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Purpose: Short-inversion-time inversion-recovery MRI is used widely for imaging bone
and soft-tissue inflammation in rheumatic inflammatory diseases, but there is no widely
available quantitative equivalent of this sequence. This limits our ability to objectively
assess inflammation and distinguish it from other processes. To address this, we inves-
tigate the use of the widely available Dixon turbo spin echo (TSE Dixon) sequence as
a practical approach to simultaneous water-specific T, (T,waer) and fat fraction (FF)
measurement.

Methods: We use a series of TSE Dixon acquisitions with varying effective TEs (TE) to
quantify Tyyaeer and FF. The validity of this approach is assessed in a series of phantom
and in vivo experiments, with reference values provided by Carr-Purcell-Meiboom-Gill
acquisitions, MRS, and phantoms. The effect of inflammation on parameter values is
evaluated in patients with spondyloarthritis.

Results: The T,y estimates obtained from TSE Dixon were accurate compared with the
reference values from Carr-Purcell-Meiboom-Gill and spectroscopy in both fat-free envi-
ronments and in the presence of fat. FF measurements with Ty, correction from TSE
Dixon were accurate from 0% to 60% FF and were not confounded by Tyt Variations.
In vivo imaging produced good quality images that were artifact free, produced plausible
T, values, separating and quantifying the effect of inflammation on T,y and FF.
Conclusion: The T,y.er and FF measurements based on TSE Dixon with effective TE
increments are accurate over a range of T, and FF values and could provide a widely avail-
able quantitative alternative to the short-inversion-time inversion-recovery sequence for

imaging inflamed tissue.
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GOLLIFER ET AL.

1 | INTRODUCTION

Rheumatic inflammatory diseases are an interrelated
group of conditions affecting the bones and joints of the
skeleton. These diseases have two key features: inflam-
mation (the response to harmful stimuli, which can also
occur inappropriately in disease) and damage (defined as
loss of structural or functional integrity of the tissue as a
result of inflammation).! MRI has become a key compo-
nent of pathways for diagnosing, phenotyping, and mon-
itoring inflammation in rheumatic inflammatory diseases
and is now used in standard care pathways in a number of
diseases including spondyloarthritis, idiopathic inflamma-
tory myositis, and juvenile idiopathic arthritis.>>*> Addi-
tionally, MRI is used widely for imaging inflammation in
other tissues, such as bowel, where the pathophysiology
and imaging features share a number of common features
with rheumatic diseases.®

Conventional MRI for the assessment of bone and
soft-tissue inflammation in these diseases primarily relies
on T,-weighted short-inversion-time inversion-recovery
(STIR) imaging. On STIR images, areas of hyperinten-
sity indicate active inflammation, characterized by edema
and cellular infiltration. The key biophysical mechanisms
for this hyperintensity are thought to be an increase in
proportional water content, with an accompanying reduc-
tion in fat content, and elongation of the T, of the water
component (Tawater). 512 In the rheumatic inflammatory
diseases, the identification of STIR hyperintensity is cru-
cial for the detection of inflammation, and thus plays a key
role in the patient pathway.

Although STIR images are used widely, they do have
important limitations. First, the signal changes are non-
specific: Hyperintensity can occur in areas of inflam-
mation but can also be caused by variations in normal
marrow fat content, skeletal maturity, and inhomogenous
fat suppression. Areas of increased fat content caused
by fat metaplasia (a form of structural damage) can
make interpretation difficult, because the presence of fat
can “mask” modifications in water T, due to inflamma-
tion; additionally, areas of “spared” normal bone marrow
are difficult to differentiate from edema/inflammation.?3
This limits assessment of inflammation in patients with
coexisting inflammation and structural damage. Second,
STIR images require qualitative interpretation, as there
is no defined signal intensity threshold to differentiate
normal from abnormal tissue.!>'* Third, STIR images
provide only imprecise assessment of change over time
(partly as a result of the first and second issues, but also
because of variations in slice thickness and scan geometry
between scans), limiting assessment of response to treat-
ment. This problem also limits the detection of structural
damage, which accumulates slowly over time and can be
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difficult to detect and monitor using visual assessment
alone.

Quantitative measurements of tissue characteristics
could potentially disentangle the effects of inflamma-
tion from other processes (particularly those produc-
ing changes in fat content) and enable a more objec-
tive approach to tissue characterization. A number of
approaches have been previously proposed, including
the acquisition of Carr-Purcell-Meiboom-Gill (CPMG)
sequences with a separate fat fraction (FF) acquisition
used to constrain the fitting!> and the use of T,-prepared
turbo spin-echo (TSE) imaging with spectral adiabatic
inversion-recovery fat suppression.'® A particularly attrac-
tive approach is the “IDEAL-CPMG” sequence,!12 which
allows for simultaneous quantification of Tawater, T2fat, and
FF in a single acquisition; however, this sequence has
several practical limitations and is not widely available,
creating a barrier to implementation in clinical practice
and multisite studies.

Here, we investigate the use of the widely available
TSE Dixon sequence to separate and measure Toyater and
FF. This method captures similar information to the STIR
sequence but disentangles the processes and allows them
to be separately quantified. By using a widely available
sequence as a base, the proposed approach is intended to
remove a barrier to translation into clinical practice and
trials. Importantly, this method could provide images of
diagnostic quality as well as quantitative data, as it has
already been demonstrated that TSE Dixon (acquired at a
single effective TE) can be used qualitatively as an alterna-
tive to STIR.Y”

2 | METHODS

2.1 | TSE Dixon sequence
implementation

All experiments were performed on a 3T Philips Ingenia
scanner. We quantify Toyater and FF using a series of TSE
Dixon acquisitions, provided individually as a product by
the manufacturer, with incrementally increasing effective
TE (Figure 1).

First, TSE images are acquired with an effective TE
(TEet) (Figure 1A). Next, the TSE acquisition is repeated
with a small asymmetrical echo shift from the spin-echo
position to facilitate fat-water separation (Figure 1B).
Fat-water separation is achieved in-line on the scanner
using a 2-point method!®; however, the approach is not
contingent on a particular method of fat-water separation.
Finally, the first and second steps are repeated to yield
fat-only and water-only images at a series of different TE¢
(Figure 1C,D).
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The mono-exponential decay curve is therefore fit
across multiple effective TEs rather than across the echoes
in a single echo train, as is the case with CPMG. This
results in an “effective decay” curve with the true T,
value if the inversion pulses in the CPMG train are pre-
cisely 1802, or a smooth, but slightly biased, effective
decay curve with respect to the true T, value if the pulses
are off resonance, which remains amenable to standard
mono-exponential fitting (Figure 2).192

In the vendor-supplied implementation of the TSE
Dixon acquisition, the receive bandwidth is usually auto-
matically adjusted to optimize SNR for clinical imag-
ing. For these experiments, the bandwidth was manually
adjusted to be the same at each effective TE.

We obtained Towater and Tog measurements using
mono-exponential fitting of the water and fat signals at
each TEc. This also yields estimates of the water and fat
signals at TE¢ = 0, denoted as Sowater and Sofat Tespectively.
The FF is then calculated as follows:

FF = SO fat (1)
SO fat + SO water

FF estimations wusing TSE Dixon are therefore
T,-corrected, and the use of a long TR helps to minimize
T, bias. However, because the method uses only two
Dixon-encoded TEs, it may be susceptible to bias due to
the spectral complexity of fat,”! whilst B; inhomogeneity
is also a source of bias.?

2.2 | Phantom experiments

Purpose-built phantoms were used to assess the ability
of the TSE-Dixon methodology to quantify Tawarer and
FF by comparing with reference standard imaging meth-
ods and known reference values. In Experiment 1, Towater
values calculated using TSE Dixon were compared with
Towater values calculated using a CPMG sequence and
STEAM spectroscopy in a T, phantom. In Experiment 2,
the accuracy of the Tyyater measurement was assessed in
the presence of FF variations by comparing TSE Dixon
with STEAM spectroscopy in a fat-water T, phantom. In
Experiment 3, the accuracy of FF estimations was assessed
in the presence of Tiyaeer variations by comparing TSE
Dixon with a vendor-supplied gradient echo-based proton
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FIGURE 2

An example of extended phase graph (EPG) modeling of the turbo spin-echo (TSE) sequence. TSE trains for multiple

effective TEs are shown for 180° (A, blue) and 120° (B, red) refocusing pulses for a T, value of 40 ms with the middle echo of each TSE train
highlighted. The resulting decay curves across multiple effective TEs are used for the T, estimation for 180° and 120° (C) with T, values of
40 ms (solid line), 20 ms (dashed line), and 60 ms (dashed and dotted line).

density fat fraction (PDFF) quantification method and
known fat concentrations in the same phantom.

To reduce the T; and T, contrast differences between
the Dixon TSE, CPMG, and STEAM sequences, the same
TR and similar TE scheme was used for each method.
Specifically, the CPMG spin-echo spacing ranged from
10.3 ms to 116.9 ms to match the TSE Dixon TE scheme as
closely as possible (effective TEs from 20 to 100 ms) and
STEAM data were acquired with incrementally increas-
ing TEs to match the Dixon TSE acquisitions (TE = 20, 30,
40, 60, 80 and 100 ms). A long TR (10 s for phantom and
5s for in vivo data) was used to minimize the effect of T;
weighting.!!

2.2.1 | Phantom construction

Phantom 1 (fat-free gel T,-varying phantom) was a
Eurospin TOS5 test object (Livingston, UK) with eight T; &
T, Gel inserts (Leeds Test Objects, Leeds, UK) selected to
provide a range of T, values.

Phantom 2 (fat-free pure agar T,-varying phantom)
was constructed in house and consisted of three con-
tainers with 2%, 3%, and 4% wt/vol agar (Sigma-Aldrich,
St. Louis, Missouri, USA) solutions. Each batch of agar
was heated before being added to each container and left
to cool at room temperature to form the final solid gel
phantom.
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Phantom 3 (FF-T, varying phantom) was constructed
in house and consisted of nine containers, each an emul-
sion with a different combination of agar concentration
(2%, 3%, and 4% to vary Taowater2%) and FF (using peanut oil,
20%, 40%, and 60% by volume). Peanut oil was used, as it
has a lipid peak composition similar to human adipose tis-
sue?®23 with 55% oleic, 27% linoleic, 9% palmitic, and 4%
stearic acids.?* For each container, the necessary volume
of peanut oil was measured out by weight, assuming the
density of peanut oil (0.916 g/cm?). Sodium dodecyl sul-
phate (surfactant; Sigma-Aldrich) was added to the peanut
oil and gently mixed to form an initial emulsion, ensuring
a final sodium dodecyl sulphate concentration in the mix-
ture of approximately 30 mM. The 2%, 3%, and 4% wt/vol
agar solutions were heated before being added to each con-
tainer. The materials in each container were mixed and
left to cool at room temperature to form the final solid gel
phantom.

2.2.2 | Experiment 1 (Tawater €stimation
in fat-free environments)

Experiment 1 aimed to assess the accuracy of the Toyater
measurements in the absence of fat using CPMG and
STEAM MRS as a reference standard. Phantoms 1 and
2 were imaged using (1) the TSE Dixon sequence
(as described previously; TR =10000 ms; 6 acquisitions;
TE = 20, 30, 40, 60, 80, and 100 ms with echo spacing=9.2,
13.8, 18.4, 27.6, 36.8, and 46 ms, respectively; ATE for
Dixon encoding = 1 ms; echo-train length = 8; single 5-mm
slice, excitation/refocusing angles 902/180¢; linear k-space
ordering; half-scan factor=0.6; bandwidth =273.5Hz;
SENSE factor = 2; acquisition duration =140s per TEe,
total of 840s) and (2) a 2D CPMG sequence (Philips prod-
uct sequence; TR =10000 ms; TE =10 + n*3.4 ms with 32
echoes; single 5-mm slice, excitation/refocusing angles
900/1809; acquisition duration=1150s). For the TSE
Dixon processing (performed in-line on the scanner), the
expected chemical shift difference for the lipid peaks rel-
ative to the water peak was modified to account for the
temperature of the phantom being at room temperature
rather than body temperature.!>2>

Regions of interest (ROIs) were placed on the
source Dixon TSE data water-only images and the
CPMG data at each TE. The mean signal intensity at
each TE was measured for each vial/container in the
phantoms.

Single-voxel STEAM MRS was performed using a 3T
Siemens MAGNETOM Vida scanner (10 x 10 x 10 voxels;
TR =10 s; 6 acquisitions; TE =20, 30, 40, 60, 80, and
100 ms; bandwidth = 1.2 kHz; complex data points = 1024;
number of averages = 2; mixing time =10 ms). Note that

this scanner was different than the scanner used for the
TSE Dixon, as it generated better quality spectra. STEAM
was chosen over PRESS to allow for shorter TE acquisi-
tions and to account for J-coupling in fat.2®

The MRS data were analyzed using AMARES?® as
implemented in the jMRUI?"?® software package. Nine
Gaussian peaks were used to cover the whole spectrum
between 6 ppm and 0 ppm. The uncorrected water peak
(i.e., the water peak at approximately 4.65 ppm, plus hid-
den fat peaks at approximately 5.4 ppm and 4 ppm) was
calculated from the summation of individual peaks and
the process repeated for the uncorrected or visible fat peaks
(approximately 0.9, 1.3, 2.0, and 2.2 ppm). The proportion
of fat peaks hidden under the water peak was estimated as
8.6% of the total fat signal, based on Hamilton et al.?°

The final corrected water and fat peak signals were
calculated as follows:

cWater peak signal = ucWater, peak signal — hFatpeak signal (2)

cFatpeaks signal = UCFatyeaxs signal + hFatpeak signal (3

where ¢ = corrected, uc =uncorrected, and h = estimated
hidden.

The value of Tyyater from the MRS data was calculated
for each container from the corrected water peak signals
at each TE using a mono-exponential fit as described pre-
viously.

2.2.3 | Experiment 2 (Tawater €stimation
in presence of fat)

Experiment 2 aimed to assess the accuracy of Towater
estimation in the presence of fat using STEAM MRS
as a reference standard in phantom 3. The 2D TSE
Dixon sequence was implemented as for Experiment 1.
Single-voxel STEAM MRS data were acquired as for Exper-
iment 1.

2.2.4 | Experiment 3 (FF estimation)
Experiment 3 aimed to assess the accuracy of FF measure-
ments obtained from TSE Dixon against those obtained
from a quantitative PDFF measurement. Phantom 3 was
imaged using 2D Dixon TSE (as described previously).
PDFF measurements were obtained using the Philips
mDixon Quant package, consisting of a 3D multi-echo
spoiled gradient-echo sequence with bipolar readout gra-
dients and with 6 echoes (TR =7.8ms; TE/echo spac-
ing=1.24/1ms; flip angle=390; 30 slices with thick-
ness = 1.5 mm; acquisition duration = 50.3 s).
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2.2.5 | Statistical analysis

The measured values using the two techniques were
compared using linear regression with 95% confidence
intervals (ClIs) calculated for the slope and intercept and
Bland-Altman analyses with the coefficient of variation,
the mean difference, and the 95% limits of agreement
(LOAs). For Experiment 1, the comparison was between
Towater Measurements from TSE Dixon and CPMG and
from TSE Dixon and MRS. For Experiment 2, the compar-
ison was between T,yater measurements from TSE Dixon
and MRS. For Experiment 3, the comparison was between
TSE Dixon FF and generated PDFF maps from mDixon
Quant. Additionally, both TSE Dixon FF and mDixon
Quant PDFF were compared to reference FF values in the
phantom using linear regression.

2.3 | Invivoimaging

Three subjects were imaged: 1 healthy volunteer (male,
24 years) and 2 patients with axial spondyloarthritis (both
male; Patient 1, age 19 years; Patient 2, age 17 years). All
participants gave informed written consent before imag-
ing, and the study was conducted with ethical approval
(Queen Square Research Ethics Committee, reference
REC 15/L0/1475).

2.3.1 | Image acquisition

TSE Dixon was performed with the following acquisition
parameters: TR =5000 ms; 6 acquisitions with TE =20,
30, 40, 60, 80, and 100 ms with echo spacing=9.2, 13.8,
18.4, 27.6, 36.8, and 46 ms, respectively; ATE for Dixon
encoding = 1 ms; echo-train length = 8; single 5-mm slice;
k-space ordering =linear; half-scan factor=0.6; band-
width = 273.8 Hz; SENSE factor = 2; and acquisition dura-
tion = 80-120 s per TE., total of 480-720s.

PDFF measurement was performed using the Philips
mDixon Quant package, consisting of 3D multi-echo
spoiled gradient-echo acquisition: 6 echoes; TR = 8.2 ms;
TE/echo spacing = 1.47/1 ms; flip angle = 3¢; 30 slices with
thickness = 1.3 mm; and acquisition duration, 42.5s.

CPMG was performed with the following parameters:
TR =5000 ms; TE =10+ n*3.4 ms with 32 echoes; single
5-mm slice; excitation/refocusing angles = 902/180¢; and
acquisition duration = 405-610s.

T,-weighted STIR was performed with TR =5288/
5316.4ms; TE=60ms; TI=210ms; flip angle=90°; 25
slices with 3-mm thickness; slice gap = 3.3 mm; and acqui-
sition duration =159s.

Images were acquired in a modified coronal plane,
parallel to the long axis of the sacrum.

2.3.2 | Healthy participant

The Towater and FF maps were calculated from the TSE
Dixon data, and FF maps were calculated from the PDFF
data as described previously.

The TSE Dixon Toyaer estimate was compared with
the non-fat-suppressed CPMG T, estimate in the rectus
femoris muscle of the volunteer and the muscle Towater
estimates from IDEAL-CPMG in literature.!! In healthy
tissue, muscle has a relatively low-fat content, so this
allows the TSE Dixon Toyater €stimate to be meaningfully
compared with the CPMG T, estimate.!! TSE Dixon was
qualitatively compared with conventional STIR imaging
by a consultant radiologist (7 years of experience of muscu-
loskeletal MRI) to determine image quality. The criteria for
this visual assessment were presence of artifacts, depiction
of relevant anatomical structures, and whether the image
was sufficiently clear for clinical interpretation.

To enable a fair comparison between the single TSE
Dixon FF slice and mDixon Quant, the mDixon Quant
PDFF map was averaged over multiple slices (because
the mDixon Quant PDFF slices were thinner than the
thicker TSE Dixon FF single slice). Linear interpolation
was performed on an averaged mDixon Quant PDFF map
to generate an image with the same matrix size as the TSE
Dixon FF map using in-house software, written in MAT-
LAB. An initial rigid registration was used to improve the
accuracy of the registration, followed by affine registration
to align the two maps. The difference between the regis-
tered mDixon Quant FF map and the TSE Dixon FF map
was calculated to produce a difference FF map to compare
the two methods.

2.3.3 | Patients with spondyloarthritis

To assess whether active inflammation could be detected
using TSE Dixon imaging, 2 patients with extensive active
sacroiliac joint inflammation (both with bone marrow
edema, indicating active inflammation, and fat metaplasia,
indicating damage, documented on a recent MRI and with
clinical evidence of active disease according to symptom
scores) were imaged.

To provide a qualitative assessment of the effect of
pathology, the images were evaluated by a consultant radi-
ologist (7 years of experience of musculoskeletal MRI) who
evaluated the correspondence between signal abnormal-
ities on the STIR image and changes in Tawater, Sowaters
and FF on the parameter maps. To provide a quantita-
tive assessment for Patient 1 of the effect of inflamma-
tion on parameter values, the consultant radiologist placed
ROIs on the STIR image in regions of inflamed bone mar-
row (bone marrow edema), normal bone marrow, and fat

85U8017 SUOLILLIOD SAIERID 3|l jdde auy) Aq peusenob ake 9L VO ‘8sn J0S9|NI 0} ARIq1T8UIIUQ AB]1M UO (SUOTHIPUOD-PUE-SWLBIALIY™A8 | 1M ARe.q1puljuo//SANY) SUONIPUOD pue S | 81 89S *[£202/60/70] UO Aleiqi8uliuo A8|IM 's9o1AlS ARiq1T TON Uopuoabe|0D A1sBAIUN A 68962 WIW/Z00T OT/I0P/W0D" A8 |1m Areiqijpul|uoy/scily wouy pspeojumod ‘€ ‘€202 '¥65222ST



1016 . . .. GOLLIFER ET AL.
—I—Magnetlc Resonance in Medicine
(A) 140 (B)
y=0.81x+9.44 ~ 50
V: 8.19
130 k2.0 o8 g o CV:8.1%
= 120 SSE=150 o
wn 120
£ p=n Q
— 110
Q é 20
g 100 O 10 e 6.5 (+1.96SD)
N w
= 90 4 o ||
S w E s L UL — 7.0 [p=0.01]
X Q
& 2 20} L
w 5 20 (-1.96SD)
fg 60 f ﬁ -30
- z -40
/ L
4040 o 5 460 190 1‘;0 40 60 80 100 120 140
CPMG T2 (ms) Mean T2 (CPMG & TSE Dixon)
(C)130 | o 934146 (D) V- 11%
120 l’2=0.89 g)\ 40 H )
s E=
g 110 ﬁfﬁ 690 E. 801 rererenerensesens [Teeeeeenmenmennenninnens 26 (+1.96SD)
5100 £*2opDB o
® 8 10 £ 9.5[p=0.00
,;% %0 o E @ [p 1
= @ 0 0
e 80 00 L% esisnesmissviisessnisniisss WINsssane s ses s -7.2 (-1.96SD
8-10 st
a 70
w £-20
F 6%’ 5 -30
50 @ Icl‘ -40
40 40 60 80 100 120
40 60 80 100 120

MRS T2 (ms)

FIGURE 3

Mean T2 (MRS & TSE Dixon)

The Toyater €stimates from TSE Dixon were linearly related to reference T, estimates from Carr-Purcell-Meiboom-Gill

(CPMG) and MRS. (A-D) Linear regression (A,C) and Bland-Altman (B,D) comparison between TSE Dixon Tayae; and CPMG T, (top) and
TSE Dixon Tayater and MRS T, (bottom). Data from Phantoms 1 and 2 combined. CV, coefficient of variation; SSE, single-slice echo.

metaplasia. These ROIs were transferred to the water-only
image for the first TE TSE Dixon acquisition, manu-
ally corrected for misregistration, and then automatically
propagated onto the TSE Dixon Tawater, Sowater, and FF
maps. The distribution of Tayaters Sowater, and FF values
were compared between normal bone marrow (normal
bm) and inflamed bone marrow (inflamed bm).

For Patient 2, linear regression and Bland-Altman anal-
yses were calculated, as described previously, for FF esti-
mates from TSE Dixon and mDixon Quant in various
regions.

3 | RESULTS
3.1 | Phantom experiments

3.1.1 | Experiment 1 (T, estimation
in fat-free environments)

The Towater €stimates from TSE Dixon were linearly related
to reference T, estimates from CPMG (Figure 3A,B) and

T, estimates from MRS (Figure 3C,D). For linear regres-
sion, the regression slope (95% CI) was 0.81 (0.73-0.90)
and the regression intercept was 9.44 (1.70-17.19) for
the CPMG comparison, and the regression slope (95%
CI) was 0.93 (0.72-1.1) and the regression intercept was
14.6 (-1.6 to 30.7) for the MRS comparison. For the
Bland-Altman LOA analysis, the mean difference was
—7.0ms and the 95% LOAs were —20 to 6.5ms for the
CPMG comparison, and the mean difference was 9.5 ms
and the 95% LOAs were —7.2 to 26 ms for the MRS
comparison.

3.1.2 | Experiment 2 (T, estimation in the
presence of fat)

The Towater €stimates from TSE Dixon were linearly related
to reference T, estimates from MRS over the range
of FF concentrations investigated (Figure 4). For lin-
ear regression, the regression slope was 0.87 (0.59-1.15),
and the regression interceptwas9.76 (0.54-18.98). For
Bland-Altman LOA analysis, the mean difference was 5.8
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and the 95% LOAs were —1.7 to +13. The T, from TSE
Dixon was longer than the T, from MRS T,.

3.1.3 | Experiment 3 (FF estimation
in presence of variable T)

FF estimates from TSE Dixon were linearly related to
PDFF FF estimates (Figure 5). For linear regression, the
regression slope was 0.81 (0.71-0.91) and the regression
intercept was 4.64 (0.58-8.7). For the Bland-Altman LOA
analysis, the mean difference was —1.7% and the 95% LOAs
were —14% to 11%. The measured FF from TSE Dixon
matched the reference FF from mDixon Quant closely for
FF values of 0%, 20%, and 40% FF. For 60% FF, there was
a larger difference between TSE Dixon FF and mDixon
Quant FF.

For linear regression between TSE Dixon FF estimates
and known FF, the regression slope was 1.07 (0.95-1.19)
and the regression intercept was —4.08 (—8.64 to 0.47).

For linear regression between PDFF FF estimates and
known FF from the phantoms, the regression slope was
0.90 (0.88-0.92) and the regression intercept was —0.11
(—0.90 to 0.68).

3.2 | Invivoimaging

3.2.1 | Healthy participant

The Tawaters Sowater> FF, and Tage maps derived from TSE
Dixon sequences and the mDixon Quant PDFF map are
shown in Figure 6A-D. The Toyater maps showed plau-
sible values throughout all imaged structures with no
significant artifact. As expected, the Toyaeer map showed
consistent values less than about 60 ms throughout the
whole bone marrow, with areas of higher Tayater Observed
in the neural foramina and intervertebral disc. These
areas of higher T,yaer corresponded closely to areas of
higher signal on the STIR image. FF values were also
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FIGURE 6 Healthy participant in vivo images showed plausible values across structures with varying T, and minimal image artifacts.
Towater (A) and Sowater (B) maps showed consistent values through the whole bone marrow, with a similar pattern to short-inversion-time

inversion-recovery (STIR) images (E). The FF map derived from TSE Dixon sequences (C) and the PDFF mDixon Quant FF map (F) showed
FF values in the bone marrows of 40%-60%. The FF difference map (G) demonstrated differences between the FF methods. Note that these
differences are generally small, although some well-defined areas of greater differences arise in interfaces between tissues due to slight
misregistration of the two scans. (D) The T, map showed consistent values through the whole bone marrow.

plausible in all imaged structures (including subcutaneous
fat, muscle, and bone marrow), with good qualitative
agreement compared with the PDFF map. The FF differ-
ence map (compared against mDixon Quant) also showed
minimal differences throughout most of the bone mar-
row (Figure 6C,F,G). The Towater value from muscle was
29.9 ms, which corresponded closely with a previous lit-
erature estimate of 30 ms from IDEAL-CPMG,!! whereas

the non-fat-suppressed CPMG yielded a higher estimate of
42.2ms.

3.2.2 | Patients with spondyloarthritis

The Tawaters Sowater> FF, and T,ge maps derived from TSE
Dixon sequences and the corresponding mDixon Quant
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STIR(AU)
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Tawater imaging can detect active inflammation (Patient 1). Active inflammation produces regions of increased Toyater (A,

red arrows), corresponding to areas of hyperintensity seen on STIR imaging (D). There are additional areas of increased Tayater (Yellow
arrows) that may represent inflammation “missed” by the conventional STIR imaging and suggest a potentially greater sensitivity of Toyater
compared with STIR signal intensity for imaging inflammation. (B) Corresponding increases in Soyaeer in areas of inflammation. (C)

Extensively high FF in the subchondral bone marrow, in keeping with fat metaplasia being caused by previous inflammation. The overlap

between these areas of fat metaplasia and the inflammation shown in (A) suggests that the T,y map can detect inflammation even within

areas of fat metaplasia (traditionally a confound on interpretation of STIR images). (F) The areas of increased fat content agree closely with

those demonstrated on the gradient echo-based PDFF map. Some small discrepancies in the precise spatial distribution of the subchondral

fat may relate to differences in slice thicknesses and/or movement between acquisitions. (E) The T, shows areas of high T,, although this is

not closely associated with increased Toyater, Suggesting that T,y is not greatly biasing the Toyater-

PDFF maps are shown in Figures 7 and 8 (Patients 1 and 2),
and the corresponding parameter distributions obtained
from the ROIs placed on regions of inflammation (for
Patient 1) are shown in Figure 9. Active inflammation is
seen as multiple focal areas of increased Tyyater On the
TSE Dixon Tayater maps, which correspond very closely to
areas of hyperintensity on the STIR images. Interestingly,
the regions of Tayater abnormality are more extensive than
the corresponding areas of STIR abnormality, suggesting
that this method may be capturing additional inflamma-
tion that is missed by the STIR image. The FF maps
demonstrate areas of increased fat content in the subchon-
dral bone marrow in keeping with fat metaplasia (i.e.,
increased marrow fat content caused by previous inflam-
mation), which overlaps in distribution with the areas of
inflammation.* Note that the increases in Toyawer Overlap
with these areas suggest that the presence of fat does not
obscure inflammation in the TSE Dixon Tayter map.
Figure 8 graphically demonstrates the increases in
Towater Observed in areas of inflammation. Again, note that

the FF was increased and Sowater Was decreased in areas of
inflammation, likely reflecting the presence of underlying
fat metaplasia.

FF estimates from TSE Dixon were linearly related
to PDFF FF estimates in Patient 2 (Figure 10). For lin-
ear regression, the regression slope was 0.77 (0.57-0.98)
and the regression intercept was 10.9 (—1.3 to 23.1). For
the Bland-Altman LOA analysis, the mean difference was
0.75% and the 95% LOAs were —22% to 21%.

4 | DISCUSSION

In rheumatic inflammatory diseases, active inflammation
in the bone marrow manifests as regions of hyperinten-
sity on STIR images, which may be attributed to some
combination of increased Tywawer and reduced FF.711.12
STIR contrast changes are nonspecific; other processes can
mimic or “mask” inflammation, and assessment is sub-
jective and qualitative.>>'® Similar difficulties can exist in
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Towater imaging can detect active inflammation (Patient 2). Active inflammation produces regions of increased Tayater (A,

red arrows) corresponding to areas of hyperintensity seen on STIR imaging (D). Similar to Patient 1, there are additional areas of increased
Towater (Yellow arrows in the subchondral bone, related to the right sacroiliac joint [SIJ]) that may represent inflammation “missed” by the
conventional STIR imaging and suggest a potentially greater sensitivity of T,yater compared with STIR signal intensity for imaging
inflammation. (B) Corresponding increases in Soyater in areas of inflammation. (C) Small areas of high FF in the subchondral bone marrow
related to the right SIJ, in keeping with fat metaplasia caused by previous inflammation. Again, the overlap between these areas of fat
metaplasia and the inflammation shown in (A) suggests that the T,y map can detect inflammation even within areas of fat metaplasia
(traditionally a confound on interpretation of STIR images). (F) The areas of increased fat content agree closely with those demonstrated on

the gradient echo-based PDFF map.

inflammatory diseases affecting other tissues.® Here, we
propose the use of TSE Dixon acquisitions with incremen-
tally increasing effective TEs to separate or “disentangle”
Towater and FF, thus providing a more objective method
for the assessment of inflammation, which is less prone to
misinterpretation due to these overlapping processes.

When imaging inflammation, the simultaneous pres-
ence of fat and water in a tissue necessitates the separation
of these signals before quantification. One approach to
this problem, described by Janiczek et al., is known as
IDEAL-CPMG. In this approach, asymmetric echoes are
added to a CPMG echo train to allow separation of water
and fat signals using the IDEAL algorithm.!! The inten-
tion of this work was to take a similar approach, but to use
a TSE Dixon sequence that is widely available from all the
major MRI scanner manufacturers, and thus potentially
facilitate use in clinical practice and trials.

The key results of our study are as follows. First,
we showed that Toyaer measurements using TSE Dixon
were accurate across a range of physiologically relevant

T, values and agreed closely with CPMG- and MRS-based
estimates. There was a small bias between the methods,
with TSE Dixon appearing to underestimate Toyater relative
to CPMG at higher T, values, which could relate to imper-
fections in the TSE Dixon and/or CPMG sequences but
was relatively small compared with the observed effect of
inflammation in patients. Second, we showed that Toyater
measurements using TSE Dixon were accurate in the pres-
ence of fat, with no significant confounding effect of vary-
ing FF. Although there was a small positive bias between
MRS and TSE Dixon (which may be similar in origin to
that mentioned previously), again this was relatively small
compared with the biological effect size in question. Third,
we showed that FF measurements obtained using TSE
Dixon agreed closely with those obtained using a quantita-
tive gradient echo-based method for PDFF measurement,
suggesting that the TSE Dixon-based FF measurements
could be a useful addition to the Towater Mmeasurement.
Fourth, we showed that TSE Dixon-based Toyater and FF
maps demonstrated plausible values in vivo and minimal
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Patient 1. Scatterplots of Tayater (D) versus FF, Soyater VS. FF (E), and Tayater VS- Sowater (F)-

artifacts. Finally, in patients with spondyloarthritis, we
demonstrated the feasibility of the technique for imag-
ing inflammation: We observed increased Towater Values
in areas of active inflammation, corresponding closely to
areas of hyperintensity on STIR images. Interestingly, the
regions of high signal intensity were more extensive on
TSE Dixon Towater images than on STIR, suggesting that
Towater Measurements may be more sensitive to inflam-
mation. If some regions of inflammation were indeed
“missed” by STIR imaging, this could be explained by the
fact that the FF was actually increased in much of the
subchondral bone marrow, likely due to underlying fat
metaplasia as a result of previous inflammation.? Further
research is required to investigate the interplay between
Towater and FF in patients with pre-existing structural

damage, but from a theoretical standpoint, our method
should have a significant advantage over STIR imaging.
In general, for a simultaneous T,yater and FF sequence,
incorporation of a series of spin echoes (to quantify T,)
with the additional collection of echoes with a small
asymmetrical echo shift from the spin-echo position (to
facilitate fat-water separation in quantifying Towater and
FF) is necessary. One approach, known as IDEAL-CPMG,
whereby a CPMG sequence was modified to incorporate
additional collection of gradient echoes about each spin
echo in the CPMG train (thus enabling fat-water sep-
aration for each spin echo), was described by Janiczek
et al.!!'2 Qur TSE Dixon approach is somewhat simi-
lar, with each acquisition consisting of a series of spin
echoes and an echo with an asymmetrical echo shift to
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FIGURE 10 FF estimates from TSE Dixon were linearly related to reference FF estimates from mDixon Quant in various regions. (A,B)

Linear regression (A) and Bland-Altman (B) comparison between TSE Dixon FF and mDixon Quant FF.

facilitate fat-water separation. However, we used multiple
TSE Dixon acquisitions to yield fat-only and water-only
images at a series of different TEcs, to enable Towater
and FF quantification. Our approach has several poten-
tial advantages over IDEAL CPMG. First, the TSE Dixon
method can easily be implemented on all major vendors to
enable reproducible research, clinical translatability, and
potential use in multicenter studies. Second, TSE Dixon
may be substantially more flexible and time-efficient than
IDEAL-CPMG, as any number of arbitrary TEs can be
collected without introducing “dead time” into the acqui-
sition, whereas this is not the case for IDEAL-CPMG. For
example, it would be entirely possible to efficiently col-
lect only two values of TEs (e.g., short and long) with
a TSE Dixon method, whereas with IDEAL-CPMG this
would result in substantial dead time in the middle of
the acquisition, meaning that the total acquisition time
might not be reduced. This advantage of TSE Dixon over
IDEAL-CPMG can be “traded in” to improve spatial res-
olution, which is an important requirement for a method
used to image a spatially heterogenous process where
regions of abnormalities are often small. The greater flex-
ibility of TSE Dixon could also allow for very closely
spaced echoes, potentially of value when imaging short
T, species and for multicompartment modeling, whereas
this is limited in IDEAL-CPMG by the duration of the
(typically unipolar) readout gradients.!! Third, the fitting
with CPMG has the added complexity that stimulated
echoes directly manifest themselves as fluctuations in echo
intensity over the early echoes, which is circumvented by
using TSE Dixon. Finally, the original implementation of
IDEAL-CPMG required manual seed point placement in
combination with a region-growing algorithm to achieve
fat-water separation, whereas this is avoided with our
method.

This study has several limitations. First, the agreement
of TSE Dixon Toyater €Stimates with the reference meth-
ods was linear, but with some observable biases. It is likely
that undesirable stimulated echoes within the TSE Dixon
echo train, occurring as a result of B; inhomogeneity,* are
affecting the quantification of T,yater- Approaches to cor-
rect for the presence of stimulated echoes include discard-
ing some echoes from the fit,° using a linear correction
scheme,*! using the extended phase graph to model the
acquisition,?!**34 or using a dictionary-based method.3>%”
Applying one of these approaches may further improve the
accuracy of the method. Second, the length of the Dixon
TSE acquisitions was longer than desirable, reflecting the
fact that the TSE Dixon was acquired with a relatively
“rich” acquisition scheme using high spatial resolution,
multiple effective TEs, and a long TR to minimize T;
weighting, to ensure sufficient quality for this validation
study. In practice, all these factors could potentially be
reduced, resulting in a scan time similar to or less than
STIR in clinical practice. Further work could focus on opti-
mization of the number and timing of individual echoes,
development of a T;-bias adjustment scheme to allow
shortening of the TR, and acceleration using parallel imag-
ing and compressed sensing. Third, with TSE imaging, the
images can be susceptible to blurring, as the k-space data
for a particular effective TE are actually collected at a range
of actual TE, and this typically worsens when longer effec-
tive TEs are used. However, the blurring is no more severe
than with conventional TSE imaging, which is typically
deemed acceptable for and widely used in clinical practice.
Fourth, for the longer effective TEs, the TSE echo spacing
was large with only a few milliseconds actually used for the
data acquisition. Potential future work could involve find-
ing ways to fill in this dead space, to make the sequence
more efficient. Importantly, the method has the potential
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to save time in a clinical setting, as it provides both inflam-
matory and structural information® and could therefore
remove the need for multiple acquisitions (conventionally
STIR and T;-weighted spin-echo imaging in one or two
planes each) to assess these features. In the future, it would
also be of value to explore other, related methods such as
MR fingerprinting, which has recently been shown to be
capable of FF, as well as T; and T, estimation.?3° Ulti-
mately, the choice of sequence will be dictated by some
tradeoff of speed, image quality (including spatial reso-
lution and artifacts), and quantification accuracy. Fifth,
although the 20% and 40% Dixon TSE FFs corresponded
closely with the reference standard FF, there was some dis-
crepancy with the 60% FF due to the difficulty in mixing
the oil and agar. This may also have affected the results
with the T, values at 60% FF. Finally, the in vivo evaluation
provided here is preliminary; further study is needed for
detailed biologic validation and to assess clinical efficacy
compared with existing techniques.

5 | CONCLUSIONS

The proposed Tayater and FF measurements, based on TSE
Dixon with TEs increments, are accurate over a range
of T, and FF values and could provide a widely available
quantitative alternative to the STIR sequence for imag-
ing inflamed tissue. Our results suggest that the proposed
methodology is promising and warrants further develop-
ment and evaluation in larger studies.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. Slice from multislice acquisition panel, demon-
strating almost identical image contrast and quality to the
single-slice acquisition in Figure 8.

Figure S2. Multiple slices from the multislice acquisi-
tion, demonstrating that the image quality is consistent
throughout the whole volume.
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