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Abstract

Longitudinal relaxation in the rotating frame (77,) is the dominant mechanism during a train of adiabatic full passage (AFP) RF
pulses with no mterpulse intervals, placed prior to an excitation pulse. Asymptotic apparent time constants (77 ,) were measured for
human occipital lobe '"H,O at 4 T using brief imaging readouts following such pulse trains. Two members of the hyperbolic secant
(HSn) AFP pulse family (n =1 or 4; i.e., arising from different amplitude- and frequency-modulation functions) were used. These pro-
duced two different non- monoexponentlal signal decays during the pulse tralns Thus, there are differing contrasts in asymptotic 77, '
maps derived from these data. This behavior is quite different than that of 'H,O signals from an aqueous protein solution of roughly
the same macromolecular volume fraction as tissue. The ROI-averaged decays from the two acquisitions can be simultaneously accom-
modated by a two-site-exchange model for an equilibrium isochronous process whose exchange condition is modulated during the pulse.
The model employs a two-spin description of dipolar interaction fluctuations in each site. The intrinsic site Ry, (= T l’pl) value is sensitive
to fluctuations at the effective Larmor frequency (weg) in the rotating frame, and this is modulated differently during the two types of
AFP pulses. Agreement with the data is quite good for site orientation correlation time constants characteristic of macromolecule-inter-
acting water (site 4) and bulk-like water (site B). Since R; 4 is significantly modulated while R,z is not, the intrinsic relaxographic shut-
ter-speed for the process (= |Ri,4 — Ri,5l), and thus the exchange condition, is modulated. However, the mean residence time (67 ms) and
intrinsic population fraction (0.2) values found for site 4 are each rather larger than might be expected, suggesting a disproportionate
role for the water molecules known to be “buried” within the large and concentrated macromolecules of in vivo tissue.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Ty, contrast; Adiabatic pulses; Shutter-speed; Dipolar relaxation

1. Introduction

Conventionally, MRI contrast is generated by the tissue
variation of free-precession longitudinal (time constant, 77)
and/or transverse (time constant, T») relaxation of the
'"H,0 MR signal. The orientational references of these
are relative to the laboratory frame, in which the direction
of the main magnetic field defines the longitudinal axis, Z.
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However, there have been several recent investigations of
spatially encoded in vivo 'H,O relaxation occurring in
the presence of radio frequency (RF) irradiation, referred
to as rotating frame relaxation. The relaxation of magneti-
zation parallel to the longitudinal axis (Z') of that reference
frame is characterized with the time constant T),, while
that of magnetization in the plane perpendicular to Z’ with
the time constant 7%,. These reports have shown 77 ,-relat-
ed contrast in, for example, rat cerebral ischemia [1] and
human knee cartilage [2] and T5,-related contrast in the
human brain [3,4].
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The in vivo T, studies reported to date have employed
pulse sequences utilizing a traditional “continuous wave”
(CW) RF “spin lock,” that is, with a constant irradiation
frequency (wrp). Here, we report the first in vivo "H,O
T, images (of the human occipital cortex) obtained when
the spin lock is accomplished with a train of contiguous,
so-called ‘‘adiabatic” (frequency-swept) modulated RF
pulses. Moreover, we have used two different RF modula-
tion functions to effect the adiabatic pulses. (After this
manuscript was submitted, a report appeared on simula-
tions of the use of modulated adiabatic waveforms to
accomplish the spin lock [5].)

The rate constant for laboratory frame longitudinal relax-
ation (R;) is particularly sensitive to the molecular fluctua-
tions of magnetic dipolar interactions, but only those at
high frequencies near that (wg) of the Larmor precession
(i.e., in the MHz range) [6]. There is good reason to believe
that the most effective dipolar fluctuations in tissue occur
at much lower frequencies (i.e., in the kHz range) [6]. It has
long been understood that the rotating frame longitudinal
relaxation rate constant (R ,) is driven principally by dipolar
fluctuations at frequencies near that (weg) in the simulta-
neous presence of the RF and laboratory magnetic fields
(the effective precession frequency). Since this can be
“tuned”’ by adjustment of w;, the (Rabi) frequency measure
of the RF amplitude, it has been anticipated that this can pro-
vide experimental access to the relevant lower frequencies.
However, an NMR measurement of the kinetics of a process
(say, an equilibrium molecular exchange) can be accom-
plished only if the kinetics can be varied relative to the inher-
ent “shutter-speed” of the NMR experiment, or vice versa
[7]. Since in vivo studies are constrained to an isothermal
condition (37 °C), process kinetics cannot be altered. Thus,
the shutter-speed must be varied. With the traditional CW
spin lock, this can be accomplished only with time-consum-
ing incrementation of w; [8], or of the “off-resonance” fre-
quency difference |wrg — wg| [9]. However, an important
property of the adiabatic pulse is that the magnitude of weg
is inherently modulated during its time-course. We have tak-
en advantage of this feature.

For the interpretation of NMR data, dynamic processes
can often be modeled with a parsimonious equilibrium
two-site-exchange (2SX) system approximation. Thus, we
have applied the theoretical formalisms for simultaneous
rotating frame dipolar relaxation and 2SX equilibrium
maintained during the adiabatic pulse. We find that we
can successfully account for our experimental results with
fundamental parameters for tissue water dynamics that
are not unreasonable.

2. Theory

2.1. Adiabatic pulse effects on T, relaxation concurrent with
equilibrium exchange between two sites

During the courses of adiabatic full-passage (AFP) puls-
es, the decay of magnetization aligned along the time-de-

pendent effective magnetic field direction weg(#) is referred
to as longitudinal relaxation in the rotating frame, charac-
terized by T',(#). During an adiabatic pulse, both the ori-
entation (measured by the angle o) and the magnitude of
e In the frequency-modulated rotating frame vary con-
tinuously [10,11]. In the 2SX model, there are two magne-
tization populations contributing to the signal intensity
(ST). Even without resonance frequency differences between
the exchanging spins, dw = 0 (the isochronous case), the SI
time-course can be biexponential when the exchange sys-
tem is in the intermediate or slow exchange conditions
[12,13]. Thus, during our pulse sequence (Fig. 1a), which
includes an AFP pulse train of length TL (= mT,, where
m is the number of AFP pulses and T, is the duration of
each pulse), the SI time-course can be written as:

SI() _ 1 (™, o
SI, Tp/O PA(t)dtexp{—m/O Ry, (2)dt

- <R/1p(A)AHP>TAHP - 2<R,2p(A)AFP>TAFP

—Roy(TE — 2Tp)}

1 Ty : Tp )
+T—p/0 PB(t)dtexp{—m/ R 5(t)dt

0
- <Rl1 p(B)AHP> T'anp — 2<R,2/1(B)AFP> T arp

—R(TE — ZTP)}7 (1)

where

, 1 TL+T aup ,
<R1p(A,B)AHP> = Tarr /TL Ry, pyanp(1)dt (la)
and

) 1 TL+TAup+Tp )
<R2p(A,B)AFP> = T7p /TL” R, (a8 arp(1)d1. (1b)

AHP

Here, P),(t), P5(?),R),,(¢), and R) ,(¢) are the apparent pop-
ulations and relaxation rate constants of the 4 and B mag-
netization pools (as affected by the exchange), and Sl is the
signal intensity when ¢ = 0. The total time for the SI decay
during the Fig. la pulse sequence includes the periods of:
(a) the AFP pulse train of length TL, (b) the adiabatic half
passage (AHP) excitation pulse of duration Tayp, and (c)
the slice selection time period TE. Thus,
TD =TL + Tagp + TE. Eq. (1) states that relaxation is
governed solely by T, during TL, governed by T, during
the AHP, and by T3, during the two slice selecting AFP
pulses ([3,10,11]) and relaxation is governed by free preces-
sion T relaxation during the time interval (TE — 27},). The
(Taup + TE) period is constant for all acquisitions, and
will be dealt with here by extrapolation. We will see that
the apparent relaxation rate constants and populations
are time dependent during the RF irradiation.

The theory of T, relaxation in the presence of equilib-
rium anisochronous exchange, e.g., between spins with dif-
ferent resonance frequencies, ow # 0, is well established
[14-16]. Here, we consider the effect of an isochronous
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Fig. 1. (a) The fully adiabatic (HS1),,-90° or (HS4),,-90° RF pulse timing diagram is presented. The slice selection and the spiral readout gradient pulses
are not shown. The total SI decay time is TD = TL + Tayp + TE, where the AFP pulse train duration is TL, the excitation AHP pulse duration is Tayp,
and the constant slice selection segment is denoted by TE. (b) The v2; time courses during two contiguous HS1 and HS4 pulses are plotted. The dashed
lines represent highest and lowest values of vZ; during the HS4 pulse. (c) Amplitude (top) and frequency (bottom) modulation functions in the FM frame

for two different AFP pulses, HS1 and HS4 [9].

exchange (6w = 0, out between spins at sites 4 and B hav-
ing different relaxation rate constants in the absence of
exchange) maintaining equilibrium during the RF irradia-
tion. The well-known equations describing the instanta-
neous apparent relaxation rate constants and populations
of the sites 4 and B undergoing 2SX can be written for
the time-dependent T ,(¢) as [12,13,17]:

R,lpA(t) = %{RlpA(t) +RlpB(t) + kA + kB

+ [(RlpA(f) = Rupp(1) + ka — kB)Z + 4kAkB} 1/2}’
(2)

Ry (1) = %{Rmm - Rup() + kr +

[ (Rupa(e) = Rugn0) + a = K)? + Ak 1/2},
(3)

P =@ 0 1 R0 (PaR1pa() + PpR1pp() = R, (1))

P (1) = 1= PL(1). (4)

Here, Ri,a(?) and R;,g(?) are the intrinsic longitudinal
rotating-frame relaxation rate constants of sites 4 and B
magnetizations in the absence of exchange, P, and Pp
are the intrinsic equilibrium populations (mole fractions)
of spins in magnetic sites 4 and B, respectively, and k4
and kp are the unidirectional rate constants for site egress

1 -1

(i.e., 7,7 and 15, respectively). The relaxation rate con-
stants Rj, p(f) represent relaxation from mechanisms
other than the equilibrium exchange, such as dipolar inter-
actions, cross-relaxations, and cross-correlations. Thus, the
fixed physiological parameters of an isothermal tissue sys-
tem are P, k,, Pp, and kp. These are not independent of
each other: the McConnell relationship is P, k4= Pp kp
[18]. The measure of equilibrium kinetics is the rate con-
stant: k =k, + kp. Egs. (2)—(4) suggest that, in the pres-
ence of isochronous 2SX, the apparent rotating frame
relaxation rate constant and population of the site 4
(R},,(t) and P (t), respectively) can depend on the intrinsic
parameters of site B (R;,, g(f) and Pg), and vice versa.

In the fast-exchange-limit (FXL), the relaxation has a
single-valued rate constant (even though it varies during
the adiabatic rotation), R| ,» given by Woessner and Zim-
merman [12,13]:

Rllp(t) - PARlpA(t) +PBR]/)B(I) (5)

and can be identified with whichever of R, 4(¢) and R, (%)
is smaller [17]. At the other extreme, the slow-exchange-
limit (SXL), P, =P, and P, =Py, and we have:
Rl]pA(t) = RlpA(t) + kA, and Rl]pB(t) = RlpB(t) + kB [12,13]
Now, we will expand the intrinsic rotating frame relax-
ation rate constants (R;,4(?) and R;,(?)) for site 4 and
B magnetizations in terms of dipole-dipole interactions
between two identical spins in each site and their resulting
auto-relaxations (cross-relaxations and cross-correlations
are not explicitly considered here: they are implicit). The
expressions for these interactions can be used to estimate
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pulse time-course dependencies for R;,4(?) and R;,z(f) in
Egs. (2)-(4). The two sites might be thought of as, for
example, macromolecule-interacting water (along with
macromolecular protons with which water protons might
exchange) and bulk-like water.

3. Relaxation in each site
3.1. The isolated two-spin description (A, or B>)

For a system of two equivalent nuclei of spin / and gyro-
magnetic ratio y in a single site, the instantaneous rotating
frame longitudinal relaxation rate constant contribution
from the dipolar fluctuations can be given by a simple, iso-
lated two-spin description [19]:

R 1 [3sin’a(f) cos?a(r) 3sin” (1)
vt = o) | TH k@2 | 1+ day ()2
2+ 3sin’a(r) 8 — 6sin’ () (6)
1 + w2 1 +4w3 |
where ;L= 2/(1 + 1)i*)*r ‘., r is the internuclear dis-

tance, 7. is the correlation time for tumbling of its vector,
7 1s Dirac’s constant, and ¢ is the elapsed AFP pulse time.
Similar to R, 44 relaxation [13], Eq. (6) can be used to cal-
culate the time-courses of the two different site R;, 44 val-
ues during the AFP pulses. In each of the sites, 7. and r can
(and at least 7. generally will) be different, and therefore,
Teas TeB» F'a, and rp are additional fundamental parameters
characterizing the physiological system.

Now, R, () (= Ry, 44(?)) is time-dependent as a result of
modulating the pulse functions, w; () and wgrg(?). (Here,
w (1) and wgrp(f) each have units of rad/s.) Detailed
descriptions of the HS»n adiabatic pulse modulation func-
tions are given in [10,20]. Briefly, HSn pulses are stretched
versions of the hyperbolic secant pulse [21], and » denotes
the stretching factor. According to this description, the
original hyperbolic secant pulse is referred to as the HS1
pulse. As n becomes larger, the HSn pulse amplitude-
modulation (AM) function becomes flatter, and progres-
sively resembles that of the chirp pulse (e.g., the AM
function flattens and the frequency sweep approaches
linearity) (Fig. 1c). Thus, the time evolution of magnetiza-
tion during an HSn pulse can change significantly with a
change of n.

During an AFP pulse, w.q(#) changes its orientation in
the laboratory frame at the instantaneous angular velocity,
da(z)/dt, with:

a(f) = tan™! (Z)cla((tt))>’ (7)

where Aw (t) = (wg — wrg(?)). In classical analyses of adia-
batic pulses, it is convenient to consider the vector compo-
nents of the magnetic fields and magnetization (M) in a
reference frame that rotates at the instantaneous RF pulse
frequency, wrg(?), and is known as the frequency-modulat-
ed (FM) frame. We note that the magnitude of the effective

field frequency during an adiabatic pulse is also modulated,
and is given by:

werr (1) = 1/ 0 (1) + Aw?(2). (8)

The pulse time-dependencies of squares of this quantity are
plotted in Fig. 1b for adjacent pairs of the HS1 and HS4
AFP pulses used here.

Egs. (7) and (8) allow us to insert the effects of the pulse-
producing modulation functions into Eq. (6) and this pro-
vides an explanation for the pulse duration time-course
dependence. Because .y varies, the magnetization
responds to varying portions of the global motion spectrum
(J) [6] during the pulse. It is important to note that there is
an Eq. (6) for each site, 4 and B. These produce the R, 4(?)
and R;,p(?) values for Egs. (2)—(4), which, along with the
Pa, Pp, ka, and kp values, ultimately give the R/lpA(t),
R, 5(1), Py(), and Py(t) values for Eq. (1), which can in
turn give the pulse train length dependence of the SI.

The condition of the exchange system, which can range
from the FXL to the SXL, depends on the comparison of
the relevant shutter-speed for the exchange process, T '
(Cyrillic t), with & (FXL: 1 ' < k; SXL: !> k) [17].
Here, the rotating frame, longitudinal relaxographic
17, = |[Rypu(t) = Riys(t)|. Though k is invariant in isother-
mal tissue, R;,4 and R;,p can be functions of ¢ during the
pulse (as we have seen). Since R, ,4() almost certainly var-
ies differently than R,,p(t), T, pl varies during the pulse.
Thus, the exchange condition can vary during the course
of the AFP pulse.

4. Methods

For phantom sample measurements, hen egg white lyso-
zyme (Sigma L-6876, Grade I) was hydrated by adding 80%
phosphate buffered saline by mass to solid protein [36,37],
and thoroughly mixed by swirling. 7, measurements of
'H,O signals from this solution were performed with an
MRI system having a Varian Unity INOVA console (Vari-
an Associates, CA, USA) interfaced to a 40 cm (horizontal)
bore 4.7 T magnet (OMT, Inc., Oxon, UK). The 15 mL
sample was held in a cylindrical container with its axis par-
allel to the magnet Y-axis, and placed adjacent to a surface
RF transceiver coil. The solution was studied at ambient
temperature, and did not settle during the ~10 minute
acquisition. A localized spectroscopy pulse sequence [10],
with the train of adiabatic pulses placed prior to the locali-
zation portion, was employed.

Human experiments were performed according to pro-
cedures approved by the Institutional Review Board of
the University of Minnesota Medical School. After obtain-
ing informed consent, studies on healthy volunteers were
conducted with an MRI system having a Varian Unity
INOVA console (Varian Associates, CA, USA) interfaced
to a 90 cm bore 4 T magnet (OMT, Inc., Oxon, UK). A
'H quadrature surface RF transceiver coil assembly, con-
sisting of two geometrically decoupled turns (each 7 cm
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in diameter), was used for the measurements. Shimming
was performed with a fully adiabatic version of FASTMAP
(Fast Automatic Shimming Technique by Mapping Along
Projections) [22]. Gradient-echo TurboFLASH images [23]
were first acquired for all subjects to define the slice orien-
tation and position in the human visual cortex for the adi-
abatic T, measurements.

The fat signal at 1.3 ppm was suppressed with variable-
power RF pulses having optimized relaxation delays,
VAPOR [24], placed prior to the AFP pulse train. Because
T , Telaxation depends on the pulse modulation functions
of the adiabatic pulse train only, the slice selection and
imaging readout portions of the pulse sequence create a
constant weighting and thus do not affect the measured
relaxation rates. Here we used the TurboFLASH or spiral
imaging readouts. With the gradient-echo TurboFLASH
imaging readout, four segments were used. With a segment-
ed spiral readout [25], eight segments were used (acquisition
time = 35 ms). T , images of the occipital cortex were
measured using (0.70 mm)? in-plane resolution, FOV =
(18 cm)z, 256 matrix, and slice thickness = 3 mm. Thus,
the digital pixel area is 0.49 mm? and voxel volume is
1.5 uL. Two pre-scans were executed in all experiments
in order to achieve an MR steady-state prior to data
collection.

Of course, the AFP pulse can be effected in more than
one way. Our T , measurements were performed using var-
iable numbers (m) of HS1 or HS4 pulses in the AFP train
placed prior to coherence excitation with an AHP pulse.
Here, slice selection was performed with the two HS1 puls-
es applied in the presence of slice selection gradients
(Fig. 1) and spiral imaging readout was used. These
sequences are denoted (HSI1),,-90° and (HS4),,-90°. Every
AFP pulse had a bandwidth of 6.6 kHz and T, set to
3 ms. The optimum RF power levels were determined for
both HS1 and HS4 pulses using the region-of-interest
(ROI) signals. The RF amplitude was calibrated by using
a 400 ps hard pulse and varying its amplitude until a 90°
nutation was achieved. The calibration experiments
showed that the RF power settings used for the HS1 and
HS4 pulses produced amplitudes (w™**/21) equal to
~2.5 kHz. Because imaging was localized to the same brain
region in all experiments, the RF power required to achieve
the adiabatic condition varied by only 1-2 dB between sub-
jects. The overall AFP train length (TD) was incremented
by increasing the number () of AFP pulses in multiples
of four with relative phases set according to MLEV 4
[26]. Five images were collected with TL values of 12, 24,
36, 48, and 60 ms (m =4, 8, 12, 16, and 20). The 4 ms
AHP excitation pulse and the slice selection portion
(TE =10 ms) was the same in all measurements. Thus,
the total time of the signal decay was TD = TL + 14 ms.
Interleaved acquisitions with the HS1 and HS4 AFP pulse
trains were accomplished in order to minimize miss-regis-
trations of the image slices.

Specific absorption rate (SAR) values were computed
with the conservative assumption that all RF energy was

deposited into 1 kg of brain tissue. The RF energy deposit-
ed by the AFP pulse train increases with m, and was kept
below the FDA limit for the longest AFP pulse train.
The SAR values were below the FDA guidelines (http://
www.fda.gov/cdrh/ode/mri340.pdf). Calculated SAR val-
ues were 2.43 W/kg with the maximum number of AFP
pulses (m = 20). This calculation included the fat suppres-
sion (VAPOR) and slice selection portions of the pulse
sequences. Computed SAR values were in good agreement
with the hardware SAR monitor of the system. It should be
noted that the power deposition during VAPOR is very
small due to the low power used for this portion of the
pulse sequences (~0.01 W/kg). T, measurements of one
brain slice with the HS1 and HS4 pulses required
~I1 min (TR =7s), and the total scan time (including
shimming. RF calibrations, scout imaging, and slice posi-
tioning) was less than one hour per subject.

Experimental results were analyzed as described below.
Asymptotic 7', maps from the human measurements were
generated using the MATLAB software package (MAT-
LAB 6.1, Mathworks, MA).

5. Results

The dependence of the "H,O R; , rate constants on the
HS1 and HS4 AFP pulse modulation functions was inves-
tigated using the (HSI),-90° and (HS4),-90° pulse
sequences. The length of the AFP pulse train was incre-
mented, with no interpulse intervals. The 4.7 T phantom
sample and 4 T averaged multisubject (n = 5) log (SI/SIy)
decay curves are shown in Fig. 2. Though the phantom
data (upper plots) decay slowly and monoexponentially,

v (HS1),-90°
B (HS4),-90°

protein soln.

SI/S1,

0.5

0.4 : T .
0.00 0.04 0.08 0.12
ID (s)

Fig. 2. The logarithm of the normalized SI is plotted as a function of TD.
It is separately measured with the (HS1),,-90° (red triangles) and (HS4),,-
90° (black squares) pulse sequences. The upper points report results for the
lysozyme solution phantom sample, while the lower points and error bars
report the mean (+SD) for coronal occipital cortex ROIs in five subjects.
The dashed lines indicate the asymptotic behaviors of the SI decays, and
would represent monoexponential relaxations. The superimposed red and
black solid lines and curves are computer simulations of the SI decays
using the equations and parameters listed in Table 1.
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the human brain data (lower plots) do not. It is well docu-
mented that brain tissue '"H,O SI decay often exhibits non-
monoexponentiality (for example, see [17] and references
therein). The unavoidable slice selection interval of our
acquisition (Fig. la) may cause us to miss early decay
details. Because of the relatively small maximum TD values
used in the human studies, we presume that the later por-
tion of a multi exponential SI decay curve also almost cer-
tainly escaped complete acquisition. Indeed, SI has decayed
at most only ~45% when our acquisition ends. However,
the data exhibit clear differences with the (HS1),,-90° (red
triangles) and (HS4),,-90° (black squares) pulse sequences.
The human signals arose from ~2.7 mL coronal occipital
cortex ROIs. (That for one subject is shown with a green
border in the coronal T}-weighted image in Fig. 3a.) The
error bars represent the SEMs for the five subjects. The
SI, values were estimated by extrapolating the first two
points of log (SI) vs. TD plots (not shown) back to the left
ordinate. Both cortex plots (lower) exhibit distinct curva-
ture (compare with the dashed straight lines, tangent at
the origin): thus, they each deviate from a single exponen-
tial function. However, it is clear that though the initial
slope of the data from the HS1 acquisition has the smaller
(less negative) value, the data from the HS4 acquisition
show the greater departure from mono-exponentiality.
The dashed lines correspond to asymptotic R , values of
5.65s ' and 9.23 57!, for the HS1 and HS4 decays, respec-
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tively. These, in turn, correspond to asymptotic T , values
of 178 ms (HS1) and 108 ms (HS4).

Coronal asymptotic 7' , maps of the 2.7 mL ROI of the
Fig. 3a subject were generated from the pixel-by-pixel
(HS1),,-90° (Fig. 3b) and (HS4),,-90° (Fig. 3c) data. The
T, , values were estimated by fitting the initial portions of
the individual pixel signal intensity decays to monoexpo-
nential functions (analogous to the Fig. 2 dashed straight
lines). For the analysis, ~1600 pixels were used. Because
no interpulse delays were used in the AFP train, the relax-
ation is dominated by 7, processes. The differences in the
two T, maps indicate changes due to the different AFP
pulse modulation functions used, and represent contrast
generated almost exclusively by T, relaxation. The asymp-
totic 7', relaxation time constant differences are clearly
seen in the Fig. 3d relaxograms, which were generated from
the same ROI in the two maps. The greater breadth of the
HSI1 relaxographic peak supports the contention that the
greater curvature of the HS4 decay in Fig. 2 is not due sim-
ply to ROI heterogeneity. Significant contrast is seen in
each of the two asymptotic T , maps, which are displayed
with the same color scale. As might be expected, sulcal
spaces containing cerebrospinal fluid (CSF) exhibit larger
T}, values, making manifest the sensitivity of the adiabatic
T}, to a range of motional correlation times. Thus, the con-
trast is rather the opposite of that in the 7;-weighted
image.

T, —map, (HS1),-90°

250
I 200

150
100
S0
0
1200 - (H54), 900
= 1000 -
i
2 800
-]
i s
g oo (HS1), -90°
§ 400 1
2 o0
0 li L] L) L] L]
0 100 200 300 400 200
T, (ms)

Fig. 3. (a) A Tj-weighted brain coronal image slice in the visual cortex V1 is shown for one subject (TR =4 s). The green border circumscribes the ROI
yielding the asymptotic T’ , maps measured with the (b) (HS1),,-90°, and (c) (HS4),,-90° pulse sequences using spiral imaging readout and displayed on the
same color scale. (d) The asymptotic 7' , relaxograms from this ROI are plotted as red (HS1) and black (HS4) distributions. The averaged data for ROIs

such as this are those plotted in Fig. 2.
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6. Discussion

We now turn to molecular mechanistic interpretations
of the in vivo adiabatic 7', relaxation contrast detected.
Brain water molecular interactions are characterized by
different 7. values corresponding to different water environ-
ments, such as the hydrated myelin sheet, the cytoplasm, or
the CSF. The type of tissue 'H,O NMR relaxation mea-
sured here arises mainly from dipolar interactions modulat-
ed by complicated mechanisms that include equilibrium
water exchange and magnetic interactions between the pro-
tons of different environments. In the interpretation of
'H,O0 T 1, relaxation dispersion, there are at least three
issues to be considered: (1) equilibrium water molecule
exchange between different, averaged water populations;
(2) orientational order of 'H dipolar interactions within a
population; (3) the effects of auto-relaxations, cross-relax-
ations and cross-correlations between different types of
dipolar interactions (some chemical shift anisotropy could
also be considered) within a population. Here, we focus on
issue 1—the most significant—and use the most parsimoni-
ous model, comprising two water populations coupled by
an equilibrium exchange (Egs. (1)-(5)). To investigate
issues 2 and 3, one could use the solution of the relaxation
matrix [27]. In unpublished analyses, we have employed a
three-spin description of each site to further explore these,
and find that they can be subsumed within the 7. value
characterizing a population.

Recent laboratory frame relaxation (77) studies with
compartmentalized contrast reagents (CRs) have shown
that the 2SX model can be used to extract tissue compart-
mental water populations and the mean lifetimes of water
molecules in them (tp and tp) from experimental data
[28-32]. Here, we demonstrate that the differences in the
adiabatic pulse modulation functions used to generate 7',
brain tissue image contrast provide a strategy to approach
not only the intrinsic relaxation rate constants (R;,s and
R, ) of two water populations, but also their fundamental
properties (t¢, r, P, and k). In the absence of CR, it is less
likely that any populations detected reflect compartments.

An illustration of the sensitivity of the adiabatic T, val-
ue to the molecular motional regime is illustrated in Fig. 4.
Calculations were performed using the simple description
of an isolated pair of identical spins (say, those of water)
undergoing dipolar interaction; that is, combining Egs.
(6)—(8) (Table 1). The plots exhibit a greater general pro-
longation of R;, 44 during the HS4 pulse (Fig. 4b) as com-
pared to the HS1 pulse (Fig. 4a). It can also be seen that the
dependencies of R, 44 on the AFP modulation functions
(along the t-axis) is small for 7. <1 ns. These plots can be
thought of as simultaneously depicting the relaxation
behaviors of two different populations (4 and B) during
adiabatic pulse modulation, if they have different 7. values
(say, Tca on the order of ns and 7.z on the order of ps) and
if there is no exchange between them. It can be seen that the
R, 44(?) of site 4 (modeling macromolecule-interacting
water) significantly depends on the pulse modulation func-

tions, while the R,,, 44(#) of site B does not. The latter (site
B) rapidly tumbling spins, with the small correlation time,
can be thought to characterize relatively free tissue water
molecules.

Fig. 4c makes it obvious that the shutter-speed
T, (= | Ripsa — Rips |) can vary greatly during the course
of an AFP pulse. Its time-courses are plotted for two con-
tiguous HS1 and two contiguous HS4 pulses (1.4 and 7.3
were taken as 2.5 ns and 10 ps, respectively). It reaches a
maximum of almost 45 s~ ! at the mid-points of either the
HS1 or HS4 pulse trains. This is probably more than an
order of magnitude larger than its laboratory frame coun-
terpart, 1,'(= | Ri4 — Riz |), for tissue water [33]. This
means that ;! has a much greater chance of moving an
exchange system from the FXL (at the beginning and end
of each pulse) into the intermediate exchange regime
(which can be subdivided [17]). A horizontal dashed line
for a k value of 15s ! is plotted in Fig. 4c. Since T*p1
remains elevated for a much larger fraction of the HS4
pulse (and above k), the exchange should appear to slow
to a greater extent using the HS4 pulse train than the
HSI1 train. Thus, it is gratifying that the brain HS4 data
do indeed show a greater departure from monoexponen-
tiality than the HS1 data (Fig. 2).

When exchange is admitted, then, theoretical simula-
tions suggest that the small (R| o)» as well as the large
(R} P ), apparent relaxation rate constant can also depend
on the adiabatic pulse modulation functions used. Fig. 5
shows these dependencies on the HS1 and HS4 modulation
functions, and on the water interproton vector correlation
time in a slow tumbling site, 4 (t.4). The correlation time
of the water interproton vector in a fast tumbling site, B,
was taken as t.p = 76 ps, and was kept constant. For these
simulations, a model combining the dipolar relaxations
between two identical spins with the 2SX (Egs. (2), (3),
(4), (6), (7), (8)) was used, with the parameters summarized
in Table 1. We see that the R) , and the R) , values rise to
be much larger than R;,, and R;,p, respectively, because
of the exchange kinetics (we used ka =15s"!). Fig. 6
shows that the apparent populations (P/, and Pj) also
depend on the adiabatic pulse modulation functions, as
well as on the site 4 correlation time (t.p is still fixed).
The values of P/, and P}, can be significantly different from
the intrinsic populations used for these calculations:
Pp=0.2 and P = 0.8 (Table 1). The most important mes-
sages of Figs. 5 and 6 are that R) , , and P, ; vary during
the adiabatic pulse (along the #-axis), and do so differently
for the different adiabatic pulses. This means that Eq. (1)
describes a multiexponential decay.

The isolated identical spin pair 2SX model has only six
independent parameters. Thus, to further investigate
exchange (issue 1), we have simulated the SI decay of the
cortex tissue water measured with the (HSI),,-90° and
(HS4),,-90° pulse sequences (lower red and black solid
curves, respectively, in Fig. 2), using Egs. (1), (2), (3), (4),
(6), (7), (8), with the parameters listed in Table 1. The fun-
damental parameters are T.a g, 4,5, Pa.p, and k4 g. For the



142 S. Michaeli et al. | Journal of Magnetic Resonance 181 (2006) 135-147

a HS1

(]

e,
L TV el
EETTTTTTTTTN (T (TR TP T L

b HS4

0 1 2 3

4 S 6

£ (ms)
L T ;i( . |

P P

Fig. 4. The calculated variations of the intrinsic longitudinal rotating frame relaxation rate constant R, 44 during the HS1 pulse (a) and HS4 pulse (b) are
plotted as functions of the logarithm of the spin pair dipole rotational correlation time, 7.. The equations and parameters used are listed in Table 1. Since
the 7. values range over three orders of magnitude, we can take those >10""! s to characterize site A4 (water interacting with a macromolecule) and those
<107!"' s to characterize site B (bulk-like water). The sites are noz in equilibrium exchange. The equations and parameters used are listed in Table 1. (c) The
time-courses of the shutter-speed, 17!, for two contiguous HS1 and two contiguous HS4 AFP pulses are shown (.4 and . were taken as 2.5 x 10~° and
10715, respectively). A horizontal dashed line also indicates the value (15s™!) of a rate constant maintained during an isothermal data acquisition.

Table 1

Simulation parameter values

Simulation Equations used Teq (NS) o5 (PS) g (A) s (A) ka(s7h Py
Fig. 2 (lyso.) (1)—~(4), (6)~(8) 0.021 2 1.58 1.58 3.3x 101 0.16
Fig. 2 (cortex) (1)—(4), (6)—~(8) 5.6 76 1.58 1.58 15 0.2
Fig. 4 (6)—~(8) varied varied 1.58 1.58 — —
Figs. 5 and 6 (2)—(4), (6)—(8) varied 76 1.58 1.58 15 0.2
Fig. 7a (1)—(4), (6)—(8) 5.6 76 1.58 1.58 40 0.2
Fig. 7b (1)—~(4), (6)—~(8) 5.6 76 1.58 1.58 5 0.2
Fig. 7c (1)—(4), (6)—(8) 50 76 1.58 1.58 15 0.2
Fig. 7d (1)—(4), (6)—(8) 5.6 76 1.58 1.58 15 0.1

I=1/2; 1 =1.05459 x 10~ erg s; y = 26.75 x 10° rad/(s G); 0 /2n = 2.5 kHz.

set (teq=5.6mns, ry=158A, Py=02, ks=15s",
1.3=76ps, rp=158A, Pp=08, and kz (=(P./
Pp)k4) =3.75s"! (Table 1)), the simultaneous agreement
(solid curves) with the ten (or twelve) points of the lower
HS1 and HS4 data sets (Fig. 2) is rather remarkable. We
have not conducted a systematic search of the entire
parameter space, and this result is not a formal fitting.
However it is effectively such, since the positions and
shapes of the TD-decay curve pairs turn out to be quite
sensitive to parameter values. There are even parameter
sets where the model HS4 decay curve (black) is above

the model HS1 decay curve (red). These tend to be those
in which both P, (e.g., 0.05) and ks (e.g., 0.1s7') are
smaller than the Table 1 values. Larger k4 values tend to
linearize the curves (as we will see below). Thus, at this
time, we can report that in order for this model to agree
with all ten (or twelve) of the Fig. 2 brain data points,
Teas k4, and P, must be within +4%, +7%, and +8% of
the Table 1 values, respectively. The sensitivity of the the-
oretical curves to the model parameters is illustrated in
Fig. 7. The parameter values used are also listed in Table
1. It can be seen that slight variations lead to a significant



S. Michaeli et al. | Journal of Magnetic Resonance 181 (2006) 135-147 143

HS1

=

a Site A Site B

%
2
g

R IAT

gy, oy o,

CELRLTRILR

By, e,

Tl iy ey

SR
FHL T

A7

Fig. 5. The calculated variations of apparent longitudinal rotating frame relaxation rate constants R} o4 (@ and ¢) and R} ,5 (b and d), at two sites in
equilibrium exchange, during the HS1 pulse (a and b) and the HS4 pulse (c and d) are plotted as functions of the rotational correlation time of a spin pair
dipole in site 4, t.4. The equations and parameters used are listed in Table 1.
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Fig. 6. The calculated variations of apparent populations P, and P}, at two sites in equilibrium exchange, during the HS1 pulse (a) and the HS4 pulse (b)

are plotted as functions of the rotational correlation time constant for a spin pair dipole in site 4, t.4. The equations and parameters used are listed in
Table 1.

changes of the theoretical curves (panels a and b demon-  panel, in order to give a constant frame of reference. We
strate the sensitivity to k,4; panel ¢ to 7.4; and panel d to did not systematically vary z.g, 74, or rp, though we found
P,). The Fig. 2 cortex data points are re-plotted in each  that we could not fix 7.5 to the 2 ps value for pure water.
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Fig. 7. As in Fig. 2, simulations of the logarithm of the normalized SI are plotted as functions of TD. These are separately calculated for the (HS1),,-90°
(red curves) and (HS4),,-90° (black curves) pulse sequences, and use the equations and parameters listed in Table 1. The cortex points and error bars are

the same as those in Fig. 2, and are repeated in each panel, for reference.

Thus, as far as sensitivity is concerned, the prospects for
pixel-by-pixel fittings, and thus parametric mappings, are
very encouraging. It is obvious from the empirical maps
in Figs. 3b and c that there is considerable ROI-averaging
in the Fig. 2 in vivo data. Analytical parametric maps could
therefore be much more revealing. However, the noise in
single pixel data is much greater, and we have not attempt-
ed fittings of these. But, we can make a rough approxima-
tion of a P, map. If the monoexponential asymptotic
decay of the data is taken to signify the FXL, then the
observed rate constant is P(Ri,4); + Ps(Ri,p5)» and is
identified as [R) sl o (Eq. (5)) [17]. The fact that we have
different asymptotic slopes for HS1 and HS4 acquisitions is
supported by the model result that R;,, and R,z have dif-
ferent dependencies on the two modulation functions
(Fig. 4), and thus their time-averaged values, (R;,), and
(Ri,p): differ. If we subtract the asymptotic HS1 rate con-
stant from that of HS4, we can write:

[HS4R/1pB}TD~>O - [HSIR,lpB]TDHO = [PA<HS4R1pA>z +Pg <HS4RlpB>J
— [Pa("™ Ripa), + Pp("™ Riys),]
)
Because the (4R, pB) and (HSIR, »5); values are very small
(Fig. 4), and essentially equal, we can then write an approx-
imate expression for the difference of asymptotic apparent

R;, values of the two modulation functions, which is thus
proportional to P,.

[HS4R,1pB}TD~>O - [HS]R/I/JB]TDHO ~ PA[<HS4RlpA>; - <HSIRIPA>t]‘

(10)

In Fig. 8, asymptotic 7', (8a,b), R}, (8c,d), and differ-
ence ([HS4Rl1pB]TDH0 - [HSlRlpB]TDHO) (8¢) maps from the
axial slab of the Fig. 3 subject are shown. For this analysis
an axial image slice was chosen because the coronal tangen-
tial slab contains large amounts of CSF. The difference
map (Fig. 8e) clearly shows the greatest intensities in the
cortex (where the P, values are larger), and demonstrates
good contrast with the adjacent subarachnoid CSF. The
cortical/CSF interface is seen clearly in the T);-weighted
image of this plane (Fig. 8f). The asymptotic relaxation rate
constants of the CSF, which has a large fraction of rapidly
tumbling spins, are less affected by the adiabatic modula-
tion than that of the brain tissue. This result further dem-
onstrates the sensitivity of adiabatic 7', contrast to larger
water correlation times (t. > 10~ s), in agreement with the
theoretical prediction. The noise is significant in the differ-
ence map (Fig. 8e) because it arises from subtractions
of pairs of similarly sized numbers, and because the
((HS“RlpA), — (HSIRIPA),) factor on the RHS of approxima-
tion (10) is not truly constant. In future work, it will be
interesting to see if a true P, map exhibits less noise.

The k, and P, values for the Fig. 2 brain curves are
rather smaller and larger, respectively, than might conven-
tionally be expected for the exchange of macromolecule-in-
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Fig. 8. The asymptotic T , -maps of an axial image slice, measured with the (a) (HS1),,-90° and (b) (HS4),,-90° pulse sequences, are displayed with the
same color scale. The TurboFLASH imaging readout was used. The analogous asymptotic R| p(z 1/T} p)—maps obtained for the (HS1),,-90° (c) and
(HS4),,-90° (d) pulse sequences are displayed with a constant color scale. (¢) The asymptotic R] , difference map, obtained by the subtraction (d) - (c), is
shown. (f) The T)-weighted axial image slice (containing the visual cortex V1) is shown for this subject (the same as in Fig. 3).

teracting water [A] with bulk-like water [B] [33,34]. The
small exchange rate constant value of k, = 15s~" in Table
1 might indicate that the mean residence time of the mac-
romolecule-interacting water is heavily weighted by “inter-
nal” water, either (entropically) buried in cavities or
trapped in narrow clefts, or by water (enthalpically) coor-
dinated to diamagnetic metal ions [33,34]. The R, ,, 44 value
is sensitive to molecular motions in the very low frequency
regions of the spectral density. The AFP pulse modulation
function effectively sweeps the system through v.y values
(Eq. (6)) up to at most ~4 kHz (Fig. 1b). The root mean
values of the w.y squares during the pulses (Fig. 1b) corre-
spond to the proton Larmor frequencies at field values in
the uT range. The large P, value (0.2) might suggest that
surface-interacting water molecules [33,34] are also includ-
ed in population 4. However, for actual tissue in vivo,
there is surely a greater internal water fraction than in
the relatively dilute solutions (often with unphysiological
pH values) of relatively small macromolecules typically
accessed by high-resolution NMR methods [33,34] (next
paragraph). We note an interesting recent imaging report
that at least 12% of excised rat brain 'H,O is sufficiently
fluid to yield a relatively narrow spectral line despite being
at a temperature where pure water is frozen and gives rise
to a broad line [34]. Since this is rather uniformly distribut-
ed throughout the brain, it has been ascribed to macromol-
ecule-interacting water [35]. We might eventually be able to
depict such water in vivo, with P, maps. It seems clear that
the cavities for internal water molecules can be large
enough to allow relatively small 7.4 values, such as the
5.6 ns of Table 1 [35], while at the same time also lowering

k4. Our results suggest that for reasonable simulation of
the brain tissue 'H,O situation, the contribution of an
isochronous 2SX should be included.

The results for the lysozyme solution (Fig. 2; Table 1)—
a common model [36,37]}—strongly support these interpre-
tations. Lysozyme is a fairly small protein (14.3 kDa) with
few buried water sites [34]. The concentration (20%) of the
solution we studied is such that the macromolecular vol-
ume fraction is similar to that of the tissue studied [6b].
However, the T , decays are considerably slower, and each
is clearly characterized as a single exponential
(MS'R', =1.63 57! (red); "5*R’;, = 1.83 57! (black)). The
lines in Fig. 2 that are in good agreement with the data
result from our model with 7.4=21ps, and
k4=3.3x10""s"! (Table 1). These values are quite close
to those expected for mostly surface-interacting water mol-
ecules [33,34]. In fact, the system is surely in the FXL, and
significantly different k, values would give the same
straight lines. When a system is in the FXL, only a lower
limit for the exchange rate constants can be determined
[17], and analysis by the model is indeterminate. We have
gone as low as k4 = 10° s~ ! with no change. (Thus, the fact
that the solution was at a lower temperature than the tissue
is inconsequential.)

Further extension of the 2SX model to a three spin sys-
tem in one site [27] could include the dipolar interaction
order parameter [38], and could be combined with the
experimental modification of different dipolar relaxation
pathway weightings. Furthermore, assessment of an aniso-
chronous exchange contribution (e.g., dw # 0) by varying
the field strength, may be needed for the complete investi-
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gation of the relaxation processes responsible for adiabatic
T}, contrast.

In addition, further developments (such as parallel
imaging) can provide the possibility of practically obtain-
ing whole-brain 7', maps using a multi-slice acquisition
method. Because of SAR limitations, the number of AFP
HS1 and HS4 pulses used in the current acquisition cannot
be further increased. Thus, the sampling of data at longer
TD values is prohibited.

7. Conclusion

In this work, we have shown how adiabatic pulses with
different modulation functions can be exploited to directly
assess T, relaxation and to generate tissue contrast in
human brain '"H,O images. One or more dipolar relaxation
channels probably contribute to longitudinal relaxation
during an AFP pulse train placed prior the excitation pulse.
For the dipolar interaction between two identical spins, the
dependence of the T, time constant on the AFP pulse
modulation functions is insignificant for 7. <1 ns. It was
shown that the adiabatic R}, contrast differences obtained
using different modulation functions (HS1 and HS4) can
be quite well described by a two-site-exchange model. This
can provide intrinsic relaxation parameters of the specific
site A (or B) undergoing equilibrium exchange. In the pres-
ence of the 2SX, the apparent relaxation rate constants and
populations of the two sites depend on the modulation
functions used. We find that the pertinent shutter-speed,
Tfpl (=| Ripsa — Riyp |), can vary greatly during the course
of an AFP pulse train, and differently for different modula-
tion functions, while of course the actual exchange kinetics
are invariant. This means that the exchange condition var-
ies significantly during the pulse, and this provides the
opportunity to assess low frequency motional regimes in
living tissue.

A model of dipolar relaxations between two identical
spins was used for a description of the 7' , contrast generated
in the human brain images. A combination of full relaxation
matrices (i.e., dipolar auto-relaxations, cross-relaxations
and cross-correlations) with an isochronous equilibrium
exchange may be necessary for a complete description of
adiabatic T}, contrast in tissue. Because adiabatic 'H,0
T, contrast probably originates predominantly from dipo-
lar relaxation pathways, while adiabatic 7>, contrast may
originate from the averaging of other interactions, these
two measurements may prove complementary. We believe
that adiabatic 75, and T, contrast methods can be unique
for the characterization of various diseases, and hold
great potential for investigation and diagnosis of neurode-
generative disorders, cancer and stroke.
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