/2 enco-

dings, respectively. All slice-selective and 180� pulses are flanked by

crusher or shifting gradients, as needed. Further details on the SPEN

sequences are given in section ‘‘Materials and methods’’, and the

values of all relevant parameters used for the various experiments are

further specified in the corresponding captions
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effective s(y) encoding the temperature change becomes

location dependent. This delay will be s(y) = so ?

tacq(y)�(1 - Texc/Tacq) - (Tacq - Texc)/2 for the sequence

in Fig. 1b—where 0 B tacq(y) B Tacq denotes the delay for

which a particular y location in the experiment was mon-

itored as measured from the beginning of the acquisition

process—and s(y) = so ? tacq(y)�(1–2T180/Tacq) - (Tacq/

2 - T180) for the multi-slice experiment. Since tempera-

tures will in such instance be given by DT ¼ Du
a�cBo�s yð Þ, one

needs to choose a PRF-encoding delay that—in addition to

regular considerations such as the temperature resolution

desired—fulfills so [ |Tacq - Texc|/2, |Tacq/2 - T180|.

Another relevant point to examine concerns the tempera-

ture measurement’s standard deviation (STD). This

parameter will be inversely proportional to the image’s

signal-to-noise ratio SNR and to the s period: STDDU � 1/

(s�SNR) [28]. In SPEN experiments carried out without use

of full refocusing, s’s y-dependence means that the

experiment’s accuracy will also be position dependent.

With such considerations as background, the tempera-

ture maps reported throughout this study were calculated

by relying on the experimental phase changes measured

between consecutive pairs of measurements, DTn,n-1(x,

y) =
Dun;n�1ðx;yÞ
a�cBo�s yð Þ . This step-by-step approach was preferred

over an absolute phase shift calculation, in an effort to

avoid potential phase-wrapping complications. Absolute

temperature maps could still be calculated from cumulative

changes by using the fact that each voxel’s temperature

T(x, y), fulfills Tn x; yð Þ ¼ Toðx; yÞ þ
P

k� n DTk;k�1ðx; yÞ.
For lack of reliable ways to determine in general an

absolute initial reference temperature, T0 was taken as

zero. All thermal maps reported in this work therefore

represent thermal changes with respect to the first scan.

Still, thanks to the high reproducibility of our heating

(a) Reference multi-scan (b) Spin Echo EPI

SNR=139

(c) SPEN – no SR

SNR=107

(d) SPEN – with SR

SNR=142

P
hase-E

ncoding A
xis

S
P

E
N

 A
xis

Readout Axis Readout Axis

Fig. 2 Resolution and SNR improvements brought about when

imparting the SR procedure on SPEN images. All data were collected

at 3 T on a Siemens scanner on an ACR Accreditation Program

Phantom normally used for resolution tests, aiming to resolve the

2 mm patterns appearing in the center of the lower arrays (one of

which is marked by an orange circle in the reference scan). Shown

alongside each 2D image are profiles corresponding to the phase-

encoded/SPEN axes extracted at the position of the dashed blue line;

also shown are the SNR values arising from dividing the integrated

signals for the region indicated by a green rectangle, by the average

noise in the regions indicated by the upper smaller squares.

a Reference multi-scan image, (b) single-scan spin echo EPI,

(c, d) single-scan Hybrid SPEN images (sequence in Fig. 1b).

reconstructed using a simple magnitude calculation or a Super

Resolution approach. The non-uniform signal intensity in the SPEN

images reflects the increasing TEs associated to this sequence.

Common EPI and SPEN scan parameters: slice thickness = 5 mm,

FOV = 200 9 200 mm2, resolution 2 9 2 mm2 (100 9 100 pixels

matrix), Tacq = 69 ms; for the SPEN sequence Texc = 69 ms, and

Gexc = 0.027 G/cm. Multi-scan parameters: slice thickness 5 mm,

FOV = 256 9 256 mm2, resolution 2 9 2 mm2 (128 9 128 pixels

matrix), TE = 75 ms, TR = 1500 ms
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processes (as concluded from independent external mea-

surements as well as by gradient-echo multi-scan MRI

measures) quantitative comparisons among the various

imaging techniques could be carried out. High reproduc-

ibility also enabled us to compare repeat experiments,

without requiring the use of thermal sensing elements

inside the magnets. In both the ex and the in vivo

experiments the standard deviations of our thermal mea-

surements were calculated in a set of experiments run

without heating or cooling, by subtracting the average

temperature arising from the corresponding maps over an

area of relevance inside the object, and evaluating the

ensuing dispersion.

Experimental setups

The feasibility and advantages associated with SPEN-

based thermometry were examined on two platforms, on

which all sequences in Fig. 1 were implemented. These

measurements involved either a 3 T Siemens TIM TRIO

clinical system using a 4-grouped channels TIMTM head

coil with FOVs of 300 9 300 9 330 mm3, or a 7 T

Varian VNMRS vertical microimaging system using a

quadrature-coil Millipede� probe with FOVs of

30 9 30 9 46 mm3. In all cases but for the EPI-based

Siemens experiments, for which system-supplied

sequences were used—pulse sequences were custom

written with RF pulses and gradient shapes designed in

MATLAB� (The MathWorks, Inc., Natick, MA) and

uploaded onto the scanners; these are all available upon

request. All sequence parameters were individually

optimized for their thermometry applications. Images

were reconstructed using custom-written MATLAB

packages, which included the possibility to process

hybrid data with SR along the SPEN axis and FT along

the k-dimension [23]. 2D FT scripts for processing ref-

erence EPI and multi-scan gradient-echo phase encoded

spin-warp images, were also written. Manipulations in

these data processing algorithms included the alignment

of positive and negative readout echoes (for EPI),

weighting, etc.; as well as determinations of the voxel’s

changes in phase.

A summary of the experiments implemented in these

platforms is given in Table 1. Single-slice tests were

conducted at 7 T. These measured the temperature of

water in tubes that were heated to 75 ± 1 �C, inserted

into the MRI, and scanned while they cooled down. The

s0 delay used for monitoring these thermal changes was

9 ms and the recycle time TR of the experiments was

10 s—a relatively long delay, but suited to the slow

water cooling processes that were monitored. Variable-

temperature measurements in tissues under both ex- and

in vivo conditions were also carried out on this 7 T

vertical system. To this effect temperatures were dialed

into an FTS� gas-cooler/heater capable of reaching

±80 �C; an air gas stream passing through this system

was delivered to the specimens by plastic tubes, and ca.

±7 �C departures from room temperature could be

implemented in this fashion. Following their initial

ex vivo validation, these tests were conducted on mice;

these in vivo experiments, as well as all associated ani-

mal handling procedures, were done in accordance with

protocols approved by the Weizmann Institute’s Animal

Care and Use Committee. In these experiments the ani-

mal was anesthetized and cool/warm gas fed into a thin

quartz tube (to increase the thermal conductivity)

attached to the animals thigh. Prior to the experiments,

tuning and local shimming were performed, and the

animal breathing was stabilized to minimize motional

influences on the measurements. The TR between EPI

and hybrid SPEN acquisitions was set to 2 s; these scans

were collected in an interleaved fashion, and were started

when the respiration monitoring system showed that

breathing had reached a steady state. The overall

sequence’s duration was 22 min, with the temperature

change starting after the first 10 min.

Multi-slice verification experiments were implemented

on a 3 T clinical scanner. In these thermal tests a Sie-

mens-provided gradient echo EPI and the SPEN sequence

in Fig. 1c were repeated in an alternate manner, while

monitoring the cooling process of a pre-heated water tube

inserted in a room temperature water flask. This led to a

rapid cooling of the former and to a concomitant heating

of the latter. In these thermal MRI scans each set of

multi-slice experiments involved 15 measurements; each

of these was then repeated in an alternating EPI/SPEN/

EPI/SPEN… format, until the cooling of the inner tube

was completed. Such alternating execution of EPI and

SPEN allowed us to verify the agreement between these

thermal measurements; as described earlier, the phase

observed for each voxel in the first image of each set

defined the thermal reference for all subsequent scans in

this set. Both sequences used similar timings and delays,

with so = 19 ms in the SPEN sequence and TE = 19 ms

in the gradient echo EPI one. For all these cases,

TR = 6 s, which was fast enough to monitor the rela-

tively slow cooling/heating processes here recorded. Also

worth noting are the SAR of the different sequences that

were assayed; according to the 3 T scanner’s calcula-

tions, SAR percentages under the parameters assayed

were &3 % for the gradient echo EPI sequence, *5 %

for spin echo EPI, *8 % for the single-slice SPEN

sequence in Fig. 1b, and *15 % and for multi-slice

SPEN in Fig. 1c.
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Table 1 Summary of the experimental aims, platforms, sequences compared, targeted systems and scanning parameters, for the various tests

assayed in this study

Experimental

aims

MRI

system

Sequences employed Investigated

system

Scanning parameters Results

General

comparison,

slice-selective

thermal

sequences

7 T Gradient echo multi-scan,

spin echo EPI (Fig. 1a),

single-slice Hybrid SPEN

(Fig. 1b)

Cooling water

tube

For the multi-scan sequence:

FOV = 30 9 30 mm2, 128 9 128 pixels

matrix, 1 mm slice thickness,

TR = 80 ms, full acquisition time 10 s.

Common EPI and SPEN parameters: FOV

of 25 9 25 mm2, slice thicknesses of

1 mm, 70 9 70 pixels matrix,

Tacq = 21 ms, Gexc = 0.5 G/cm for SPEN,

TE = 9 ms for EPI, so = 9 ms, TR = 10 s

Fig. 3

Fully- and non-

fully-refocused

SPEN

comparison

7 T Single-slice hybrid SPEN

(Fig. 1b): fully and non-

fully-refocused

conditions

Cooling water

tube

Common acquisition parameters:

30 9 30 mm2 FOVs, 1 mm slice

thickness, 70 9 70 pixels matrix,

Gacq = 0.5 G/cm, TR = 10 s, so = 9 ms,

total duration of 50 ms. The fully-

refocused 90� chirped SPEN used

Texc = Tacq = 21 ms, Gexc = 0.5 G/cm,

image acquisition in 56 ms; the non-fully-

refocused SPEN acquisition used

Texc = 4 ms, Tacq = 21 ms, Gexc = 2.1 G/

cm

Fig. 4

Multi-slice

comparisons in

a clinical

scanner

3 T Multi-slice gradient Echo

EPI and Hybrid SPEN

(Fig. 1c)

Cooling/heating

water flasks

Common acquisition parameters: slice

thickness = 3 mm;

FOV = 200 9 200 mm2, 64 9 64 pixels

matrix, TR = 6 s. SPEN-specific

parameters: Tacq = 29.4 ms;

T180 = 14.8 ms and G180 = 0.47 G/cm,

so = 19 ms in SPEN and TE = 19 ms for

EPI

Fig. 5

Water’s spatial

miss-

registration due

to thermal

changes

7 T Spin Echo EPI (Fig. 1a),

single-slice Hybrid SPEN

(Fig. 1b)

Spatial offset

observed upon

cooling water

Common scan parameters: Slice thickness

2 mm, FOV = 25 9 25 mm2,70 9 70

pixels matrix, so = 9 ms, Tacq = 31 ms;

for the SPEN sequence Texc = 26 ms, and

Gexc = 0.95 G/cm

Fig. 6a

Overall sensitivity

to chemical shift

offset

3 T Spin Echo EPI (Fig. 1a),

Hybrid SPEN (Fig. 1b)

Water tube:

On- and off-

resonance

effects

Slice thickness 5 mm,

FOV = 200 9 200 mm2, 64 9 64 pixels

matrix, echo spacing = 0.46 ms,

Tacq = 30 ms, so = 19 ms. For the SPEN

experiment Texc = 30 ms, Gexc = 0.08 G/

cm

Fig. 6b

Monitoring

SPEN’s

zooming

abilities

7 T Spin Echo EPI (Fig. 1a),

Hybrid SPEN (Fig. 1b)

Cooling and

heating water

tubes

For all images: slice thickness = 2 mm;

FOVs = 25 9 25 mm2; 70 9 70 pixels

matrix, TR = 10 s and half-FOVs refer to

half these magnitudes along the SPEN axis.

In all experiments Tacq = 30.8 ms,

so = 5 ms; for the SPEN sequence

Texc = 26 ms and Gexc = 0.95 G/cm

Fig. 7

SPEN’s in vivo

thermal abilities

7 T Spin Echo EPI (Fig. 1a),

Hybrid SPEN (Fig. 1b)

Mouse:

temperature

profiles in

muscle area

Common scan parameters: so = 4 ms, slice

thickness 1 mm, FOVs = 30 9 30 mm2,

35 9 70 pixels matrix, TR = 2 s. For

SPEN: Texc = Tacq = 21 ms,

Gexc = 0.3 G/cm

Fig. 8

SPEN’s ability to

cope with

inhomogeneous

fields

7 T Spin Echo EPI (Fig. 1a),

Hybrid SPEN (Fig. 1b)

Cooling water

tube in

inhomogeneous

environment

Common scan parameters: so = 5 ms,

25 9 25 mm2, pixel matrix 70 9 70,

Tacq = 30.8 ms, TR = 10 s. For the SPEN

Texc = 26.8 ms, Gexc = 0.92 G/cm

Supplementary

Fig
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Results

General features of SPEN-based thermometry:

controlled phantom examples

Figure 3 presents water cooling comparisons resulting

from monitoring phase-derived PRF shifts using gradient-

echo multiscan MRI, spin-echo EPI and a fully refocused

SPEN sequence based on Fig. 1b. The Texc = Tacq condi-

tion used in this acquisition means that the same eso value

characterized all positions. The Figure shows magnitude

images as well as temperature map progressions that fit

equally well all three methods—although, even for such a

well-shimmed, controlled environment, one can already

appreciate smaller distortions in the SPEN images com-

pared to the EPI counterparts. A 4 9 4 mm2 area in the

center of the samples was used to quantitatively compare

among the methods; small (B0.4 �C) systematic differ-

ences –which could reflect minor timing differences– are

apparent; yet the matching between all measurements and

their very similar STDs, are remarkable.

Another verification worth discussing concerns com-

parisons among Hybrid SPEN tests run in fully-refocused

and non-fully-refocused modes. Figure 4 illustrates the

clearly y-dependent phase shifts arising in the latter cases’

raw phase maps, which only revert to the homogeneous

conditions upon accounting for the s(y)-dependence allu-

ded to in the Methods section. Also worth remarking is the

fact that the same s(y)/Du(y)-dependence leads to a stan-

dard deviation in the temperature that varies from one edge

of the image to another.

Figure 5 illustrates the compatibility of SPEN-based

thermometry sequences with fast multi-slice acquisitions.

Figure 5a, b display thermal-change profiles obtained

with the SPEN sequence shown in Fig. 1c at 3 T against

results arising upon executing Gradient-Echo EPI scans.

Each EPI or SPEN set contained 15 scans repeated with

a TR = 6 s, and both EPI and SPEN were executed in

an interleaved manner addressing the same five slices. In

this way, the temperature changes afforded by the

Hybrid SPEN could be compared against EPI multi-slice

counterparts. The examined phantom consisted of a hot

pear-shaped water ampule, placed at ca. 80 �C inside an

outer round flask with room temperature water.

Accordingly, changes in the diameter of the inner con-

tainer could be tracked as a function of the slice’s

position, while thermal variations of opposite sign could

be monitored in the inner and outer containers’ cross-

sections. All these expectations are very well born out by

the representative experiments shown in Fig. 5a, b;

notice that apart from the absence of half-FOV distor-

tions, the SPEN data compare favourably with the EPI.

Shown in Fig. 5c are longer-term, comprehensive

summaries of these thermal changes: these panels show

overlaid temperature progressions for the five slices

arising from the alternating EPI/SPEN/EPI/… series, for

temperatures averaged over a 34 9 34 mm2 area of the

phantom’s center vessel. Once again, these graphs show

an excellent match between both sets of images,

Fig. 3 Water cooling progression monitored at 7 T by a multi-scan

gradient-echo reference, and by single-scan EPI and single-slice

SPEN methods. In all experiments water was heated to 75 �C, a point

taken as ‘‘zero temperature’’ in the subsequent maps. Temperature

progressions are illustrated for the magnitude images displayed on

top, for three cooling time points. The color bar to the right of these

temperature progressions—like all color bars in the remainder of this

work—denote temperature changes in units of �C. Illustrated in the

bottom plot are temperature profiles arising from averaging phase

shifts for a 4 9 4 mm2 area in the middle of the water tube. The

multi-scan sequence used a FOV of 30 9 30, 0.23 9 0.23 mm2

resolution (128 9 128 pixels matrix), 1 mm slice thickness, TE/

TR = 9/80 ms, full acquisition time 10 s. The EPI and 90� chirp

SPEN sequences are shown in Fig. 1a, b, and used a FOV of

25 9 25 mm2, slice thicknesses of 1 mm, resolutions of

0.36 9 0.36 mm2 (70 9 70 pixels matrix), Tacq = 21 ms, so = 9 ms;

Gexc = 0.5 G/cm for SPEN. Thermal maps are shown ‘‘unmasked’’

for the sake of better comparing among the methods. The origin of the

artificial ‘‘temperature jump’’ evidenced by all images as a thin rim at

the interfaces between the tubes stems from unstable phase values,

possibly reflecting the onset of convectional motion
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verifying the reliability of SPEN thermal measurement

under these controlled conditions.

SPEN-based thermometry: shift insensitivity

and restricted FOV advantages

Among the most important aspects that real-time ther-

mometric methods should present, is immunity vis-à-vis

shift-driven distortions. Offsets will otherwise affect the

ensuing ablation efforts, either via image distortions or by

misplacing the regions of interest. Shift effects can in turn

involve the presence of fat peaks, field distortions intro-

duced by the ablation transducers and/or ancillary equip-

ment placed in proximity to the patient, or they can even

be byproducts of the heating process itself. The SPEN

sequences possess a built-in immunity to many of these

potential offset artifacts, which will reflect as misplace-

ments D (in mm) = d/cGexc, where d (in Hz) is the

magnitude of the offset. Since this Gexc is only marginally

related to the resolution or FOVs being sought, this is a

feature that can be put to good use towards shift com-

pensation. The consequences of this characteristic can be

gauged by considering a thermal change of 50 �C—

equivalent to a PRF shift of 0.5 ppm, or &150 Hz at 7 T.

In typical EPI sequences like the ones hereby used,

focusing on a &25 mm FOV, 0.35 mm resolution and

0.44 ms echo spacing, this would cause an &5-pixel

displacement. By contrast in SPEN sequences for which

Gexc &1 G/cm, this PRF-derived shift will be

&0.025 mm—well under a pixel. This is witnessed by

experiments like the one in Fig. 6a, where water in a tube

was heated to 75 �C, and EPI/Hybrid SPEN sequences

were ran sequentially as the tube cooled to room tem-

perature. The presence of a room-temperature reference

allows one to compare the very different thermally-

induced shift effects for both cases. A similar phenome-

non can be observed in a clinical 3T MRI (Fig. 6b), where

a central frequency shift of 200 Hz (half of what would be

imparted by the presence of fat) introduces a substsantial

voxel displacement in EPI but a nearly negligible one if

monitored by SPEN.

Another aspect reflective of this shift insensitivity can be

appreciated from the images themselves (Fig. 6a), which

not only evidence an overall shift but also larger distortions
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Fig. 4 Temperature maps

calculated from non-fully-

refocused SPEN acquisitions

showing an apparent y-

dependent DT, compared vs the

corrected, uniform DT arising if

taking into account the differing

delays versus y-location.

Temperature changes can be

read from the color bar on the

right, in �C. Compared on the

bottom graph are temperature

profiles based on non-fully-

refocused and fully-refocused

cases. Both sequences were

implemented at 7 T using

30 9 30 mm2 FOVs, 1 mm

slice thickness,

0.43 9 0.43 mm2 in-plane

resolutions (70 9 70 pixels

matrix), Gacq = 0.5 G/cm and

so = 9 ms. The fully-refocused

90� chirped SPEN sequence

used Texc = Tacq = 21 ms,

Gexc = 0.5 G/cm, image

acquisition in 56 ms; the non-

refocused SPEN used

Texc = 4 ms, Tacq = 21 ms,

Gexc = 2.1 G/cm. All images

were acquired in 50 ms
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in the EPI than in the SPEN experiments. This can greatly

ease the anatomy tracking that usually accompanies ther-

mometry measurements, and improve its localization

attributes. Supplementary Figure A illustrates this more

clearly for an instance that mimics the kind of B0 inho-

mogeneities that usually accompany ablation devices in

close proximity to the targeted tissues.

A final point worth highlighting is SPEN’s ability to

focus on restricted FOVs. This is a consequence of the

method’s avoidance of a numerical FT, and thereby of

associated folding phenomena. This in turn enables one to

‘‘zoom’’ along the low-bandwidth axis into a particular

region of interest, and use a restricted FOV to monitor

thermal changes with increased resolution. This can be

achieved at no cost in the sequence’s complexity (e.g., by

the addition of elements like multidimensional RF pulses

or outer-volume-suppression procedures) owing to SPEN’s

reliance on spatially-selective encoding imposing an

intrinsic sculpting of the targeted regions. Figure 7 illus-

trates this for a simple thermometry experiment conducted

using two water tubes: a larger one starting with hot water

and undergoing cooling, and a smaller one undergoing an

inverse, heating process. The goal of the experiment was to

zoom in during the thermometry measurement onto the

smaller tube, using SPEN’s chirped RF pulse ability to

selectively excite a FOV of interest in order to improve

resolution by a factor 2. The EPI with full-FOV and Hybrid

SPEN with half this FOV (and twice the resolution), were

run consecutively and temperature profiles inside the

tubes were compared. The clear SPEN thermal maps in

Fig. 7 summarize the resolution advantages that can result

from this capability.

(a) (b) (c)

Fig. 5 Comparison between multi-slice EPI and SPEN single-shot

results collected at 3 T, on the sample setup shown in the lower right

image. a Thermal EPI maps collected with a TE = 19 ms, showing

the progressive cooling of the inner vessel and concomitant heating of

the outer one. b Thermal maps arising from the SPEN sequence in

Fig. 1c. Both (a) and (b) show the behavior for the same five slices

sited at the positions indicated by the dashed lines in the lower right

image, for consecutive acquisitions beginning at the indicated times.

Overall fifteen time points were measured for alternating set of

experiments, each set with it’s own baseline phase map, and

temperatures were mapped via PRFs using a s0 = 19 ms tempera-

ture-related phase accretion. All of the time points acquired are

represented in (c), which illustrates the average thermal drops

evidenced by both methods for the central vessel’s cooling. Common

acquisition parameters: slice thickness = 3 mm; FOV = 200 9

200 mm2, resolution = 3.1 9 3.1 mm2 (64 9 64 pixels matrix),

TR = 6 s. SPEN-specific parameters: Tacq = 29.4 ms; T180 =

14.8 ms and G180 = 0.47 G/cm
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SPEN-based thermometry: tissue-based examples

Another important issue to validate concerns the relative

sensitivity of these experiments, as given by the standard

deviations that derive for their measured DT. This step of

the thermometry verification process was performed on

both water and on ex vivo chicken breast specimens.

Measurements were performed with no heating or cooling

of the scanned object, and standard deviations were cal-

culated over the respective subject areas after subtracting

the average temperature from the corresponding thermal

maps. Table 2 summarizes representative results stemming

from these tests. Worth noting is the higher SNR arising in

the Hybrid SPEN cases, upon applying a suitable SR

enhancement factor. Once this enhanced sensitivity is

achieved, the temperature’s STD also drops, showing an

expected correlation between the image’s SNR and the s

duration as
std

Hybrid

Temp

std
EPI

Temp

a
SNREPI

Image�sEPIð Þ
SNR

Hybrid

Image �sHybrid

� � :

A final set of experiments, shown in Fig. 8, demon-

strates the ability of fully-refocused SPEN measurements

to deliver the magnitude and spatial dependence of tem-

perature changes under in vivo conditions. These changes

were imparted with the aid of an air tube carrying gas at

differing temperatures, externally attached adjacent to one

of the mouse’s thighs. The Figure shows temperature

maps and profiles for selected locations in the animal’s

muscle areas, positioned both closer and further away

from the heating element. Once again, the Hybrid SPEN

image shows a considerably higher faithfulness to the

multi-scan reference than its spin-echo EPI counterpart.

Due to these images’ relatively low SNR, the temperature

standard deviations were considerably higher in this ani-

mal setup than those measured on the water-based phan-

toms. Still, similar scatterings are observed between the

Hybrid SPEN and the EPI measurements: STD & 2.2 �C

for EPI measured over three regions-of-interest,

and & 2.0 �C for the Hybrid SPEN results. The time-

dependent temperature changes also match well in both

sets of measurements, for all locations in the body. Upon

considering all three regions analyzed, the average tem-

perature deviations between the EPI and Hybrid SPEN

results were B0.4 �C.

Discussion and conclusions

This study suggests that SPEN-based imaging can yield

comparable –if not superior–thermometric measurements

than hitherto available counterparts. SPEN allows one to

restrict FOVs to the regions of interest, is largely

immune to spatial shifts arising due to thermally-derived

central frequency offset shifts, shows only minor dis-

tortions in the presence of field inhomogeneities typical

of ablation transducers and, in combination with suitable

SR reconstruction methods [24], exhibits competitive

resolution and sensitivities leading to reduced standard

deviations in the temperature measurements. All these

Fig. 6 Comparison between EPI and Hybrid SPEN results arising

along the low-bandwidth (vertical) dimension under the influence of

shift effects. In each instance the left images are for referencing; the

right-hand ones are with the effect. a 7 T limaging thermometry

experiments focusing on a larger tube with hot water cooling from

75 �C to room temperature (&25 �C), and a smaller tube (top) that

was isolated from the hot one and remained at 25 �C throughout.

Common scan parameters: Slice thickness = 2 mm,

FOV = 25 9 25 mm2, resolution 0.36 9 0.36 mm2 (70 9 70 pixels

matrix), Tacq = 31 ms; for the 90� chirp SPEN sequence (Fig. 1b)

Texc = 26 ms, and Gexc = 0.95 G/cm. b 3 T whole body scanner

MRI results illustrating the spatial displacements caused by a 200 Hz

offset in the central frequencies. Other parameters: Slice thickness

5 mm, FOV = 200 9 200 mm2, resolution 3 9 3 mm2 (64 9 64

pixels matrix), echo spacing = 0.46 ms, Tacq = 30 ms. For the SPEN

experiment Texc = 30 ms, Gexc = 0.08 G/cm
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aspects are important when considering that real-time

MR-guided thermometry has to be as immune as possi-

ble to distortion effects. Even when carried out in a non-

refocused mode, associated to certain disadvantages like

spatially-dependent s-values and hence non-uniform

phase accumulations, the SPEN images and their real-

time thermometric applications evidence many of these

advantages. Particularly promising appear to be the fully-

refocused 3D multi-slice sequences of the kind illustrated

in Fig. 5, which upon considering the remaining com-

petitive advantages presented by SPEN could result in

immediate clinically-oriented applications. It is worth

highlighting that additional improvements commonly

used to alleviate EPI distortions, like parallel imaging

[29, 30], could also be employed to reduce inhomoge-

neities and accelerate the acquisition of SPEN images

[31]. The same can be said if including information from

externally measured B0 maps [19, 32]. Another topic

worth of investigation is the possibility of exploiting the

intrinsic shift information that SPEN images carry within

their measured signals [33, 34]. This could lead to

absolute PRF thermometry measurements, without a need

to involve additional phase-shift encoding delays so. The

potential of these fast 3D, parallel, DBo-compensated,

and referenced chemical shift imaging tests, are currently

Fig. 7 Thermometry

experiment illustrating SPEN’s

capabilities to zoom into

restricted FOVs without

suffering from folding artifacts.

For all images: slice

thickness = 2 mm;

FOVs = 25 9 25 mm2;

resolutions = 0.35 9 0.35 mm2

(70 9 70 pixels matrix), and

half-FOVs refer to half these

magnitudes along the SPEN

axis. In all experiments

so = 5 ms, Tacq = 30.8 ms; for

the 90� chirp SPEN sequence

Texc = 26 ms and

Gexc = 0.95 G/cm. The

temperature profiles in the plot

reflect averages over a

1 9 1 mm2 area

Table 2 SNRs and standard deviations (STDs) obtained from spin-

echo EPI and fully-refocused SPEN imaging (sequences in Fig. 1a,

b)—in the latter case, before and after SR. Common parameters: slice

thickness 2 mm, FOV 3 9 3 cm2, resolution 0.43 9 0.43 mm2,

so = 9 ms

Water

spin-echo

EPI

Water

hybrid

SPEN

before/

after SR

Ex vivo chicken

breast spin-echo

EPI

Ex vivo

chicken

breast

hybrid

SPEN

before/

after SR

SNR 97 87 116 8 13 16

STD

(�C)

0.16 0.16 0.14 2.07 1.14 0.91
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being explored for thermometric and anatomical appli-

cations in challenging regions like liver, intestines,

uterus, breast and lungs.
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