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Magnetic Resonance in Medicine 80:598-608 (2018)

Accurate T, Mapping of Short T, Tissues Using a
Three-Dimensional Ultrashort Echo Time Cones Actual
Flip Angle Imaging-Variable Repetition Time (3D

UTE-Cones AFI-VTR) Method

Ya-Jun Ma,' Xing Lu," Michael Carl,” Yanchun Zhu,"' Nikolaus M. Szeverenyi,"
Graeme M. Bydder," Eric Y. Chang,"® and Jiang Du'*

Purpose: To develop an accurate T; measurement method for
short T, tissues using a combination of a 3-dimensional ultra-
short echo time cones actual flip angle imaging technique and
a variable repetition time technique (3D UTE-Cones AFI-VTR)
on a clinical 3T scanner.

Methods: First, the longitudinal magnetization mapping function
of the excitation pulse was obtained with the 3D UTE-Cones
AFl method, which provided information about excitation effi-
ciency and B, inhomogeneity. Then, the derived mapping func-
tion was substituted into the VTR fitting to generate accurate T4
maps. Numerical simulation and phantom studies were carried
out to compare the AFI-VTR method with a B4-uncorrected VTR
method, a B-uncorrected variable flip angle (VFA) method, and
a Bq-corrected VFA method. Finally, the 3D UTE-Cones AFI-VTR
method was applied to bovine bone samples (N =6) and healthy
volunteers (N = 3) to quantify the T of cortical bone.

Results: Numerical simulation and phantom studies showed that
the 3D UTE-Cones AFI-VTR technique provides more accurate
measurement of the Ty of short T, tissues than the B4-uncor-
rected VTR and VFA methods or the Bs-corrected VFA method.
The proposed 3D UTE-Cones AFI-VTR method showed a mean
T4 of 240 = 25 ms for bovine cortical bone and 218 + 10 ms for
the tibial midshaft of human volunteers, respectively, at 3T.
Conclusion: The 3D UTE-Cones AFI-VTR method can provide
accurate T measurements of short T, tissues such as cortical
bone. Magn Reson Med 80:598-608, 2018. © 2018 Interna-
tional Society for Magnetic Resonance in Medicine.

Key words: ultrashort echo time; actual flip angle imaging;
variable TR; cortical bone

INTRODUCTION

Variable flip angle (VFA) and variable repetition time
(VIR) methods based on 3-dimensional (3D) spoiled
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gradient recalled echo (SPGR) sequences have been used
widely for volumetric T, measurement (1-5). However,
both the VFA and VTR methods are very sensitive to
inhomogeneity in the transmitted B, field. As a result,
the first step for accurate T, measurement usually
requires obtaining spatial B, field maps (6—15). These are
then used for accurate T, calculation (16-21).

The actual flip angle imaging (AFI) technique has been
proposed for fast 3D B, mapping (15). It uses interleaved
acquisitions of dual repetition-time (TR) steady-state sig-
nals that are formed by alternately changing the TR of a
conventional SPGR sequence. The robustness of the AFI
technique has been demonstrated for mapping the B, of
long T, tissues of the human body (15,20,21). However,
the typical AFI sequence cannot be used for mapping the
B, of short T, tissues, such as cortical bone, calcified car-
tilage, menisci, ligaments, and tendons (18,19). This is
because these tissues have short T, values ranging from
several hundred microseconds to a few milliseconds, and
show little or no signal when imaged with conventional
SPGR sequences that have echo times (TEs) of several
milliseconds. Ultrashort echo time (UTE) sequences with
TEs less than 100 s have been developed for imaging of
short T, tissues, and produce detectable signals (4,22,23).
Combination of the UTE and AFI techniques (UTE-AFI)
would therefore appear to be an appropriate way to map
flip angles for short T, tissues (18,19).

However, there are technical challenges in accurately
mapping flip angles when imaging short T, tissues such
as cortical bone, because of transverse relaxation during
the radiofrequency (RF) excitation pulse. This is typi-
cally ignored for long T, tissues, but becomes significant
when imaging short T, tissues. Large flip angles (>40°)
are typically required to make the AFI technique sensi-
tive (15,18). With conventional peak power limitations
on the RF amplifiers of clinical scanners, the RF pulse
duration must be increased to produce such large flip
angle excitations. However, excitation efficiency is
decreased when imaging short T, tissues with longer RF
excitation pulses, as a result of transverse relaxation dur-
ing the pulse, and this leads to actual flip angles that are
lower than the nominal flip angles (i.e., the expected flip
angles) (23-26). This causes B, estimation errors when
the UTE-AFI method is used for imaging short T, tissues
(as detailed in the “Theory” section). It can result in
inaccurate T, values for short T, tissues.
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FIG. 1. a: Conventional 3-dimensional ultrashort echo time cones (3D UTE-Cones) sequence with a single repetition time (TR) is used for
T4 measurement with the variable flip angle (VFA) or variable TR (VTR) method. The 3D UTE-Cones actual flip angle imaging (AFl) sequence
uses a pair of interleaved TRs for accurate By mapping (b), which together with a VFA or VTR method provides T4 measurements. In these
two UTE-Cones sequences, a short rectangular pulse is used for signal excitation followed by 3D spiral sampling with a very short TE of
32us (c). The spiral trajectories are arranged with conical view ordering (d). RF, radiofrequency; DAW, data acquisition window.

To overcome this problem, we propose a new T, mea-
surement method for short T, tissues that combines a 3D
UTE-Cones AFI technique with a 3D UTE-Cones VTR
technique (3D UTE-Cones AFI-VTR). In this method, the
same RF pulses and flip angles are used for signal excita-
tion in the AFI and VTR sequences. As a result, B; maps
are no longer required for T, correction. Instead, the lon-
gitudinal magnetization mapping function of the RF
excitation pulse is obtained by the 3D UTE-Cones AFI
method, and this is subsequently used for VTR-based T,
fitting. Simulation, phantom, and in vivo studies were
used to investigate the accuracy of the proposed method
for measuring the T, of cortical bone, using parameters
that are appropriate for a clinical 3T scanner.

THEORY

Features of the conventional 3D UTE-Cones pulse
sequence with a single TR (Fig. 1a) have been described
before (27—-29). Actual flip angle imaging can be achieved
with the 3D dual TR UTE-Cones sequence (Fig. 1b). A
series of conventional 3D UTE-Cones sequences with
variable TRs or variable flip angles can then be used for
T, measurement. For both the UTE-Cones AFI and the
UTE-Cones VTR/VFA sequences, a short rectangular
pulse (e.g., 150 us) was used for nonselective signal exci-
tation (Fig. 1c). This was followed by a spiral trajectory
data acquisition with conical view ordering (Fig. 1d).

The steady-state signals acquired in TR; and TR, of
the 3D UTE-Cones AFI sequence can be expressed as fol-
lows (15,25):

1— E2 + (1 - E"I)Evzfz(()(7 T, Tz)
1-— ElEszZ (OL7 T, Tz)

Sl = Mﬂfxy(a7 T, TZ) [1]

1— E1 + (1 - Ez)Ele(OL7T, Tz)

Sz = Mofy (e, 7, T2) 1 - E1Ef2(a, 1, T2)

(2]

where E; = exp(—TR,/T:) and E; = exp(—TRz/T1); M, is
the equilibrium magnetization; f,, (o, 7, T2) and f, (o, 7, T)

are the respective transverse and longitudinal magnetiza-
tion mapping functions generated by the RF pulse, with
fay (o, 7, T2) = M;E,/MZ‘ and f,(a,7, T2) = M /M;; M, is
the longitudinal magnetization before RF excitation; M,

and M, are the transverse and longitudinal magnetiza-
tions after the RF excitation; « is the flip angle; and 7 is
the duration of the rectangular excitation pulse. Because
the RF pulse duration is much shorter than the tissue Tj,
T, relaxation during the excitation can be neglected in
the mapping functions.

For short T, tissues with T, values of the same order
as the RF duration 7, fy, (o, 7, T2) and f,(a, 7, Tz) are deter-
mined not only by «, but also by 7 and the tissue T,..
Analytical expressions of these two terms can be
described as follows (24):

2
fy (a7, T) = e Thasinc | /a2 - (%) [3]
2

2
fola,7,Ty) = e 72 | cos| (]a? — (27;12)

T 2
2
o (ZTZ)

For long T, tissues with Tys > 1, fi(a,7,T;) and
fz(a, 7, T2), simplify to sin(a) and cos(a), respectively.
Equations [1] and [2] then become identical to the con-
ventional expression for AFI in Equation [3] as shown in
(30).

The general AFI method relies on two fundamental
assumptions: (i) that complete spoiling of the transverse
magnetization occurs during TR; and TR,; and (ii) that
TR4s and TR,s are short compared with T,. Perfect spoil-
ing during each TR is very difficult to achieve, as high
flip angles and relatively short TRs are used in AFI (15).

T .
——-sinc
+ 2T,
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Yarnykh suggested the use of an optimized combination
of RF spoiling with an extremely strong gradient crusher
pair to provide additional spoiling (17). However, in this
study the heavy gradient spoiler and phase cycling to
provide RF spoiling may not be necessary for complete
spoiling, because of the fast decay of the transverse mag-
netization of short T, tissues. With TRs that are short rel-
ative to T4, the signal ratio r of S; and S, can be
simplified using a first-order approximation for the expo-
nential terms such that (15)

14 nfy(a,7,T2)

0+ e, Ty) (5]

I':SZ/Sl ~

where n=TR,/TR;. The ratio r can then be used as a T;-
independent measure of f;(a, T, T2):

rm—1

fZ(OLvT7 TZ) ~ [6]

n—r
For long T, tissues, f,(«,T, T>) becomes cos(a). Therefore,
the actual flip angle a can be estimated with the follow-
ing equation (15):

rm—1
o~ arc cos( ) [7]

n-—r

Then, the B, scaling factor (Bys) is obtained by dividing
the measured «a by the nominal flip angle a0, which is
expressed as

Bis = OL/C“nom [8]

where By is used to quantify the RF inhomogeneity, and
B;s =1 corresponds to an unaltered RF field.

For short T, tissues, the measurement of o or By, is
more complicated. With knowledge of the RF pulse dura-
tion and tissue T,, a can be calculated from the analyti-
cal expression for f,(a,7, T») or through Bloch equation
simulation. However, it is very challenging to measure
short T, values using the traditional spin echo or Carr-
Purcell-Meiboom-Gill method, because of the rapid tis-
sue signal decay as well as the limited RF peak power
and gradient strength available on clinical MR scanners.
Furthermore, these methods may require extra sequences
to measure short T, values, which subsequently suffer
from errors caused by magnetization transfer (when the
2D multislice spin-echo or the Carr-Purcell-Meiboom-
Gill sequence is used to measure T,), potential motion
artifacts associated with the increased scan time, and
limited signal-to-noise ratio when imaging short T, tis-
sues. To cope with these issues, we propose a new
approach that avoids the calculation of « required in
standard approaches. The value of f,(a,7,T2) is used
directly as input for T; calculation under the VTR
method. The description of our method follows.

The 3D UTE-Cones sequence is a free induction decay
sequence characterized by an ultrashort TE (TE =32 ps)
and a 3D non-Cartesian center-out k-space encoding
scheme. The detected magnetization Sgpg follows the
same steady-state behavior as the signal acquired with a
SPGR sequence and is expressed as follows (25,30):

Ma et al.

1-F
Soer = Mofyysleon T) e ooy 19

with E = exp(—TR;/T,)where TR, is the repetition time
(TR) of the UTE-Cones sequence; and fyy (o, 7, T2) and
fzs(a, 7, T;) are the RF pulse—induced transverse and lon-
gitudinal mapping functions, respectively. Analogous
to fy(a,7,T2) and fy(a,7,T2) in Equations [1] and [2],
fxy.s(a, 7, T2) and f, s(a, 7, Tz) become sin(a) and cos(a) for
long T, tissues.

Fitting of Equation [9] can be used for T, quantifica-
tion of short T, tissues from VTR or VFA UTE-Cones
data. For long T, tissues, the VIR and VFA data are
processed with the actual flip angles, which can be cal-
culated by applying the B, scaling factor By, to the nomi-
nal flip angles. Because it is complicated to measure By
for short T, tissues, we propose a new T; measurement
technique that combines the UTE-AFI method and the
UTE VTR method, and uses identical RF excitation
pulses. As a result, f,s(o, 7, T2) in Equation [9] is identi-
cal to f;(a, 7, T,) in Equation [6]. In the T, fitting proce-
dure with the VTR method, the coefficients M, and
fxy.s(a, 7, T2) in Equation [9] can be combined into a sin-
gle unknown parameter (e.g., g), as My and  fy, o(a, 7, T3)
are both not functions of TR. After the measured f,(a,T,
T,) from Equation [6] is substituted into Equation [9],
there are only two unknown parameters including g and
T,. Therefore, robust T, measurements can be achieved
by fitting the data with variable TRs.

METHODS

In our study, the 3D UTE-Cones AFI and conventional
UTE-Cones sequences (Fig. 1) were implemented on a 3T
Signa TwinSpeed scanner (GE Healthcare Technologies,
Milwaukee, WI, USA). An eight-channel transmit/receive
knee coil was used for both RF transmission and signal
reception. The sequences used unique k-space trajecto-
ries that sampled data along evenly spaced twisted paths
in the form of multiple cones (27-29). Data sampling
began from the center of k-space and continued outward.
It began as soon as practical after the RF excitation with
a minimal nominal delay time of 32 ps. Both RF and gra-
dient spoiling were used to crush the remaining trans-
verse magnetizations. In 3D UTE-Cones AFI, the areas of
gradient crushers in TR; and TR, were 180 and 900 mT-
ms/m, respectively, and the RF phase increment was 39"
39" (17). In 3D VTR or VFA UTE-Cones, the area of the
gradient crushers was 180 mT- ms/m, and the RF phase
increment was 169° 169  (17). The 3D UTE-Cones
sequence allowed anisotropic resolution (e.g., high in-
plane resolution and thicker slices) to provide an
improved signal-to-noise ratio and a reduced scan time
relative to isotropic imaging (28,29).

Simulation

Numerical simulation was performed to investigate the
accuracy of the proposed T, measurement for short T,
tissues. Identical simulated rectangular RF pulses were
used for signal excitation in both the 3D UTE-Cones AFI
and VTR sequences, and had durations from 0.1 to
500ps. T, values of simulated short T, tissues ranged
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Table 1

Sequence Parameters of Phantom, Bovine Cortical Bone Sample, and In Vivo Tibial Cortical Bone Studies

601

3D UTE-Cones AFI

3D UTE-Cones VTR

3D UTE-Cones VFA

FOV=15 x 15 x 12.8cm’,
matrix =128 x 128 x 32,

FOV=15 x 15 x 12.8cm’,
matrix =128 x 128 x 32,

FOV=15 x 15 x 12.8cm?,

matrix =128 x 128 x 32,

Phantom TR4/TR, =20/100 ms, flip TR =20, 40, 60, 80 and TR =24 ms, flip
angle=45°, 120 ms, flip angle =45°, angle=8°, 26° and 45°,
bandwidth =125 kHz, scan bandwidth =125 kHz, total bandwidth =125 kHz, total
time=8min 55 s scan time=21min 20 s scan time=5min 21 s

3D UTE-Cones AFI 3D UTE-Cones VTR
FOV=15 x 15 x 6.4cm’, FOV=15 x 15 x 6.4cm?,
Bovine matrix =128 x 128 x 16, matrix =128 x 128 x 16,

TR4/TR, =20/100 ms, flip
angle=45°,

bandwidth =125 kHz, scan
time=4min 40 s

cortical bone

TR=15, 30, 50 and 80
ms, bandwidth =125
kHz, total scan
time=6min 41 s

3D UTE-Cones AFI

3D UTE-Cones VTR

FOV=15 x 15 x 16.8cm?,
matrix =128 x 128 x 24,
TR4/TR, =20/100 ms, flip
angle=45°,
bandwidth =250 kHz, scan
time=7min5s

In vivo tibial
cortical bone

FOV=15 x 15 x 16.8cm°,
matrix =160 x 160 x 24,
TR=15, 30, 50 and 80
ms, flip angle=45°,
bandwidth =250 kHz,
total scan time =12 min
24's

Note: FOV, field of view.

from 0 to 1 ms. The T, value was set to 500 ms. The
sequence parameters for the 3D UTE-Cones AFI and VTR
sequences were adjusted as follows: (i) 3D UTE-Cones
AFIL: TR,/TR,=20/100 ms and flip angle=45°; (ii) VTR
UTE-Cones: TR=10, 50, 100, 150, and 200 ms, and flip
angle =45°. For comparison, the VFA UTE-Cones
sequence was also used for T, measurement with the fol-
lowing sequence parameters: TR=20 ms and flip
angles =7°, 14°, 22°, 30°, and 38° (31). Three simulated
nominal B, scaling factors (B,,) were used and set to val-
ues of 0.8, 1, and 1.2.

Phantom and Sample Study

An agarose phantom was prepared by adding 3.0g aga-
rose powder and 7.2mg MnCl, - 4H,O to 400mL dis-
tilled water. The mixture was brought to a boil in a
microwave oven and then cooled in a refrigerator, allow-
ing the solution to gel. The T, value of the agarose phan-
tom was approximately 80 ms. This was designed to
simulate long T, tissue. Another agarose phantom was
prepared by mixing 300mL distilled water with the
same concentrations of agarose and MnCl, as in the pre-
vious phantom. After bringing the solution to a boil, the
solution was cooled to 40°, and a fresh bovine cortical
bone section that had been stripped of soft tissue was
suspended within it. The phantom was then allowed to
cool until the agarose gelled with the suspended bone
section immobilized within it. In addition, five fresh
bovine cortical bone sections were stripped of soft tissue
and submerged in Fomblin (perfluoropolyether) within a
cylindrical container of suitable size for MR scanning.

These phantoms were scanned with the 3D UTE-Cones
AFI, VIR and VFA sequences, and the sequence parame-
ters can be found in Table 1.

A bovine cortical bone sample was used to compare
the two VTR T, measurement techniques using two dif-
ferent excitation flip angles of 20° and 45° with RF
pulse durations of 60 and 150ps, respectively. The
power of the RF pulses was near the maximum avail-
able on the clinical scanner. The UTE-Cones AFI
method was used to obtain the mapping function mag-
netization, f,(a,, T2), which was subsequently used to
correct T; measurement errors induced by both B, inho-
mogeneity and loss of magnetization during the 45°
excitation pulse. The 20° pulse with a duration of 60 ps
was more effective than the 45° pulse in generating
transverse magnetization for materials with short T,s, as
the pulse duration was much shorter than the typical
T, value for bovine cortical bone, which is approxi-
mately 300us (4). The error in T; measurement with a
20° pulse was expected to come primarily from B, inho-
mogeneity. Other sequence parameters can be found in
Table 1.

Another bovine cortical bone sample was used to
investigate the T; measurement accuracy of the proposed
3D UTE-Cones AFI-VTR method using three different RF
pulse durations of 150, 200, and 300pus with the same
flip angle of 45°. Identical excitation pulses were used
for the UTE-Cones AFI and VTR sequences. The AFI and
VTR sequences were each scanned three times using the
RF excitation pulses of different duration mentioned pre-
viously. Other sequence parameters were identical to the
above bovine cortical bone study.
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FIG. 2. Simulation results for short T, tissues (T,s from 0 to 1 ms) with a rectangular RF pulse excitation (durations from 0.1 to 500 p.s).
The top two rows show color maps corresponding to the longitudinal and transverse magnetizations (i.e., f;(a, 7, T2) and fy (o, T, T2)),
calculated from Equations [3] and [4]. The third row shows the resulting Bs scaling factors, and the bottom row shows the mapping
function f;(a, T, T2) obtained by the AFI method. The columns represent simulation results with nominal B4 scaling factors B4, of 0.8, 1,

and 1.2, respectively.

In Vivo Study

The 3D UTE-Cones AFI-VTR method was tested in vivo
on three healthy male volunteers (ages 29, 35, and 40
years). Informed consent was obtained from all subjects
in accordance with local institutional review board

guidelines. Sequence parameters can be found in Table
1. A higher bandwidth was used for in vivo imaging of
cortical bone to minimize chemical shift artifacts from
bone marrow fat, which are manifest as ring-shaped arti-
facts with 3D UTE-Cones imaging.
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FIG. 3. T4 mapping results (in units of ms) generated by the VFA method without (first row) and with (second row) B, correction, as well
as results using the VTR method without (third row) and with (fourth row) B¢ correction. The columns show simulation results with nomi-
nal B; scaling factors B4, of 0.8, 1, and 1.2, respectively. The AFI-VTR method provides the most consistent T, values over the range of

short T tissues (Tos from 0 to 1 ms).

Data Analysis

The Levenberg-Marquardt algorithm in MATLAB (The
MathWorks Inc, Natick, MA, USA) was used to solve the
nonlinear fitting of Equation [9] for both VTR and VFA
methods. The analysis algorithms written in MATLAB
were applied to the DICOM images obtained from the 3D
UTE-Cones AFI and VTR/VFA UTE-Cones protocols
described previously. After each fitting calculation, By
scaling factor f,(a,T,T,) and T, maps were generated.
The mean value and standard deviation of T, for both in

vitro bovine cortical bone (N=6) and in vivo human tib-
ial midshaft cortical bone (N= 3) were also calculated.

RESULTS

Figure 2 shows the simulation results. The top two rows
show the theoretical longitudinal (M,) and transverse
(M,,) magnetizations generated by the rectangular RF
pulses with variable durations for a variety of short T,s.
In actual scanning, M, and observed M,, magnetizations
correspond to f,(a,7,Ty) and fy (o, 7, T2), which were
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FIG. 4. Phantom results using the 3D UTE-Cones-AFI technique and an eight-channel knee coil. The first two columns show dual-TR
UTE-Cones images (left: first TR images; right: second TR images) of an agarose phantom and an agarose bone phantom, whose B
and f; maps are shown in the right two columns, respectively. As shown from the results of agarose phantom, higher B+ is observed in
the center area of the knee coil. However, the bone region in the agarose bone B4 map shows much-reduced B;s values as a result of

inefficient excitation of the short T, tissue.

obtained using Equations [3] and [4]. From the color
maps (Fig. 2), it can be seen that longer RF pulses are
less effective than shorter pulses in generating My, for
shorter T, tissue components. As expected, more M, is
generated when the excitation pulse power is increased
(i.e., when the nominal B, scaling factor B4, is increased
from 0.8 to 1.2). The bottom two rows in Figure 2 pro-
vide the estimated B, scaling factors B, and f,(a,7, T%),
computed using the AFI method with Equations [8] and
[6]. The measured B, scaling factors B,s are more accu-
rate when using shorter RF pulses and when imaging
longer T, species. Otherwise, the estimated B, scaling
factors B, are smaller than the nominal values. The cal-
culated values of f,(a,, T,) were nearly identical to the
theoretical values of f,(a,T,T2) (i.e., M, shown in the
first row), which demonstrates the accuracy of Equation
[6].

Figure 3 presents the simulation results of T; measure-
ments using both VFA and VTR methods, with and with-
out AFT correction. As seen in the bottom-left corners of
all images in the first and third rows, Tys from B;-uncor-
rected VFA and VTR methods are both subject to under-
estimation caused by the imperfect excitation when
using a longer RF pulse or when imaging shorter T, spe-
cies. Additionally, the estimated T, values increase with
larger values of the nominal B, scaling factor B,,. The
second row presents the VFA results using the conven-
tional B, correction method (appropriate for long T, tis-
sues). The calculated B;; maps used for correction are
displayed in the third row of Figure 3. Overall, the
B,-corrected VFA method is more accurate than the
B;-uncorrected VFA method. However, T, estimation
errors still exist—especially for tissues with T,s shorter
than 0.5 ms, and the errors become larger with increased
B, inhomogeneity. In contrast, the proposed AFI-VIR T,

measurements presented in the last row are nearly accu-
rate for all short T,s, independent of the duration of the
excitation pulses. Additionally, identical T, values are
obtained with different values of the nominal B scaling
factor By,. The proposed AFI-VITR T; measurement
method can eliminate errors induced by B; inhomogene-
ity, and is also immune to the imperfect signal excitation
encountered with short T, species.

Figure 4 shows the phantom results obtained using the
UTE-Cones AFI method. A smooth, continuous spatial
distribution is observed in the agarose phantom maps,
corresponding to the measured B; inhomogeneity (calcu-
lated from Egs. [7] and [8]) and f,(a,T, T;) distribution
(calculated from Eq. [6]). High flip angles tend to appear
in the central region of the knee coil. Similar results are
seen in the pure agarose region of the agarose bone phan-
tom. There are clear sharp boundaries between the bone
and agarose regions in both the B, and f;(«, T, T>) maps.
The measured By values in the bone region are lower
than those in the agarose region as a result of inefficient
excitation of cortical bone with its extremely short T,.
The experimental results agree well with the simulation
results presented in Figure 2. The sharp discontinuities
in the B;s map suggest that the B; measurement is inac-
curate for cortical bone, whereas the f;(a, 1, T2) values in
the bone region are reasonable and consistent.

Figure 5 demonstrates the effect of short tissue T,s on
the T, map calculation. Figures 5a and 5b show the
regions of interest (ROIs) extracted from Figures 4e and
4f, which show the spatial distribution of Bis and
fz(a,7, T2). By inhomogeneity and excitation inefficiency
lead to complicated distributions in the bone region of
the agarose-suspended bone phantom. The VFA T; map
in the bone region still suffers from signal inhomogene-
ity, even with B, correction. The bone T; map measured
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FIG. 5. Phantom T;-related maps using 3D UTE-Cones VFA- and
VTR-based methods. Cropped Bis and f, maps from the bone
region of the agarose bone phantom are shown in (a) and (b).
(These agarose bone phantom maps are also shown in Figs. 4g
and 4h with different scaling). Panels (c) through (f) are bone T,
maps (in units of ms) obtained using VFA without B4 correction
(e), VFA with B4 correction (d), VTR without B4 correction (e), and
the proposed AFI-VTR method (f). The bottom row shows the T,
maps of the agarose phantom corresponding to B4s and f, maps
of the agarose phantom shown in Figures 4a to 4d, without B;4
correction (g) and with B4 correction (h). The maps are most uni-
form in (f) and (h) when the AFI-VTR method is used.

with the proposed UTE-Cones AFI-VTR method is far
more uniform than the T; map measured with the B;-
corrected VFA method or the B;-uncorrected VTR
method. For the long T, agarose phantom, the T, map
obtained with the UTE-Cones AFI-VTR method was
much more uniform than the T, map measured with the
Bi-uncorrected VTR method. These results demonstrate
that the proposed UTE-Cones AFI-VTR method can
obtain consistent T, measurements for both short and
long T, tissues.

Figure 6 shows the effect of RF pulse duration on
bovine cortical bone T; measurement using the regular
VTR and AFI-VTR methods. The bovine cortical bone T,
measurements were obtained from the UTE-Cones VTR
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method with an excitation pulse of 45° and duration of
150 us (Figs. 6e and 6f), and with an excitation pulse of
20° and duration of 60ps (Fig. 6g) (5). As shown in Fig-
ures 6e and 6g, the T, map measured with the conven-
tional Bj-uncorrected VTR method shows a higher
average T, value when using a shorter excitation pulse
(60 versus 150 pus), because of its higher excitation effi-
ciency. Figure 6f is the same T; measurement as Figure
6e, but displayed with a narrower color bar range for bet-
ter comparison with Figure 6g. The same color distribu-
tion can be found in Figures 6f and 6g, which suggests
that they were subject to the same B; inhomogeneity
modulation. These results demonstrate that T, measure-
ments using a longer RF pulse with a lower excitation
efficiency underestimate T, values without affecting the

FIG. 6. The effect of RF pulse duration on bovine cortical bone T4
measurement using the VTR method. A longer rectangular RF
pulse duration of 150 us with a flip angle of 45° was used in (a) to
(f. a, b: Cropped sections from the 3D UTE-Cones AFI images
with a TR of 20 ms (a) and a TR of 100 ms (b). The B map (c)
and the f, map (d) were calculated from these dual TR images. e,
f: Ty maps obtained using the regular VTR method. The panels
display a different color range. g: Ty map generated with the regu-
lar VTR method using a shorter RF pulse of 60 us and flip angle of
20°. This shows increased T, values relative to (e), but a similar
T4 spatial distribution similar to (f). h: T; map obtained by the 3D
UTE-Cones AFI-VTR method. This shows a much more homoge-
neous Ty distribution.
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T =150 ps

T =200 ps

AFI-VTR

B, inhomogeneity modulation. Figure 6h shows the T,
map measured with the proposed UTE-Cones AFI-VTR
method, which is more uniform than that shown in Figure
6g, demonstrating that the proposed UTE-Cones AFI-VTR
T, measurement method can correct for the effect of both
B, inhomogeneity and excitation inefficiency.

Figure 7 further demonstrates the robustness of the
proposed UTE-Cones AFI-VTR method for T, measure-
ment of bovine cortical bone using rectangular RF excita-
tion pulses with three different durations of 150, 200,
and 300ps. The mapping f,(«,T,T>) values increases
with longer RF duration, which is consistent with the
simulation results in Figure 2. However, the measured
T, maps are almost identical, showing that the UTE-
Cones AFI-VTR method can provide accurate T; mea-
surement of short T, tissues with different excitation
pulse durations.

FIG. 8. In vivo tibial cortical bone results. a, b: Bys and f, maps
calculated from 3D UTE-Cones dual-TR images, respectively. c,
d: Ty maps generated using the uncorrected VTR method (c) and
using the proposed UTE-Cones AFI-VTR method (d), respectively.
The Ty map appears more uniform in (d).

Ma et al.

FIG. 7.Effect of RF pulse durations
(r=150, 200, and 300us) with the same
flip angle of 45° on bovine cortical bone
Ty maps using the proposed 3D UTE-
Cones AFI-VTR method. The first row
shows f, maps generated with the 3D
UTE-Cones AFI method. The second row
shows the 3D UTE-Cones AFI-VTR T,
maps. These maps are uniform and con-
sistent across each of the three RF pulse
durations.

Figure 8 shows in vivo T, mapping of the tibial mid-
shaft in a healthy volunteer. The VIR T, map without
correction shows lower T; values and more B, spatial
modulation than the T, map generated with the pro-
posed UTE-Cones AFI-VTR method, which is consistent
with the simulation and phantom results.

Table 2 summarizes T, measurements for the bovine
cortical bone samples (N=6) and tibial midshaft cortical
bone in the healthy volunteers (N=3). The mean T,
value and standard deviation obtained with the proposed
3D UTE-Cones AFI-VTR method for the six bovine corti-
cal bone samples and the three in vivo human volunteer
tibial cortical bones were 240 * 25 and 218 =+ 10 ms,
respectively.

DICUSSION

We have demonstrated that the proposed 3D UTE-Cones
AFI-VTR method can quantify the T,s of short T, tissues
more accurately by dealing with the problems created by
RF excitation inefficiency and B; inhomogeneity. Numer-
ical simulations show that T; measurements using the
B;-uncorrected VIR and VFA methods are subject to
errors from both B; inhomogeneity and excitation ineffi-
ciency. The B, maps obtained from Equations [7] and [8]
are no longer accurate because of the complex relation-
ship between the flip angle and the mapping functions
shown in Equations [3] and [4] when imaging short T,
species, as a result of the significant transverse magneti-
zation loss during the relatively long RF excitation pro-
cess. Simulation shows that the proposed 3D UTE-Cones
AFI-VTR method provides accurate T, measurements for
tissues with a wide range of T, values. The technique is
relatively insensitive to the duration of the excitation
pulse. Phantom and sample studies demonstrate that the
3D UTE-Cones AFI-VTR method generates uniform T,
maps for both short (i.e., bovine cortical bone) and long
(i.e., agarose phantom) T, tissues. In addition, the bovine
cortical bone T, maps are nearly identical with the three
different RF durations (Fig. 7), demonstrating the robust-
ness of the proposed method. Finally, uniform T, maps
were obtained using the proposed method to provide in



Accurate T; Mapping With 3D UTE-Cones AFI-VTR

Table 2
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T4 Values and the Fitting Standard Error (in ms) Obtained by the Proposed 3D UTE-Cones AFI-VTR Method for In Vitro Bovine Cortical
Bone Samples (N =6) and In Vivo Human Tibial Midshaft Cortical Bone in Healthy Volunteers (N = 3)

In vitro bovine cortical bone sample #1 #2
257 7
In vivo human tibial cortical bone #1
229 +12

251+6

#3 #4 #5 #6
211 x5 206 £8 256 £ 6 250 +7
#2 #3
21511 209+9

vivo tibial cortical bone measurements
volunteers.

Many T; measurement techniques have been proposed
including inversion recovery, saturation recovery, and
SPGR-based VFA and VTR methods (32-34). The
inversion-recovery method is generally regarded as the
gold standard for T, mapping of long T, tissues (32).
However, this inversion-recovery method is not useful
for Ty measurement of short T, tissues, because the typi-
cal inversion pulse available on clinical scanners is too
long to provide complete inversion of the short T, mag-
netization. The saturation-recovery method provides
accurate and precise T, measurements for short T, tis-
sues (34); however, this technique is often too slow to be
used clinically. SPGR-based VFA or VTR methods can
provide fast volumetric T, mapping (4,5,19), but they
suffer from high sensitivity to B; inhomogeneity (16—21).
Obtaining an accurate B; map is crucial with VFA and
VTR T, measurement approaches. Actual flip angle imag-
ing is a fast 3D B; mapping technique that fits very well
with VFA and VTR based T, corrections. It has been used
for volumetric B; mapping of brain, body, and musculo-
skeletal tissues (15,20,21,35). Uniform T, maps can be
derived using the B, correction. Kobayashi proposed a B4
mapping method for short T,s based on an implementa-
tion of the AFI technique using a 3D radial sequence
called concurrent dephasing and excitation (CODE) on a
9.4T 31-cm-bore MRI system (18). The sequence shows
potential for in vivo imaging on clinical scanners. Han
et al proposed a 3D radial-UTE-based AFI approach for B,
mapping of cortical bone (19). However, this group did
not consider the B; measurement errors induced by the
imperfect excitation resulting from the use of a 200-ps
rectangular pulse, which could produce discontinuities in
the B, maps at the bone-marrow boundary (19).

In contrast to these studies, our method does not
require By maps for T, correction. Instead, the longitudi-
nal magnetization mapping function f,(«,T,T2) of the
excitation pulse is obtained by the 3D UTE-Cones AFI
method, which effectively reduces the effect of B, inho-
mogeneity. When identical RF pulses and flip angles are
used with both the UTE-Cones AFI and UTE-Cones VTR
sequences, the derived f,(«a,T, T2) can be substituted in
the VTR function directly for T, fitting. This method
avoids the complex B, estimation from Equation [4] and
corrects for both B; inhomogeneity and excitation ineffi-
ciency simultaneously.

As shown in the original VFA images of the agarose
bone phantom (Supporting Fig. S1), ringing artifacts
were present in the bone regions as a result of the rela-
tively low image resolution used and high signal inten-
sity difference between bone and agarose. The ringing
artifacts then transferred to the calculated VFA T; maps

in healthy

(Figs. 5¢ and 5d). The VFA T, map with B, correction
has a higher average T, value than the uncorrected VFA
T, map. However, the spatial By, variation (Fig. 5a) still
existed in the corrected VFA T, map (Fig. 5d) because of
the inaccurate B;; map that was used, and the compli-
cated relationships between the excitation flip angles in
the VFA sequences and mapping functions (Egs. [3] and
[4]). Therefore, the VFA T, maps did not show much
improvement after B, correction, which was similar to
the simulation results in Figure 3.

The proposed UTE-Cones AFI-VIR method could be
used to measure T; in a variety of short T, tissues,
including ligaments, menisci, the deep layers of articular
cartilage, and myelin. In the case of myelin, the pro-
posed 3D UTE-Cones AFI-VTR method may be used to
accurately measure myelin T; with an extra inversion-
recovery pulse to suppress signals from the long T,
water components (36). Accurate T, measurements may
also be crucial as input for other quantitative MRI tech-
niques such as quantitative magnetization transfer
modeling and UTE-Cones T, imaging. These produce
tissue-characterizing parameters such as macromolecular
proton fraction and low frequency exchange information
in short T, tissues (37,38).

There are several limitations to this study. First, the
total data acquisition time is relatively long, in part
because of the selected parameters for high accuracy,
high image resolution, and broad spatial coverage. A
number of strategies can be used to reduce the total scan
time, including decreasing the total number of TRs,
using lower resolution for f, mapping, and advanced
techniques for image reconstruction. For instance, other
authors have found that T, can be calculated from VTR
data using only two different TRs (39,40), suggesting that
the total scan time of the UTE-Cones VTR sequences can
be reduced (four TRs were used in the in vivo portion of
our study). In addition, the scan time of UTE-Cones AFI
sequence can be reduced by decreasing the image resolu-
tion for f, measurement, and acquiring fewer slices. Fur-
thermore, the scan time may be reduced by using
advanced parallel imaging and compressed sensing
reconstruction (41,42). With a combination of these strat-
egies to greatly reduce the total scan time, our proposed
3D UTE-Cones AFI-VTR method should be acceptable in
clinical applications. Second, fat and chemical shift arti-
facts (which produce ring artifacts in 3D UTE-Cones
imaging) may lead to errors in T, estimation, necessitat-
ing some form of fat-water signal separation to improve
accuracy (43). Third, the clinical application of the 3D
UTE-Cones AFI-VTR method remains to be investigated.
However, considering the importance of accurate T,
measurement, the new technique is expected to be useful
in the diagnosis and treatment monitoring of many
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diseases such as osteoporosis, osteoarthritis, and multi-
ple sclerosis, in which short T, tissues or tissue compo-
nents are involved in the disease process.

CONCLUSIONS

The 3D UTE-Cones AFI-VITR method provides a robust
technique for the measurement of T, of short T, tissues,
such as cortical bone, in acceptable scan times using a
clinical 3T scanner.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of
this article.

Fig. S1. Original VFA images with flip angle o =8° (left), 26° (middle), and
45° (right) in the agarose bone phantom study. There are ringing artifacts
inside the bone region.
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