CONMMUNICATION

Magnetic Resonance in Medicine 54:507-512 (2005)

T,, T, Relaxation and Magnetization Transfer in Tissue

at 3T

Greg J. Stanisz,"** Ewa E. Odrobina,' Joseph Pun,' Michael Escaravage,'
Simon J. Graham,*? Michael J. Bronskill,»* and R. Mark Henkelman,*#3

T,, T,, and magnetization transfer (MT) measurements were
performed in vitro at 3 T and 37°C on a variety of tissues: mouse
liver, muscle, and heart; rat spinal cord and kidney; bovine optic
nerve, cartilage, and white and gray matter; and human blood.
The MR parameters were compared to those at 1.5 T. As ex-
pected, the T, relaxation time constants and quantitative MT
parameters (MT exchange rate, R, macromolecular pool frac-
tion, My, and macromolecular T, relaxation time, T,g) at 3 T
were similar to those at 1.5 T. The T, relaxation time values,
however, for all measured tissues increased significantly with
field strength. Consequently, the phenomenological MT param-
eter, magnetization transfer ratio, MTR, was lower by approxi-
mately 2 to 10%. Collectively, these results provide a useful
reference for optimization of pulse sequence parameters for
MRl at 3T. Magn Reson Med 54:507-512, 2005. © 2005 Wiley-
Liss, Inc.
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Longitudinal, T, and transverse, T,, relaxation time mea-
surements are relevant in understanding water molecular
dynamics in biologic systems. T,, T, relaxation times and
MT depend on the chemical and physical environments of
water protons in tissue. MRI contrast between normal and
pathologic tissue is often based on differences in tissue
microstructure and, therefore, different T, and T, relax-
ation times. Moreover, T,, T,, and MT provide quantita-
tive assessment of tissue pathology. In particular, they
offer additional information about the processes of demy-
elination and axonal loss (1—4), inflammation (5), infarc-
tion (6), white matter edema (7), tumor malignancy (8),
and ischemia (9). Both tissue relaxation and MT parameter
estimates are important in designing MRI pulse sequences
that aim to accentuate contrast between normal and patho-

'Imaging Research, Sunnybrook & Women’s College Health Sciences Centre,
Toronto, ON, Canada.

2Department of Medical Biophysics, University of Toronto, Toronto, ON,
Canada.

3Mouse Imaging Centre (MICe), Hospital for Sick Children, Toronto, ON,
Canada.

Grant sponsor: Terry Fox Program, National Cancer Institute of Canada. Grant
sponsor: Canadian Institutes for Health Research; Grant numbers: MT15598
and MOP57894.

*Correspondence to: Greg J. Stanisz, PhD, Imaging Research, Sunnybrook &
Women'’s College Health Sciences Centre, S655-2075 Bayview Avenue, To-
ronto, ON, Canada M4N 3M5. E-mail: stanisz@sten.sunnybrook.utoronto.ca
Received 3 February 2005; revised 14 April 2005; revised 14 April 2005;
accepted 18 April 2005.

DOI 10.1002/mrm.20605

Published online 5 August 2005 in Wiley InterScience (www.interscience.
wiley.com).

© 2005 Wiley-Liss, Inc.

logic tissue. Since MRI at higher fields (particularly 3 T)
has become more common, it is important to evaluate MR
parameters of tissue quantitatively to determine MRI se-
quence parameters, such as TE (echo time), TR (repetition
time), or MT saturation schemes, that provide an optimal
contrast. The literature data regarding MR parameters at
high fields (such as 3 T) is surprisingly limited. The goal of
this study is to provide a comprehensive evaluation of MR
parameters at 3 T to serve as reference for further MRI
pulse sequence optimization. Therefore, T, and T, relax-
ation, and MT parameters at 3 T and 37°C for a wide range
of tissues: liver, muscle, optic nerve, spinal cord, heart,
kidney, white (corpus callosum) and gray matter (brain
cortex), cartilage, and blood were measured and compared
to those at 1.5 T.

EXPERIMENTAL METHODS

MR Measurements

All 3 T, MR measurements were performed at 37°C using
a research-dedicated, whole body GE SIGNA magnet. MR
pulse sequences and data acquisition were controlled by
an NMR spectroscopy console (SMIS, Surrey, England).
Rectangular radiofrequency (RF) pulses were transmitted
by an RF amplifier (American Microwave Technology,
Brea, CA; model 3205) and solenoid RF coil designed to
accommodate in vitro tissue measurements in test tubes (9
turns, 8 mm in diameter, 15 mm length). Immediately after
tissue excision, the samples (approximately 300 pL by
volume) were immersed in non-protonated, MR-compati-
ble fluid (Fluorinert; 3M, London, Canada) to avoid dehy-
dration and reduce magnetic susceptibility effects. Tem-
perature was controlled by an air-flow mechanism with
MR-compatible thermocouple (Luxtron) inserted into the
measured sample. The accuracy of sample temperature
was approximately 0.5°. The measurements for a single
sample lasted approximately 2 h. Before and after each
experimental session, a multicomponent, T, decay was
measured using a Carr—Purcell-Meiboom-Gill (CPMG)
(10,11) sequence to confirm no degradation of the sample
signal characteristics. The multi-component T, decay
curves varied less than 1% during these sessions, indicat-
ing that the samples were stable over the time-course of the
MR experiments. The MR parameters and biologic varia-
tions for each tissue were determined from independent
measurements of 3 tissue samples. The T, and T, relax-
ation measurements were then repeated at 1.5 T (Nalorac,
1.5 T magnet) with identical MR pulse sequence parame-
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FIG. 1. (a) T, decay in muscle tissue as measured by a CPMG sequence. For clarity, only 600 (out of 6000) data points are shown. The
experimental data exhibits “upward” curvature, indicating non-monoexponential T, behavior. Although it appears that only the first
1500 have a useful SNR, using all 6000 echoes for data analysis ensures NNLS fit stability and accuracy of determining long T, relaxation
times, and allows the estimation of SNR. (b) The T, spectrum for the data shown in (a). The T, spectrum is a result of an NNLS fit and shows
as a function of T, relaxation times the relative signal amplitude per logarithmic interval. In the case of muscle, 3 well distinguished T,
components are observed. The physical interpretation of the observed T, peaks is beyond the scope of this study. As a single-parameter
summary of the T, spectrum, an average T, relaxation time <T,> was calculated as the arithmetic mean of the spectrum. For muscle at
3T, <T,> = 50 * 4 ms. (c) Inversion recovery data for quantitative evaluation of T,. Normalized magnetization is shown as a function of
inversion recovery time, Tl, on a logarithmic timescale. Therefore, the decay curve appears sigmoidal. The data points represent
experimental data, whereas the solid line is the fitted curve obtained by using a monoexponential equation T, decay model. For muscle at
3T, T, = 1412 = 13 ms. (d) Quantitative MT data for a muscle sample. The normalized liquid pool magnetization (M,/M,) is shown as a
function of saturation pulse offset frequency, A, for 7 applied saturation pulse amplitudes, w,/2mw. The solid lines represent a global, 2-pool

model fit to the experimental data (points).

ters generated by the same SMIS console. The sole excep-
tion involved the specifics of tuned RF coils.
The MR measurements consisted of the following:

® T, relaxation data acquired using a CPMG sequence
(10,11) with TE/TR = 1/15,000 ms, 6000 even echoes
sampled, 24 averages, and a DC phase cycling scheme.

® T, relaxation time data acquired using an inversion
recovery (IR) sequence (10) with 35 TI values logarith-
mically spaced from 1 to 32,000 ms, 20s between each
acquisition and the next inversion pulse (TR), and 2
averages.

® Magnetization Transfer (MT) was measured using a
continuous-wave (cw) saturation pulse of 7 s dura-
tion. To evaluate MT data (12) quantitatively, 7 RF
saturation amplitudes (w,/27 = 85, 170, 340, 670,
1340, 2670, and 5340 Hz) and 26 off-resonance fre-
quencies, A (logarithmically spaced from 0.014 to
250 kHz), were applied. The repetition time, TR, was
20s, and the number of averages was 4. For the “stan-
dard” magnetization transfer ratio (MTR) evaluation,
the RF saturation pulse amplitude, w,/2%, was 670 Hz,
and the offset frequency of the saturation, A, was
5 kHz. The effects of any residual transverse magne-
tization following the off-resonance irradiation were
removed by phase-cycling the w/2 pulse (—x/x).

To probe T, relaxation anisotropy in cartilage, the only
tissue in this study to show this effect (13), the T, relax-
ation experiments were performed for 2 angular orienta-
tions in respect to the major collagen fibers: 0° and the

magic angle of 55° (13). MR properties of blood were
measured at a blood oxygen level of 95%. Diffusion prop-
erties were not measured because it has been shown pre-
viously that the Brownian motion of water molecules does
not depend on the external magnetic field strength (14,15).

Data Analysis

Hlustrative T, data for muscle tissue are presented in
Fig. 1a. All T, decay data were fitted to a multi-component
T, model by using a Non-Negative Least-Squares (NNLS)
algorithm resulting in a fitted T, spectrum (16), presented
in Fig. 1b. The T, spectrum shows the relative signal
amplitude per logarithmic interval as a function of T,
relaxation. As a single-parameter summary of these T,
spectra, an average T, relaxation time, <T,>, was calcu-
lated as the arithmetic mean of the T, spectrum (Fig. 1b).
<T,> is similar to the mono-exponential estimate of T,
decay that is usually assessed in clinical MR except it is
estimated with much shorter echo times (TE = 1ms) and it
is measured above (beyond) 1 s, a region that is not usually
evaluated in clinical imaging.

The T, data were analyzed assuming mono-exponential
behavior. This assumption is valid for all the measured
tissues, because on the time scale of T, measurement (typ-
ically a couple of seconds) the inter-compartmental ex-
change achieves total mixing of intra- and extra-cellular
pools (17,18) and mono-exponential relaxation recovery is
anticipated (19). An example of inversion recovery data for
muscle tissue is presented in Fig. 1c. The abscissa is the
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Table 1
T, and T, Relaxation Times at 3T and 1.5T Measured at 37°C. Literature data is also shown.
T,—3 T [ms] T,—3 T [ms] T,—1.5T [ms] T,—1.5T [ms]
Tissue
This study  Literature  This study Literature This study Literature This study Literature
Liver 42 =3 812 = 64 46 = 6 54 + 8 576 = 30 ~600@3
Skeletal muscle 50 x4 32 =29 1412 =13 1420 + 389 44+ 6 35+ 4% 1008 = 20 1060 = 1555
Heart 47 + 11 1471 = 31 40+ 6 44 = 6°9 1030 = 34
Kidney 56 = 4 1194 = 27 55+3 61 =117 690 = 30 709 + 60©7
Cartilage 0° 27 =3 37 =429 1168 = 18 ~1240@% 304 42 = 7€9 1024 = 70 ~1060@%
Cartilage 55° 43 + 2 45 + 6749 1156 = 10 44 + 5 1038 + 67
White matter 69 =3 56 + 420 1084 = 45 1110 + 459 724 79 + 8® 884 + 50 778 + 8469
Gray matter 9 7 71 =10@" 1820 = 114 1470 = 50©? 958 ~95(9) 1124 = 50 1086 + 228¢8)
Optic nerve 78 =5 1083 += 39 77 *+9 815 = 30
Spinal cord 78 £2 993 + 47 74 £ 6 745 = 37
Blood 275 = 50 1932 = 85 ~1550@0 290 =30 327 * 40" 1441 = 120 ~1200€9

inversion recovery time, TI, on a logarithmic scale. There-
fore, the T, recovery appears as a sigmoidal curve. The
solid line in Fig. 1c represents the mono-exponential fit to
the experimental data.

Quantitative MT data were fitted to a “2-pool” model
(12,20) quantifying the exchange between an unrestricted
(liquid) and a semisolid (macromolecular) pool of re-
stricted mobility. The model estimates: R, the rate of MT
exchange of longitudinal magnetization between liquid
and semisolid pools, My, the fraction of magnetization
that resides in the semisolid pool and undergoes MT ex-
change, and T,;, the transverse relaxation time value of
the macromolecular protons. For solid tissues, MT data
were fitted with a super-Lorentzian lineshape (20), where
the width of the macromolecular line-shape was charac-
terized by an estimate of the transverse relaxation time for
semisolid pool, T,;. For blood, a Lorentzian line-shape
was used, based on previous observations (21). The mag-
netization transfer ratio (MTR) was evaluated by the fol-
lowing equation:

MTR = (Mo = Msar)/M, (1]
where M, and Mg, denote signal amplitude measured

without and with the RF saturation pulse, respectively.
Mg was measured at the RF saturation pulse amplitude

Table 2

,/2m = 670 Hz, and the offset frequency of the RF satu-
ration A = 5 kHz. Fig. 1d shows fitted MT, Z spectra (22),
and the measured MT data, enabling more quantitative
analysis. Residual, longitudinal magnetization following
an RF saturation pulse normalized to magnetization with-
out saturation is plotted as a function of offset frequency,
A, for 7 different RF pulse amplitudes, w,/27.

RESULTS

The MR parameters at 37°C and 3 T for the variety of
measured tissues are presented in Tables 1 and 2. Table 1
shows 3 and 1.5 T longitudinal, T,, and transverse, T,,
relaxation times and compares those with values obtained
from the literature. There was no significant, statistical
difference (within the experimental error) between the T,
relaxation time values at 3 T and 1.5 T. T, relaxation time
constants for all measured tissues were longer than those
at 1.5 T. The percentage increase in T, values was not
uniform across all measured tissues; it was the largest for
kidney (~73%) and smallest for cartilage (~10%). White
matter T, relaxation time increased by approximately
22%. T, increase in blood was approximately 34%; it was
41% for liver, 43% for heart, 40% for skeletal muscle, 62%
for gray matter, and 33% for spinal cord and optic nerve.

Quantitative MT parameters at 3 T, as reported in Table
2, also varied among measured tissues. The semisolid

Magnetization Transfer Parameters at 3 T Compared to Literature Data at 1.5 T.

This paper measured at 3 T

Literature at 1.5 T

Tissue
Mog [%] Rs 1] Tog [ps] MTR [%] Mg [%] Rs™'] Top [1s]
Liver 6.9+ 0.7 51 =10 7.7 +02 775 53 + 60 7.8 = 0.6??
Skeletal muscle 74+13 66 = 6 8.7 + 0.1 88 =2 6.9 + 1.6 70 + 4@ 8.2 + 0.6®¥
Heart 9.7 £ 0.2 52 =7 8.1 +0.1 89 = 1 7.2 0.7 57 = 53 8.4 + 0.4
Kidney 71+1.0 46 =7 8.1+03 82 + 1
Cartilage 0° 171 + 2.4 57 +3 8.3 + 0.1 85 + 1
Cartilage 55° 18.2 + 0.4 60 +5 8.3 = 0.1 86 + 1
White matter 13.9 + 2.8 23+ 4 10.0 = 1.0 85 + 1 15.2 + 2.3¢® 30 = 8©® 11.3 + 1.8¢®
Gray matter 50+ 05 40 + 1 9.1 +02 84 + 1 7.2 +1.369® 33 + 9©® 11.1 + 1,169
Optic nerve 15.8 = 1.1 23+ 2 10.0 = 0.6 86 + 2 20 + 39 10.5 + 0.5?9
Spinal cord 12.6 + 1.8 26+ 5 10.5 + 0.6 83 + 1
Blood 28 *0.7 35+7 280 *+ 50 11 + 4 3.3 +£0.6®¥ 40 + 59 340 + 40@3

MTR is measured at the RF saturation pulse amplitude, w,/2m = 670 Hz, and the offset frequency of the saturation, A = 5 kHz (optimum
MT experimental parameters to achieve maximum MT effect for most of the tissues).
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(macromolecular) pool fraction, Mg, was high for optic
nerve (15.8 = 1.1%), spinal cord (12.6 * 1.8%), and white
matter (13.9 = 2.8%) and was the largest for cartilage
(17.1 = 2.4%), whereas it was relatively smaller for muscle
(7.4 = 1.3%), liver (6.9 = 0.7%), heart (9.7 = 0.2%),
kidney (7.1 = 1.0%), gray matter (5.0 = 0.5%), and blood
(2.8 £ 0.7%). The MT exchange rate, R, also varied in the
measured samples, ranging from approximately 25 s~ * for
tissues containing white matter (WM, optic nerve and
spinal cord) to approximately 46 to 66 s~ ' for kidney,
heart, liver, cartilage, gray matter, and skeletal muscle. The
macromolecular pool T, relaxation time, T,5, was similar
for all measured tissues, ranging from ~7.7 s for liver to
~10.5 ps for spinal cord. Consistent with the literature
(20,21,23), blood exhibited a lower MT effect MTR = 11 =
4%) and a different macromolecular pool T, relaxation
time, T,y (280 * 50 ps). Although the MTR values were
significantly different among tissues, their range (77 = 5%
for liver and 89 *= 2% for heart) was remarkably narrow.
The quantitative MT parameters measured at 1.5 T were
similar to those at 3 T.

DISCUSSION

The major goal of this study was to provide a compre-
hensive summary of MR parameters at 3 T. T, relaxation
time was found to be independent of magnetic field (Table
1), which is consistent with early observations by Bottom-
ley and coworkers (24). The measured values at 3 and 1.5
T showed no significant differences within experimental
error. Although T,-weighted imaging at 3 T is quite com-
mon, quantitative assessment of T, is surprisingly limited.
There are (at least to our knowledge) no quantitative T,
data for liver, heart, kidney, and blood at 3 T. The only
studies that present quantitative T, relaxation times at 3 T
were performed by Gold and colleagues (25) for cartilage
and muscle, Smith and coworkers (26) for cartilage, and
Gelman et al. for brain (27).

T, values obtained by Gold (25) for skeletal muscle and
cartilage are significantly lower than the ones obtained in
this study. These differences are likely due to differences
in pulse sequence techniques. We used a CPMG sequence
with a very short echo time (1ms). This relatively short
echo time was chosen to minimize the effects of the back-
ground gradients (for long TEs) while avoiding the “spin-
lock effect” that is typically present at very short echo
times (28). Gold’s study used much longer TEs (longer
then 10ms) and also shows slight decreases in the T,
relaxation time in muscle and cartilage going from 1.5 to 3
T, but these differences were within the variation between
different subjects. The T, relaxation times in this study are
much more similar to those obtained by Smith and col-
leagues (26). By definition, the transverse relaxation time,
T,, results from time-dependent variations of the effective
magnetic field “seen” by an average proton in the mea-
sured system. This classic T, characteristic (intrinsic T,
relaxation time) takes into account rotational and diffu-
sional motion of protons in tissue. It does not, however,
include spatially varying magnetic fields. In particular, the
presence of paramagnetic or supermagnetic (iron) particles
or altered tissue susceptibility result in microscopic field
variations that may not be easily compensated by spin
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echo (or CPMG) sequence. Therefore, measured T, relax-
ation time may depend on the external magnetic field and,
more importantly on the echo time, TE. It is not surprising,
therefore, to observe some decrease in measured literature
T, values at sufficiently long echo times.

In the case of tissue devoid of paramagnetic impurities,
measured T, represents an intrinsic T, value. For example,
in the case of white matter, the T, relaxation spectra do not
depend on TE or field strength (data not shown). More-
over, accurate T, relaxation time estimation relies on the
accuracy of 180° pulses, which is not perfect in typical MR
imaging. Finally, the T, relaxation in tissues is typically
not mono-exponential. Therefore, evaluated, apparent T,
relaxation time (typically based on 2 TE values) depends
on the TE chosen for final analysis (Dr Alex MacKay,
private communication). In summary, the quantitative as-
sessment of the T, relaxation time should be considered
with caution.

As for T, relaxation, comprehensive comparison be-
tween the results of this study and the literature is also
possible. For example, there is excellent agreement be-
tween the skeletal muscle T, obtained in this study
(1412 * 13ms) and that measured by Gold (1420 = 38 ms)
(25). Similarly, 3 T data for cartilage and white matter are
comparable with literature values (Table 1).

T, for gray matter was measured as 1820 = 114 ms;
however, the value reported by Ethofer and coworkers (29)
is significantly (1470 = 50 ms) lower. Similarly, blood T,
at 3 T was longer (1932 *+ 85 ms) than the literature value
of approximately 1550 ms (30). This discrepancy probably
results from using different methods of T, estimation. In
the case of Ethofer and colleagues (29), in vivo "H mag-
netic spectroscopy (MRS) was used. Single-voxel spectros-
copy in 2 cm X 2 cm X 2 cm volumes of interest was
performed for different regions of the brain. With such a
large volume, it is difficult to avoid partial volume effects;
therefore, the T, reported may also contain contributions
from white matter (which has a lower T,). Moreover, the
choice of TR = 10,000 ms by Ethofer (29) is much lower
than 6 X T,; hence, it does not allow the magnetization to
reach equilibrium, which may contribute to underestima-
tion of T, relaxation time. The 3 T, T, relaxation time
evaluated in the present study for blood (1932 * 85 ms)
and heart (1471 = 31 ms) were also significantly higher in
comparison to those obtained by Noeske and coworkers
(31) (1550 = 85 ms and 1115 * 10 ms, respectively). This
discrepancy can probably be explained by the fact that the
T, relaxation evaluation used by Noeske is measured over
a very limited range (100 ms to 800 ms) of TI values,
resulting in an underestimation of the intrinsic T,.

Quantitative MT parameters varied between measured
tissues. These differences can be explained by different
macromolecular tissue composition. The tissues exhibit-
ing high lipid (white matter, optic nerve, and spinal cord)
or high collagen content (cartilage) exhibited large MT
macromolecular fraction, My (between 12.6 and 18.2%).
Conversely, the MT exchange constant, R, was low for
neural, WM tissue (from 23 to 26 s~ ') and was much
higher (from 40 to 66 s~ ') for muscle, liver, heart, kidney,
gray matter, and cartilage. It has been shown that the MT
effect in white matter is mostly due to the MT exchange
between free water and lipids associated with myelin
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sheath (32). The different R values between white matter
tissue (WM, optic nerve and spinal cord) and musculoskel-
etal tissue (liver, muscle, heart, kidney, and cartilage) sug-
gest different exchange constants for lipids (myelin) and
proteins or collagen (muscle tissue and cartilage). How-
ever, with the exception of blood, the semi-quantitative
measure of magnetization transfer, MTR, did not exhibit
such large differences between the measured tissues, rang-
ing from 77% for liver to 89% for heart (Table 2). This is
consistent with the fact that MTR is proportional to RMp
* T, (33). The MT parameter, RMy, is similar for all the
tissues (low R is compensated by high M, and vice versa,
with the exception of cartilage, where both R and M are
high and the MT effect reaches its maximum).

In this study, we did not measure MT at 1.5 T. It has
been previously shown that quantitative magnetization
transfer parameters in model systems (agar) are field inde-
pendent (12). Tissue degradation, past 3 h, did not allow
completion of all MR measurements at two different field
strengths for the same sample. However, quantitative MT
data at 1.5 T were surprisingly abundant in the literature,
enabling quantitative comparison. MT parameters at 3 T
did not significantly differ from those obtained at 1.5 T
(Table 2).

Comparison of the MTR parameter with the MRI litera-
ture has always been difficult. This is because the MTR
depends mostly on the MT experimental parameters, such
as saturation pulse amplitude and offset frequency. MTR is
also a combination of true MT and direct saturation of the
liquid pool. For a scientific comparison, MTR values were
calculated for an RF saturation scheme for the offset fre-
quency, A = 5 kHz. Standard commercial scanners often
use lower offset frequency values, A, in the range of
1-2 kHz, which are optimal for 3DTOF angiography but
not so for the MT effect. There is no single value for the
offset frequency that is universally accepted or used. De-
pending on tissue type and RF pulse saturation scheme,
the optimal frequency offset for maximizing the MT effect
is between 3 and 8 kHz. However, MT data, as presented
here, enabled simulations for a range of experimental
pulse sequences, showing that the values of MTR at 3 T are
expected to be 2 to 10% lower than those at 1.5 T (data not
shown). This small difference in MTR is solely due to
increases in T, relaxation time. This phenomenon has
been confirmed by Duvvuri and coworkers (34), who ob-
served an MTR decrease in white matter by approximately
17% between 1.5 and 4 T.

CONCLUSIONS

Longitudinal T, relaxation times increase with the
strength of the magnetic field, while T, relaxation and
quantitative magnetization transfer parameters are com-
paratively field independent from 1.5 to 3 T. Based on
quantitative MT parameters, MTR is expected to change
only slightly; its value decreases by approximately 2 to
10%. Collectively, the results of the present study provide
a useful reference for optimization of pulse sequence pa-
rameters for MRI at 3 T.
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