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The development of accurate and non-invasive temperature imaging techniques has a wide variety of
applications in fields such as medicine, chemistry and materials science. Accurate detection of tempera-
ture both in phantoms and in vivo can be obtained using iMQCs (intermolecular multiple quantum coher-
ences), as demonstrated in a recent paper [1]. This paper describes the underlying theory of iMQC
temperature detection, as well as extensions of that work allowing not only for imaging of absolute tem-
perature but also for imaging of analyte concentrations through chemically-selective spin density
imaging.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Non-invasive temperature measurements are useful for a vari-
ety of applications in medicine [2], chemistry and materials sci-
ence. In particular, recent developments in hyperthermia, an
adjunctive cancer therapy which treats tumors through radio fre-
quency (RF) or ultrasound heating, have created significant interest
in developing methods for temperature imaging with magnetic
resonance [3,4]. Medical applications of hyperthermia vary from
treatment of uterine fibroids to recent research in treatment of
breast cancer and brain tumors with hyperthermia [4–7], and these
applications have motivated several MR manufacturers to develop
MR compatible focused ultrasound arrays for delivery of hyper-
thermic treatment [5]. Several heating methods that rely on MRI
for temperature feedback are also in development [6–8], though
no method for absolute temperature mapping exists. Many MR
parameters (relaxation times, diffusion rates, magnetization den-
sity) change with temperature [9], but most parameters are highly
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heterogeneous in magnitude or temperature dependence. This has
led to a focus on two specific markers, the proton frequency shift
(PFS) of water (which changes by 0.01 ppm/�C) [10] and the differ-
ence in the chemical shift of water and fat [11], since the fat reso-
nance frequency changes relatively little with temperature [12]
and thus serves as an internal reference.

Since the absolute resonance frequency depends on susceptibil-
ity and precise field strength, PFS measurements are done by sub-
tracting two phase images (one at a reference temperature and one
at an elevated temperature) to obtain a relative temperature. How-
ever, the requirement of a baseline image makes the measurement
highly susceptible to motion. Spectroscopy methods that observe
differences between the water resonance frequency and a refer-
ence peak [13–16] can extract absolute temperature, but generally
the voxel size for such experiments is quite large and the inhomo-
geneities present within the voxel cannot be removed. The fre-
quency differences between broad lines with changing shapes
are difficult to extract, making this method very challenging. While
both of these methods provide temperature information, they are
generally limited by larger changes in susceptibility and magnetic
field inhomogeneity [13,17,18].

In tissues with a high fat content, such as the breast, application
of PRF methods is not immediately straightforward. If we include
susceptibility into the calculations of temperature change, then
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the resonance frequency of the water protons is not only depen-
dent on the changes in the chemical shift of the protons, but also
from changes to the susceptibility of the tissue. For the tempera-
ture ranges used in hyperthermic treatment, both the chemical
shift change and the changes due to susceptibility can be treated
as linear. The temperature dependence of the susceptibility con-
stant depends on the tissue type and is 0.0026 ppm/�C for pure
water, 0.0019 ppm/�C for muscle and 0.0094 ppm/�C in fat
[19,20]. In tissues dominated by the water molecules (as opposed
to fat molecules) the change in chemical shift dominates (at
0.01 ppm/�C), and the errors from changes in susceptibility only
create 10% variations in the temperature detection. The chemical
shift of fat is nearly constant over the range of temperatures used
in hyperthermic treatment (0.00018 ppm/�C) [21] and fat suppres-
sion methods are almost always used. An additional complication
comes from changes in susceptibility with temperature. The
changes in susceptibility for the water signal are negligible, but
the change in susceptibility of fat is much larger, 0.0094 ppm/�C.
Thus, even with fat suppression methods, the changes in the sus-
ceptibility of fat are significant relative to the change in chemical
shift, especially in tissues which are high in fat content.

We have developed a new method for temperature imaging
using intermolecular multiple quantum coherences (iMQCs). One
particular type of iMQC, intermolecular zero-quantum coherence
(iZQC), has been demonstrated to yield very sharp, narrow peaks,
even in incredibly inhomogeneous magnets [22,23]. iZQCs repre-
sent simultaneous transitions of two (or more) spins in opposite
directions. The characteristic iZQC resonance frequency is the dif-
ference in resonance frequency of the two spins. The two spins that
create the coherence are separated by a tunable distance (usually
about 100 lm), so the iZQC peaks are narrow because all contribu-
tions from magnetic susceptibility and inhomogeneity are re-
moved on a distance scale which is an order of magnitude
smaller than the typical voxel size. This technique can be applied
to temperature imaging by observing the iZQC signal between
water and fat spins [24], which can give a sharp line even if the
fat and water peaks are individually broadened; thus, the detected
iZQC signal contains only the temperature information. While iZQC
temperature imaging is superficially very similar to PFS methods,
the physics used to create the signal isolates changes in the chem-
ical shift of water rather than its absolute resonance frequency. The
result is a temperature map that circumvents most artifacts and
can be interpreted on an absolute scale. In this paper, we describe
how the iMQC signal can be used to measure temperature and the
necessary modifications to the standard iZQC pulse sequence in or-
der to obtain a clean temperature map. We demonstrate the iMQC
temperature imaging method on several phantoms in different
temperature situations (uniform temperature distribution as well
as a phantom with a temperature gradient) and show that the
iMQCs provide a clean temperature measurement. In addition,
we demonstrate a modification of the iMQC temperature imaging
sequence which acquires four images; the first two images contain
temperature information, and the last two are chemically-selective
spin density images.
2. Methods – application of iMQCs for temperature imaging

Applications of iMQC imaging allow for temperature imaging
using MR. In standard MR temperature imaging, the temperature
information is contained in the changes to the proton resonance
frequency (0.01 ppm/�C). For example, at 7 T, the change in reso-
nance frequency is 3 Hz/�C. However, detecting such a small
change in vivo can be challenging because the topography of the
local magnetic field changes dramatically with motion, heating,
drift, and susceptibility gradients. These effects overshadow the
much smaller frequency shift due to temperature changes. In order
to detect this small change, the fat signal (the frequency of which is
constant with temperature over a biologically interesting range) is
used as an internal reference. By acquiring signal at the difference
frequency of fat and water, the fat can serve as an internal refer-
ence and compensate for the non-temperature based frequency
shifts. This works because the fat protons are a correlation distance
(usually �100 lm) from the water protons and are in an identical
environment, and thus, they experience the same macroscopic ef-
fects (such as changes in frequency due to motion, drift and sus-
ceptibility gradients). Motion, such as respiratory motion (as is
the case in our studies, or the later mentioned bowel motion) cause
the spins creating the iZQC to move together, thus preserving the
coherence. The only motion that would cause the iZQC signal to
break down is motion that causes the distance between the spins
to change (although of course large motions, comparable to the
voxel size in the image, will cause blurring).

iZQCs evolve at the difference frequency between the two spins,
and the mixed spin iZQCs (those between water and fat) can pro-
vide a signal that is insensitive to the local magnetic field variations
and susceptibility changes, but is sensitive to temperature changes.
This can be easily seen by calculating the effect on the resonance
frequency of a susceptibility gradient. For example, imagine a mas-
sive susceptibility change of 10 ppm. At 7 T, this would cause a var-
iation in resonance frequency of 300 MHz � 10 � 10�6 = 3 kHz.
Such a variation in resonance frequency would correspond to tem-
perature changes of 1000 �C. However, the zero quantum transi-
tion occurs at the difference frequency of the two spins. In our
specific application at 7 T, the iZQC transition is at the water � fat
difference frequency of 1000 Hz. Thus, the effect of the susceptibil-
ity gradient is 1000 Hz � 10 � 10�6 = 0.01 Hz, which corresponds to
a temperature difference of 0.0033 �C. This simple calculation
demonstrates why iZQC temperature measurements are inherently
insensitive to changes in susceptibility, making them well suited
for temperature detection in inhomogeneous tissues.

It is intuitively clear that iZQCs retain chemical shift information
while removing inhomogeneous broadening. Less obviously, +2-
quantum iDQC (intermolecular double quantum coherence) evolu-
tion during one period (at the sum of the two different resonance
frequencies) can combine with�1-quantum evolution during a later
period to also give a signal that is free of inhomogeneous broadening.
This works because the �1-quantum evolution is at only one of the
two resonance frequencies, not the average. For example, the signal
from a +2 quantum CRAZED sequence starts as I+S+, which acquires
an evolution of (xIt1 þxSt1) and also acquires inhomogeneous
broadening of (DxIt1 þ DxSt1). After the mixing pulse, the coher-
ence is either I�Sz or IzS

� and evolves for 2t1. The spin that is in the
plane (either I� or S�) evolves at �2xIt1 or �2xSt1. If that spin sees
the same inhomogeneous broadening (i.e., DxI ¼ DxS) during the
2t1 period as both the spins did during the t1 period, then all the inho-
mogeneous broadening gets reversed (i.e., DxIt1 þ DxSt1 ¼
2DxSt1 or DxIt1 þ DxSt1 ¼ 2DxIt1). In other words, the ability to
refocus inhomogeneous broadening is more closely tied to the abil-
ity to couple spins that experience the same local field than the par-
ticular order of the coherence.

The temperature imaging pulse sequence used in our experi-
ments uses both iZQCs and iDQCs to detect temperature. iZQCs
have extraordinarily sharp lines, even in very inhomogeneous
fields [23]. Unfortunately, iZQC experiments (known as the
HOMOGENIZED sequence [22] or the iZQC – CRAZED sequence)
are often contaminated by a large amount of SQCs (one-spin, single
quantum coherences – conventional magnetization), and it can be
hard to extract the narrow iZQC peaks from the broad SQC peaks.
On the other hand, iDQC experiments (such as those detected in
the CRAZED sequence [25–27]) cleanly select the desired iDQC sig-
nal and have minimal contamination from SQCs. We use a se-
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quence which has the narrow lineshape of an iZQC and the robust
filtering of an iDQC. We do this by converting iZQCs into iDQCs and
vice versa, allowing the system to evolve as both types of coher-
ence and thus preserving the desired properties of each type of
coherence.

2.1. Modifications to the HOMOGENIZED sequence for temperature
imaging

In the standard iMQC pulse sequences, the major contribution to
the signal is given by the same spin (in the case of fatty tissue, water–
water and fat–fat) iMQC transitions, which are insensitive to
temperature changes. The mixed spin, water–fat iZQC transition
frequency changes linearly with temperature and can be used to
create a temperature map. The detection of the temperature-sensi-
tive, mixed spin iZQC signal can be challenging, since the tempera-
ture-insensitive same spin iZQCs dominate. This can be easily seen
by inspection of the standard signal for a two component iZQC
CRAZED experiment, (p/2)x-t1-{gradient pulse}-hx-t2-acquire, as
shown in Fig. 1a [28]. In a sample containing two chemical species
I and S, ignoring diffusion, relaxation, and inhomogeneous broaden-
ing, the signal arising from the I–I (same spin) iZQCs is given by [28]:

MIþ ¼ i cos hMI
0eixI t2 � J1 � sin h

t2

sdI

� �
J0 � sin h

2t2

3sdS

� �
ð1Þ

Here xI is the chemical shift of spin I, and sdI and sdS are the dipolar
demagnetizing times of spin I and S, respectively (sdI = 1/(cIl0M0

I),
sdS = 1/(cSl0M0

S), where M0
I and M0

S are the equilibrium magneti-
zations of spins I and S). Note that there is no dependence of MI+

on t1, since this ‘‘homomolecular” zero-quantum coherence has no
evolution during the first time period. In contrast, the signal arising
from I–S (mixed spin) iZQCs of the form I+S� is given by [28]:
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Fig. 1. (a) Standard iZQC CRAZED sequence. The rectangular pulses indicate broadband pu
selective pulse. In this sequence, the growth of the iMQC signal is severely limited by inho
the intensity of the iZQC signal. (c) Modified CRAZED pulse sequence for the detection of m
spin coherences are converted to iDQCs and survive the DQC filter of {G-s-p/2-2G-2s}. T
temperature sensitive iZQC frequency from their evolution time during t1.
MIþ ¼ iMI
0eixI t2 eiðxI�xSÞt1 �

(
cos hJ0 � sin h

t2

sdI

� �

�ð1� cos hÞsdI

t2 sin h
J1 � sin h

t2

sdI

� �)
J1 � sin h

2t2

3sdS

� �
ð2Þ

If I and S are water and fat, respectively, the frequency of this ‘‘het-
eromolecular” peak in the indirectly detected dimension is xI �xS.
Since xI has a linear dependence on temperature while xS does not,
the difference between these frequencies has a linear dependence
on absolute temperature.

The effects of inhomogeneous broadening and relaxation on the
CRAZED and related sequences have been extensively discussed
elsewhere [29–32]. The most important practical limit for an iZQC
temperature imaging sequence is the one where T2

*� T2I,T2S� sdS,
sdI,T1I,T1S. In that limit, the sequence in Fig. 1a is severely compro-
mised, as the iZQC signal is zero at t2 = 0 and its linear growth with
time is impeded by inhomogeneous broadening. A more practical
sequence includes an echo pulse with TE � T2 (Fig. 1b). In this case,
at the peak of the echo, the components of detected I magnetiza-
tion that evolved during t1 as homomolecular (Eq. (3)) or hetero-
molecular signals (Eqs. (4) and (5)) are [28]:

MIþ ¼ i cos he�2t1=T2I MI
0 � J1 � sin h

TE
sdI

e�TE=T2I

� �
J0 � sin h

2TE
3sdS

� �
ð3Þ

MIþ ¼ iMI
0eiðDxI�DxSÞt1 e�t1=T2I e�t1=T2S �

(
cos hJ0 � sin h

TE
sdI

� �

�ð1� cos hÞsdI

TE sin h
J1 � sin h

TE
sdI

� �)
J1 � sin h

2TE
3sdS

� �
ð4Þ
t2

TE/2 TE/2

lses given to all spins in the system, while the Gaussian shape indicates a frequency
mogeneous broadening. (b) The addition of a refocusing pulse significantly improves

ixed spin iZQCs. The coherences evolve during t1 as iZQC, and then only the mixed-
he resulting signal is only that of the mixed spin iMQCs which have a characteristic
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MIþ ¼ �iMI
0eiðDxS�DxIÞt1 e�t1=T2I e�t1=T2S �

(
cos hJ2 � sin h

TE
sdI

� �

�ð1� cos hÞsdI

TE sin h
J1 � sin h

TE
sdI

� �)
J1 � sin h

2TE
3sdS

� �
ð5Þ

Eqs. (4) and (5) show the heteromolecular peak for I+S� and I�S+,
respectively. The heteromolecular peak is significantly smaller than
the homomolecular peak in the common case where M0

S�M0
I

(Fig. 2 shows an example). The majority of the signal comes from
the strong solvent signal, which in an imaging application would
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2.2. Single acquisition HOT imaging

In order to accurately image temperature, it is crucial to create a
filter that can cleanly remove contamination from same spin iZQCs,
as well as from conventional magnetization. The basic pulse se-
quence used to image temperature is shown in Fig. 1c. The fre-
quency selective inversion pulse inverts only one chemical
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Table 1
Phase cycling for two-window HOT.

Scan # 90 180I 90S Rcvr 1 Rcvr 2

1 0 0 0 0 0
2 1 2 0 2 0
3 2 0 0 0 0
4 3 2 0 2 0
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species, causing the mixed spin iZQC to convert to mixed spin
iDQCs and vice versa [1,9,16,33]:

IþSþ !pI I�Sþ

I�Sþ !pI IþSþ
ð6Þ

This pulse has no net effect on same spin iMQCs:

IþIþ !pI I�I�

IþI� !pI I�Iþ
ð7Þ

Applying a double quantum filter of [s,GTz-hmix-2s,2GTz]
dephases all coherences except those which existed as iDQCs dur-
ing s and were transferred into iSQCs (e.g., I+Sz) by the mixing pulse
[34,35]. Since the unbalanced gradients flank the mixing pulse,
they also efficiently dephase the SQCs created before or after the
mixing pulse (Fig. 1c), reducing the large static SQC component
of the signal. In addition, this extra twist in the coherence pathway
creates different routes for the iMQCs between equivalent and un-
equal spin pairs, so that standard methods can now be used to iso-
late the desired water–fat iZQCs. For example, of the signals
preserved by the double quantum filter, only water–fat iZQCs are
unaffected by the phase cycling of the first excitation pulse. Simi-
larly, the phase of the selective inversion pulse has different effects
on same-spin versus mixed-spin coherences, with a p/2 shift
reversing the water–fat coherences, but leaving the water–water
coherences unaffected.

With the selective inversion pulse, the phase reversal is more
formally a change in coherence order. Since this modified HOMOG-
ENIZED sequence only transfers coherences between water and
off-resonance spins into observable signal, we refer to it as
HOMOGENIZED with Off-resonance Transfer, or the HOT sequence.

2.3. Two-window HOT

The previously described sequence can cleanly image a single
temperature-sensitive coherence. It and all of the other iMQC se-
quences developed to remove inhomogeneous broadening
[24,36–38] are inherently two-dimensional sequences. There is a
good reason why there are no clinical applications of such se-
quences: the sequence often requires several hours to acquire an
image, and such sequences are highly susceptible to instabilities
such as motion. Several methods have been used to speed up the
TE/2

(m

TE/2

Two window sequence

Fig. 4. Four window temperature imaging sequence. The first two acquisitions are identic
a temperature image. The signal collected in the last two images provides a chemically
sequence, including EPI acquisitions [39,40] and RARE acquisitions
[41,42]. The EPI acquisitions impose geometric distortions as well
as an intolerable T2

* decay on the signal, making it an unacceptable
method for accelerating the acquisition. The RARE based sequences
work well, but for clinical applications, the sequence quickly ap-
proaches SAR limitations for large RARE factors.

The primary reason why the experiment requires so much time
is that many t1 points are required to acquire an accurate temper-
ature map, and each t1 point represents the acquisition of an entire
image. Ultrafast two-dimensional sequences are one approach to
solve this issue [43,44] and were demonstrated to be feasible for
iMQC experiments [38,45–47]. In all of these cases, the available
signal from the entire sample (or from each voxel in an image) is
subdivided to acquire multiple t1 points. However, the most impor-
tant parameter for a temperature image is a single frequency,
which requires far fewer points. As we previously noted [1], it is
possible to use multiple pathways to acquire several images (two
or more, as shown below) with different effective evolution at
the water–fat frequency and with each image containing the full
signal. The acquisition of the two signals with different evolution
reduces the number of repetitions (since two t1 points are acquired
from each scan) and allows us to acquire temperature images both
in vivo [1] and in vitro in only 2 min. The pulse sequence for two-
window HOT is shown in Fig. 3.

To apply this idea to thermometry, the mixed-spin coherences
are isolated in a manner very similar to that used for the single
acquisition HOT sequence. Two coherence pathways exist, one in
which iDQCs are converted to iZQC and the other where iZQCs
are converted to iDQCs. In the first pathway (iDQC to iZQC), the sig-
nal is refocused in the first acquisition window (see Supplemental
information for more details). Briefly, the signal starts as iDQC
(I+S+), and the gradient mGT causes a phase shift of 2mGT and the
coherence acquires 2t1 of evolution. It is converted to an iZQC by
the selective inversion pulse, where the subsequent gradient nGT
has no effect, and the coherence evolves at the iZQC (xI �xS) fre-
quency during s. The selective mixing pulse then reintroduces the
dipolar field, and the signal is refocused by the 2mGT gradient and
the 2t1 evolution time.

The second coherence pathway takes iZQCs and converts them
to iDQCs. During the t1 interval, the signal is iZQC and experiences
no gradient and evolves at the iZQC frequency (xI �xS). The selec-
tive inversion pulse converts it to iDQC, where it evolves at the
iDQC frequency (xI + xS) and acquires a phase shift 2nGT from
the gradient. The coherence is converted to SQC by the mixing
pulse, and it acquires an additional phase shift of 2mGT (causing
a net effect of the gradients to be 2(m + n)GT) and evolves for an
additional 2t1. After the refocusing pulse and the first acquisition
window, a gradient of 2(m + n)GT and 2(s + t1) of evolution refo-
cuses the signal, and it is acquired in the second acquisition
window.

Since this signal primarily arises from spins that are a correla-
tion distance apart, c(m + n)GT does not average to zero across
window 3 window 4

t1+τ

+n)G

-2mG

TE/2 TE/2 2t1
detect

I++I-
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al to those in Fig. 3. The signal collected in the first two acquisitions is used to create
-selective spin density image.
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Fig. 5. The frequency of the iZQC crosspeak between water and fat shifts linearly with temperature in a water–fat phantom. A graph of the frequencies detected using the
HOT sequence is shown in Fig. 7. All spectra were taken with TE = 15 ms, TR = 4 s, 8 averages, 512 � 256 matrix, spectral width (direct dimension) = 12626.26 Hz, spectral
width (indirect dimension) 3200 Hz, correlation distance = 0.06406 mm.
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the sample, and this signal is refocused. As discussed earlier, if
these are replaced with inhomogeneously broadened chemical
shifts, the inhomogeneous broadening would be canceled.

Adequate same-spin suppression is crucial for the success of
this sequence. While experimental results have indicated that ade-
quate same-spin suppression can be achieved simply through the
extra gradient filters of this sequence, standard phase cycling
methods achieve higher SNR more efficiently over multiple scan
averages, and a phase cycle which is compatible with both signals
is shown in Table 1.
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Fig. 6. Spectra of an obese mouse post mortem demonstrate that the sequence cleanly
(bottom) acquisition windows. On the right are traces along F2 (blue) and F1 (black) sho
nGT = �17 G/cm�1 ms, correlation distance = 0.198 mm, TE = 40 ms, t1 = 2.5 ms, s = 3 ms,
reader is referred to the web version of this article.)
2.4. Four-window HOT

The two-window HOT sequence enables rapid acquisition
(�2 min) of temperature images. An extension of this sequence
can be made in which two standard single quantum (SQC) images
are also acquired. These SQC images serve as anatomical reference
images for the temperature images, allowing for easy co-registra-
tion of the temperature maps. In addition, each of the SQC acquisi-
tion windows detects signal from different chemical components.
This separation of different chemical species can allow for unique
20002000 0-1000 1000
Frequency (Hz)

Projection along F2 (SQC)
Projection along F1 (ZQC)

isolates the water–fat coherence. Spectra on the left are the first (top) and second
wing narrower lines in the iZQC dimension. Scan parameters: mGT = 11 G/cm�1 ms,
and TR = 4.5 s. (For interpretation of the references to color in this figure legend, the
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information to be obtained from the SQC images, in addition to the
temperature information gained from the first two windows.

The pulse sequence for four-window HOT is shown in Fig. 4. It is
essentially the same pulse sequence as the two-window sequence,
except for the addition of two refocusing pulses and refocusing
gradients. The details of the coherence pathways are outlined in
the Supplemental information. The third acquisition window col-
lects the signal from only the I spins, and the fourth window col-
lects the signal from only the S spins. The images acquired
provide spin density images for each of the chemical species,
allowing for easy co-registration of the temperature maps.
3. Results and discussion

3.1. Spectroscopy results

The first result necessary to establish the utility of this method
was to show that the water–fat iZQC frequency did vary with tem-
perature at the expected rate of 0.01 ppm/�C. This was equivalent
to ensuring that the frequency of fat in our phantom did not vary
with temperature and could serve as an accurate temperature-
independent correction factor. The most direct proof of this was
carried out by running (off-resonance) 2D iZQC spectroscopy on a
cream sample while its temperature was held constant and repeat-
ing the experiment at various temperatures. Those results are pre-
sented in Fig. 5 and verify that the ZQC frequency changes linearly
with temperature, shifting by the same 0.01 ppm/�C expected for
water.
-1015

-1005

-995

-985

-975

-

-

-

-

-

-

-

-

-

-

--965
iMQC temperature map

iZ
Q

C
 F

re
qu

en
cy

 (H
z)

y = -3.8504x + 1151.1
R2 = 0.9952

960
970
980
990

1000
1010
1020
1030
1040
1050
1060
1070

25 30 35 40 4
Temperature (C)

A
bs

ol
ut

e 
va

lu
e 

of
 iZ

Q
C

Fr
eq

ue
nc

y 
(H

z)

Fig. 7. Right: Spin echo image of cream sample, axial slice. Arrows mark the position of t
recorded at each point. Top left: Temperature map of the heated sample showing the d
temperature vs. iZQC frequency. Three data points come from this experiment and the ad
[1]. The temperature images were acquired using a RARE acquisition, RARE factor = 4, 2
FOV = 4 cm, correlation distance = 0.093474 mm, spectral width of indirect dimension =
The advantages of HOT thermography are demonstrated in a 2D
experiment which clearly contrasts the characteristics of the iZQC
signal along the F1 dimension with those of conventional magne-
tization along F2. Fig. 6 presents such data acquired post mortem
on an obese mouse (ob/ob, Jackson Laboratories). This spectrum
is of the entire mouse abdomen. This clearly demonstrates that this
sequence very efficiently isolates the intended signal in each acqui-
sition window. Furthermore, the iZQC dimension shows its hall-
mark of improved resolution relative to the directly detected
signal. To the left of the 2D spectra, we present traces along F2
(blue), the dimension used to determine temperature in conven-
tional methods, and F1 (black), the iMQC dimension. The iMQC
peaks are insensitive to most sources of inhomogeneous broaden-
ing, and the observed frequency is almost exclusively a function of
chemical shift, which reflects temperature. With the higher resolu-
tion of the iMQC spectrum, several component resonances of the
fat peak are resolved, but this does not ultimately affect tempera-
ture mapping. Once the overall phase shift from these factors is
established in a reference image, any changes in the phase of the
image only reflect changes in the chemical shift of the water, i.e.,
changes in temperature.
3.2. Results from single window HOT imaging experiments

Previous work has demonstrated the accuracy of iZQC imaging
in a uniformly heated phantom [1]. In those results, a liquid
water/fat phantom (cream) was maintained at a uniform tempera-
ture using feedback-controlled airflow and a single thermometer
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he three fiber optic temperature probes, and the plot below shows the temperature
istribution of iZQC frequencies at the different temperatures. Bottom left: Graph of
ditional three data points come from single temperature measurements reported in

8 averages, 76 repetitions, 32 � 32 matrix, TE = 7.54 ms, TR = 1783 ms, t1 = 1.87 ms,
5000 Hz.
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affixed to the outside of the sample. Fig. 7 illustrates a more real-
istic phantom for hyperthermic therapies. For the one-window
HOT experiments, a semisolid gel of water and fat was prepared,
from heavy cream and agarose, and maintained at a constant tem-
perature gradient. The sample was set up with a continuous flow
heat source (water doped with CuSO4) through its center, a cool
flow of air along its perimeter, and several fiber optic temperature
probes at intermediate points. Using the scale established in the
previous liquid state experiments, the agreement between the fi-
ber optic probe temperature readings and the iZQC frequencies
are shown in the graph on the bottom right of Fig. 7. Note that
the three additional data points in that figure come from single
temperature imaging experiments described in [1]. The error bars
for the plot of iZQC frequency vs. temperature were determined
by the standard deviation of the pixels in the image. For the points
coming from the phantom with the temperature gradient, the re-
ported error comes from the standard deviation of surrounding 8
pixels. For the data points from the single temperature phantoms,
the error was determined by taking the standard deviation of the
entire image. The single temperature images had a standard devi-
ation around 1 Hz, while the error in the temperature gradient im-
age was higher, about 5 Hz. The correspondence between these
and the liquid state results further establishes that iZQCs provide
a measurement of temperature on an absolute scale.
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temperature map. Scan parameters for the RARE = 8 experiment: 16 averages, 50 repetiti
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distance = 0.06406 mm.
All the images had a standard deviation below 2 Hz, which
means that the accuracy of the method was within 1 �C, which is
within the acceptable limits for hyperthermia applications. The
sensitivity of this experiment is best demonstrated by using it to
detect RF heating in a sample. A phantom of heavy cream was im-
aged using a RARE sequence, and the RARE factor was increased
from 1 to 8 to increase the SAR experienced by the sample. The
HOT sequence appears to be able to detect this slight temperature
increase, as shown in Fig. 8.

3.3. Results from two-window HOT imaging experiments

The images in the previous section were acquired using the sin-
gle window HOT sequence over the course of several hours. Fig. 9
demonstrates the temperature sensitivity of two-window HOT
thermography as applied on a sample of porcine adipose tissue.
In this experiment, the temperature of the sample was controlled
using a tube of heated water running through the center of the tis-
sue. The temperature of the water was gradually increased, and the
sample was imaged every 2 min using the two-window HOT se-
quence. The images show both the dynamic heating of the sample
throughout the experiment, as well as a temperature gradient be-
tween the heated core of the sample and the cooler surface of the
sample. Since the frequencies of the two windows shift in opposite
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this time using a RARE acquisition (top right image). The figures on the bottom are
lses elevates the sample temperature by about 1 �C, which is detected by the iMQC

ons, TE = 8 ms, TR = 2 s, t1 = 1.87 ms, correlation distance = 0.06406 mm, FOV = 4 cm,
ges, 40 repetitions, 32 � 8 matrix, TE = 15 ms, TR = 2 s, t1 = 1.87 ms, correlation



Fig. 9. iZQC temperature maps for the heating of porcine adipose tissue acquired every 2 min using the two acquisition pulse sequence. Increasingly hot water was pushed
through a tube running through the center of the tissue. The sample was imaged every 2 min using the two-window HOT sequence. Each individual image is numbered to
indicate the order of the time course of the images. In these experiments, we initially acquired 10 images typically spanning 10 ms of s evolution. Once these scans verified
iZQC evolution, the initial temperature map was made by fitting the phases of images 2 and 7 of the series. Subsequent dynamic thermometry was performed by repeatedly
running the scan at the s equivalent to image 7, and phase changes in each window were related to temperature changes. Temperature near the core was seen to increase
from 14 to 36 �C as monitored by a temperature probe. FOV = 4 cm TE = 40 ms; TR = 2 s; mGT = 1 ms�8.4 G/cm; nGT = 1 ms��21 G/cm; correlation distance = 0.0945 mm,
t1 = 3 ms; s = 10.66 ms.
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directions, the difference image is doubly sensitive to temperature
and shifts by 6 Hz/�C.
3.4. Imaging results from the four-window HOT sequence

The four-window HOT sequence allows for the imaging of both
the iMQC temperature information as well as the acquisition of
two additional SQC images. The SQC images separate the sample
by chemical shift – one window showing the distribution of the
on-resonance spins, and the other window showing the off-reso-
nance spins. Fig. 10 shows the results from a four-window HOT se-
quence on a water/acetone phantom. The phantom has a 50/50
water and acetone mixture in the larger tube, and just water in
the smaller tube (standard spin echo image of the two tubes is
Fig. 10e). In acquisition windows 1 (Fig. 10a) and 2 (Fig. 10b) only
the larger tube shows up since those sequences only image sam-
ples in which there is a mixture of water and acetone (or on- and
off-resonance spins). In acquisition window 3 (Fig. 10c), both tubes
show up, since that acquisition window detects the on-resonance
water spins, which are found in both tubes. Finally, in window 4
(Fig. 10d) there is only the larger water and acetone tube, since that
acquisition only detects the off-resonance acetone spins.
4. Conclusions

We have demonstrated in several phantoms that iMQCs can be
used to detect temperature on an absolute scale, by isolating the
temperature-sensitive, inhomogeneity-insensitive iMQCs between
water and fat spins. We present an analysis of this sequence and
the mechanisms by which it isolates the desired signals. Using a
water–fat phantom of heavy whipping cream, we demonstrated
that this sequence could be used to acquire temperature maps
which are as accurate as conventional methods. We have also dem-
onstrated that the method appears to be sensitive enough to detect
RF heating from standard imaging protocols. Finally, we have dem-
onstrated that a simple extension of the temperature imaging se-
quence can be used to provide chemically-selective spin density
images.

Temperature imaging methods using iMQCs are an exciting
development in MR imaging of temperature, providing for the first
time, the ability to use MR to image temperature on an absolute
scale. The high level of accuracy of iMQC temperature measure-
ments, combined with the intrinsic insensitivity of the method to
motion [1] and susceptibility effects, make iMQC temperature
imaging a promising development in MR temperature imaging. In
particular, iMQC methods have the potential to allow temperature
imaging in tissues that were previously inaccessible due to large
susceptibility differences and high concentrations of lipids, such
as the breast. While this technique is limited to situations in which
there is a non-temperature sensitive reference peak available,
there are several tissues in which this is the case. In a realistic
application, the mixed spin iMQC signal between water and a
metabolite peak will be approximately 10% of the metabolite peak.
Even when the signal is small, as in the brain, accepting voxels
slightly larger than would be used for direct spectroscopic detec-
tion would permit temperature detection. Since the correlation
distance is independent of voxel size, larger voxels do not degrade



Fig. 10. Four-window HOT on a tube of water and acetone next to a tube of water.
Scan was done at 8.45 T, 64 � 64 matrix size, FOV = 4 cm, 4 averages, TE/2 = 100 ms.
Correlation gradient m = 23 G/cm, correlation gradient n = 36.8 G/cm, t1 = 4.1 ms,
correlation distance = 0.0863 mm, s = 12.5 ms, slice thickness = 2 cm. In (A) and (B),
we detect only the larger tube with a mixture of water and acetone. In (C), we
detect both tubes, since they both contain water. In (D), we detect only the larger
tube, since it is the only one with acetone. (E) A standard spin echo of this sample.
All the images are on independent intensity scales. The SNR of (A) (water + acetone
tube) is 488, (B) (water + acetone tube) is 251, (C) (water + acetone tube) is 418 and
(water only tube) is 595 and (D) (water + acetone tube) is 33.
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the temperature accuracy. We believe that the HOT sequence can
be adapted to study a wide range of applications relating to tem-
perature, including applications in which standard PFS techniques
fail due to motion, such as in the bowel or in the chest.
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