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Abstract

Transferring from laboratory frame to off-resonance rotating frame for the 'H spin can compensate the relaxivity loss for paramag-
netic agents at the magnetic field strength higher than 3 Tesla and enhance water relaxation rate constant significantly. A comprehensive
theory for calculating the relaxation rate constants in the off-resonance rotating frame is described. This theory considers the contribu-
tions from both inner shell and outer shell water. The derived relaxation rate constants and relaxation enhancement efficiency as a func-
tion of the magnetic field strength and the effective field parameters are directly correlated to the structures, dynamics and environments
of paramagnetic agents. To validate the theoretical predictions, we have measured the relaxation enhancement efficiency for a series of
macromolecule conjugated gadolinium chelates at 9.4 Tesla. The experimental results confirmed the theoretical predictions. The theory
also predicts the relaxation enhancement for T,-type paramagnetic agents at high magnetic fields. Promising fields of applications include

situations where T;- or T»-type paramagnetic agents are used for labeling molecular/cellular events.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Binding paramagnetic chelates to macromolecules can
significantly increase the proton spin-lattice relaxation rate
of bulky water. This has been a common strategy for improv-
ing relaxation efficiency of MRI contrast agents [1,2]. For
paramagnetic ions with long electron relaxation time such
as Gd(IIT) or Mn(II), the enhanced relaxivity has a maxi-
mum at proton Larmor frequency (wy) ~20 MHz. The
amplitude of the maximum is a function of the motional cor-
relation time which has been known as proton relaxation
enhancement (PRE) since 1970’s [3]. However, as the
strength of magnet field increases up to ws gt > 1, the spec-
tral density function J(w) — 0, where wg is the electron fre-
quency, ws = 658wy, and 7. is the motional correlation time.
7. is a function of g, 7;' =13 +1,,' + 7, !, where 1 is the
electron relaxation time, t,,, is the residence time of structural
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water, and tg is the rotational correlation time. Thus, the
relaxivity as a function of spectral density function will
decrease rapidly as the magnetic field strength increases. This
challenges the application of paramagnetic agents at high
magnetic field such as molecular/cellular imaging by MRI,
where the concentration of contrast agents may be limited
by molecular/cellular events [4].

We have shown recently that transferring from laboratory
frame to off-resonance rotating frame for the 'H spin that is
dipolar coupled to an electron can alter the frequency depen-
dence of its relaxivity [5]. The off-resonance rotating frame is
achieved by a long off-resonance pulse as shown in Fig. 1,
which is a routine sequence used in NMR/MRI for spin sat-
urations or magnetization transfer at low offset and RF
amplitude [6,7]. The effective field strength (w,) of this rotat-
ing frame is determined by the RF amplitude of the long
pulse () and the frequency offset (4), w. = (w? + Az)l/z.
During the off-resonance pulse, the proton spins of water
are aligned to 0 angle, 0 = rg~ ' (w1/4), and relax in the effec-
tive field. In order to obtain significant enhancement, a large
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Fig. 1. Off-resonance rotating frame experiment. (A) Pulse sequence. An
off-resonance long pulse (LP) of duration t is applied with RF amplitude
w; at frequency offset 4 (4=w — w,) followed by a 90° pulse on-
resonance to detect the residual z-magnetization. (B) Orientation of the
off-resonance rotating frame. The off-resonance pulse aligns spins to 6

angle, 0 = tg’1 (w1/4), with the effective field of v, = 1/ w? + A2

0 angle is obtained by using a sufficiently high RF amplitude
w; for the off-resonance pulse. The dynamic range of the
effective field can be increased significantly by setting the
irradiation frequency at offset. At the end of the pulse dura-
tion 1, a following 90° pulse reads out the residual z-magne-
tization. This frame transformation alters the frequency
dependence of J(w). In the rotating frame, J(w) depends pri-
marily on o, and partially on wy instead of the wg and wy in
the laboratory frame. Since w. < wy, ws, and w7, < 1, the
effect of the proton relaxation enhancement caused by large
7.(tr ) will be well preserved. The pulse sequence shown in
Fig. 1A is different from another type of rotating frame
experiment known as spin-locking [8], where spins are tilted
to a 0 angle initially followed by an on-resonance spin-lock-
ing pulse and a T}, time constant is used for describing the
loss of magnetization.

In principal, the rotating frame transformation can pro-
vide relaxation enhancement in any magnetic field higher
than 3 Tesla (wy = 127 MHz) if 7. remains constant. Nev-
ertheless, the 7, term included in the 7. expression is mag-
netic field-dependent. Therefore, analysis of the
relaxation rate constant in off-resonance rotating frame
as a function of field strength is needed for the purpose
of calculating enhanced relaxation rate constants, evaluat-
ing enhancement efficiency and extracting structure or
dynamic parameters for the paramagnetic labeling.

The motivation of the present work was to establish a cor-
relation between the enhancement efficiency of paramagnet-
ic relaxation and the dynamic parameters of macromolecule
conjugated Gd(III) chelates in the off-resonance rotating
frame at high magnetic fields. This is only possible if a quan-

titative theory is available. The primary aim of the present
study is to develop such theory.

In this work, we present a comprehensive theory for para-
magnetic relaxation enhancement in the off-resonance rotat-
ing frame. Starting from the electron-proton dipolar coupling
interaction, a complete transformation process from labora-
tory frame to rotating frame is presented. For simplicity,
Bloembergen—Morgan equation is used for calculating 7 at
high magnetic fields [9]. The rotating frame inner shell water
relaxation rate constant, like its laboratory frame expression,
is derived from the dipolar coupling model. The outer shell
water model is an analogous extension of the dipolar cou-
pling interaction in combining with the high field model for
Gd(III) chelates developed by Koenig[10,11]. The total rotat-
ing frame relaxation rate constant R;, combines the inner
shell contribution and the outer shell contribution, and is
used to define the enhancement efficiency R;,/R;. The new
features of the rotating frame relaxation rate constants
include the spectral density function J(w,) and rotating frame
RF parameters. With the theory, numerical calculations were
used to simulate the effects of dynamics on R, and R; /R, as
a function of magnetic field or effective field for macromole-
cule conjugated Gd-DTPA. Experimental data for a series of
macromolecule conjugated Gd-DTPA solutions were pre-
sented to validate the predictions of the theory.

2. Theory

2.1. Rotating frame spin-lattice relaxation rate constant for
electron-proton dipolar coupling

Considering a dipolar coupling of electron spin and pro-
ton nucleus under an interaction of RF pulse, the Hamilto-
nian in the laboratory frame is
H=H,+H;+Hp, (1)
where
H . = wsS + wyl,

H,s = oy exp(—il,wt)l, exp(il,wt),

2
Hp =Y F™(5)a",
m=—2

H, is the Zeeman interactions for the electron and the proton
nucleus, S and 7/ are the associated electron and proton spin
operator. H ,; is the RF Hamiltonian. Hp is a second-order
tensor for the dipolar coupling between the electron and pro-
ton, which can be written as a product sum of spin operators
A", and time-dependent function of the position coordi-
nates F"” (7). A" and F""(¢) have properties as follows:

A = gt g () = pE (), 2)
The dagger is the Hermitian conjugate and the asterisk de-
notes the complex conjugate. The spin operators for m =0,
1, 2 are

AV =S,1, - LSt + 57T,

AV = 8,1t + 511,
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AY =87, (3)
where the rising and lowering operators have
Sy =58FiSy, I, =1L +il,. F ((¢) is a function of sec-
ond-order spherical harmonics,

FO = cYs0(a, f) = ¢(1 — 3cos? f),
FO = —3—26Y2 (2, B) = —% sin ff cos fexp(—ia),
FO = 20y, (0. 8) =~ sin’ Bexp(~2in), @)

¢ is coefficient, ¢ = ygy/r°.

To obtain the rotating frame Hamiltonian, a transforma-
tion consisting of a series of successive unitary rotations was
performed on the laboratory frame Hamiltonian. Since the
long pulseis applied on the proton nuclei only, there are three
rotations for the proton nuclei and one rotation for the elec-
tron spin. The total unitary operator for these rotations is

U =UsU;
= exp(iwstS,){exp(iwetl,) exp(i0ly) exp(iwntl,) }, (5)
where 0 = tg™'(w,/A), 0. = /@? + A, as shown in Fig. 1.

The Hamiltonian for the rotating frame becomes,
Hyy(we, 1) = UHRU', (6)

sin 0

Hiy(we,t) = F(°>{ cos 08,1, — —— (exp(iwet)S, I

+ exp(—iwet)S, ") — % ((cosf —1)/2)

x [exp(i(ws — oy — w)t)STTY

T exp(—i(os — o — w0))S T

—% sin Olexp(i(ws — wp)1)S™L,

+ exp(—i(ws — wn)t)S™ 1]

- % (cos 0+ 1)/2[exp(i(ws — oy — we)t)STT!
- exp(-ios —on - 005 1

+ FU{(cos 0+ 1)/2[exp(i(wn + w¢)t)S, I
+ exp(—i(on + . )1)S,17']
+ sin flexp(iont)S, I, + exp(—iownt)S,1,)]
+ ((cos B —1)/2)[exp(i(wn — w)t)S, I~
T exp(—i(on — 008,17
— (sin 0/2)[exp(i(ws + we)t)STT"
+ exp(—i(ws — we)H)SI7]
+ cos Olexp(iwst)S*I, + exp(—iwst)S™1)]
— (sin 0/2)[exp(i(ws — w)t)STT™’
T exp(—i(os — w))S T}
+ FP{((cos 0+ 1)/2)[exp(i(ws + wn + we)?)
X STI exp(—i(ws + oy + w)t)S™17']
+ (sin 0)[exp(i(ws + wn)t)S*I,
+ exp(—i(ws + on)t)S™I,] + ((cos 0) — 1)/2)
x [exp(i(ws + oy — w)t)STT™'
+ exp(—i(ws + on — w.)t)S 1]} (7)

From the rotating frame Hamiltonian and spin density
operator o(¢), we can define the motion equation of spin
operator, I,

_ m (m) g1 _eq
) _ ! e, U, L) (o(0) - o)),
(8)
where J" f " G (r)e*'dr is the spectra density

function, G(’”)(r) is the correlation function and assuming
the motion of the proton spin is random,

G" (1) = (F™ () F ™" (1 + 1)). ©)
Combining Eq. (8) with the following definition,

d(r ,

W Rigalry) — o515). (10)

We get the rotating frame relaxation rate constant for the
electron-proton dipolar coupling,
Ri,q = K{2sin’ 0 (w,) + sin*(0/2)J (ws —
+cos*(0/2)J (ws —
+ 3 cos*(0/2)J (wn + we) + 3sin*(0/2)J (wy — @)
+3/2sin” 0(J (w5 + @) + J(ws — o))
+ 6c0s*(0/2)J (ws + oy + w.)
+ 65in*(0/2)J (ws + oy — w¢)}. (11)

on + )

Wy — W)

This equation can be simplified as follows by applying the
condition wg > wy > W,

Ripa ~ K{2/,(0)J (@) + 312(0)J (0n) }- (12)

The associated J™ (w) has w = w,, wy with m = 1, the cor-
responding spin operators are S, I and its conjugate term
S, I". In Eqgs. (11) and (12),1
£1(0) = sin’(0),
£(0) = sin*(0/2) + cos*(0/2),

15 4n 70 ’

Tc
J =—
(w) l + wzrg 9
_1

=1+, + T
1 1 4
1 +4wiz2|’

|

Tl
le ™ Srgo |1+ a2t

where 7, is the correlation time characterized the fluctu-
ation of the zero field splitting (ZFS) and tgg is related
to ZFS constant B as tgy = 7,/5B. For the macromole-
cule conjugated paramagnetic chelates shown in Fig. 2,
T,, 1s the residual time of structural water, 7. is electron-
ic relaxation time. tr is the rotational correlation time,
which is a sum of contributions from internal reorienta-
tion motion (7;) and global tumbling motion (7,) and
=7+l
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Fig. 2. A schematic of the spin relaxations in the solution of macromol-
ecule conjugated paramagnetic chelates. The coordinated water is directly
bound to the metal ion and forms the inner shell (IS), its relaxation rate
constant is determined by three dynamic parameters, namely the electron
relaxation time t, or T, the residence time of coordinated water t,, and
the rotational correlation time of the paramagnetic unit tg. Other
surrounding water forms the outer shell (OS), the relaxation rate constant
is determined by the diffusion correlation time 7.

2.2. Rotating frame spin-lattice relaxation rate constant for
inner sphere water

The inner shell water relaxation results from a chemical
exchange of water molecules involving the primary coordi-
nation sphere of the paramagnetic metal ion. In the labora-
tory frame, the relaxation rate constant R!® is as follows [3]:

Pm
RS =4 (13)
I/Rl,d + Tm
where P, is the molar fraction of metal ion, ¢ is the number
of water molecular bound per metal ion. R, ,is the relaxa-
tion rate constant of the bound water, 7,, is the residual life
time of the bound water. In the off-resonance rotating
frame, R;, is replaced by R;,, Assuming 1/R;, 1/
Ripq>> Ty, this will lead to R} =P,qR,,, and
R = P,qR, ;. Thus, we obtain the relationships as follows:

RE/R{S = Ripa/Ri4, (14)

RIS /R = 2KF,(0)(1 + (onee)?) +£2(0) (15)

The rotating frame relaxation rate constant R{i is a func-
tion of the hydration water number ¢ and their mole frac-
tion P,,. But, the enhancement efficiency R} /R;® shown in
Eq. (14) is irrelevant to ¢ and P,, for the inner shell water
alone. Eq. (15) shows that the enhancement efficiency will
increase as the square of the motional correlation time 7.
and the magnetic field strength wy.

2.3. Rotating frame spin-lattice relaxation rate constant for
outer shell water

For the spin relaxation of Gd(III) chelates in the labora-
tory frame, Koenig, etc. has developed an outer sphere
model [10,11], which fits well with the experimental data
obtained from high magnetic fields for gadolinium chelates

and iron oxide nanoparticles. The relaxation rate constant
ROS is expressed as

R?S = K,{7[1 - (“Bé(x)/z)Jzos(wsafD, T5))
+ 3[(1 + O()Bé(X)Jlos(CO}h Tp, Tle — OO)

+(1 —Bé(x))JIOS(va’L-D7Tle)]}7 (16)
where

32n Na (C
K= 252,00 1 -

205" "u7sS(S+ D500 (dD)’

25 +1 25 +1 1 X
Bs(x) = < Szng ) coth KSZ—;) x} - (ﬁ) coth {E} ,
JnOS(wH7 Tp, Tne) = Re{l + (1/4)(inD + TD/THB)}
J{1 + (tp + 15/ Tae) > + (4/9) (107
+ 10/ Twe) + (1/9)(iw7p + TD/Tne)3/2}a

where x = uBy/RT, « = (2S5 — 1)/(S+ 1) and tp = d*/D. D
is the sum of the diffusion coefficients of water molecule
(D) and metal ion complex (Ds), d is the distance of closest
approach of the water molecule to the metal complex, u is
the magnetic moment of the metal ion, p = y4aS.

In the similar way discussed above for the electron-pro-
ton dipolar coupling interaction, the relaxation rate con-
stant is transferred to the off-resonance rotating frame.
Assuming g > wy > 0., the relaxation rate constant
R in the rotating frame is as follows:

R(])ps =K'{2/1(0)(1 + aB3(x))J 10s(we)
+ 3f2(9)[(1 + oc)Bé(x)ng(wH, tp, T'e — OO)
+ (1 = B3(x))10s (0n, T, Tie)]}- (17)

The outer shell relaxation rate constant has a similar
expression as the inner shell except that the spectral density
function is more complicated. Nevertheless, we can use
numerical calculation to simulate the influence of related
factors, as discussed later. Eq. (17) is also suitable for T,-
type paramagnetic agents, where the major contribution
to the relaxation is from the outer shell water [10].

2.4. Total relaxation rate constant in off-resonance rotating
frame

The total relaxation rate constant in off-resonance rotat-
ing frame R;, is the contribution sum of the inner shell
water and outer shell water,

Ry, = Rii + sR?ps, (18)

where s is the space assessable coefficient for the outer shell
water for macromolecule conjugated paramagnetic ions
and 0.5 <s<1.0. Since R}} and R{} depend on 0 angle,
R, is also a function of 0, R; <R;, <R, for 0 <0 <90°.

2.5. Relaxation enhancement efficiency

Experimental measurement for the relaxation enhance-
ment efficiency can be measured with the pulse sequence
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shown in Fig. 1A, where the long off-resonance pulse with
duration 7 tilts proton spins to 0 angle as defined in
Fig. 1B. The 90° pulse reads out the residual z-magnetiza-
tion. When spin arrives at equilibrium with the rotating
frame, the residual z-magnetization is defined as follows
[12]:

M(t — 0) :Mocosz(?ﬁ. (19)
Ry,
The cos®6 term in Eq. (19) accounts for the direct satura-
tion effect of RF irradiation.

The measured relaxation rate constants normally are
sum of the paramagnetic contribution from metal ions
and the diamagnetic contribution from the solvent and
the conjugated macromolecules, as shown below,

(R1~1/J)meaSLlred = (R1~1ﬂ)diamag + (RLlp)paramag' (20)

If (R1,1p)diamag K (R1,1p)paramag> then the enhancement effi-
ciency can be determined directly from the measured resid-
ual magnetization using the following equation,
Ry, M, 1

Ry M.(c0) cos?0’

(1)

Another factor to influence the measurement ofR;,/R, is
the magnetization transfer effect [7]. For macromolecule
conjugated paramagnetic agents in aqueous solutions, this
effect can be neglected since the concentration of the mac-
romolecule can be lower than 0.1 mM.

2.6. Numerical simulations

Calculations of relaxation rate constants and enhance-
ment efficiencies were performed for macromolecule conju-
gated Gd-DTPA. The parameters used in the calculations
are S = 70/2, q=1-3, 150 =85 ps, 7, = 38 ps, 1,,, = 0.244 ps,
r=3.05A, g =80, 500, 1000, 1500, 2000 and 3000 ps,
d=36A, D=316x10"° 1.0x107°, 8.0x107°
5.0x107%,2.0x107% 1.0 x 107% cm?/s, s = 0.75. For simu-
lated R;,/R; as a function of frequency offset, RF ampli-
tude is 2, 4 and 6 kHz, and offset 4 varies from 5 to
60 kHz. All calculations were carried out with the mathe-
matical software Mathematica.

3. Experimental

3.1. Synthesis of paramagnetic agents

Bovine serum albumin (BSA, Mw 68 kDa) from Aldrich
was dissolved in 0.1 M Hepes buffer at pH 7.4, a 200-fold
excess dianhydride ¢c-DTPA was added in five equal por-
tions during 1h at room temperature [13]. The solution
was stirred for 1 h and then passed through a 0.2 pm filter.
In an ice bath, equal mole of GdCl; to DTPA was added
into the filtrate in five equal portions during 1h at pH
6.0. The solution was stirred for 24 h at 4 °C, and Arsenazo
III was used to test free Gd*" ion [14]. The solution was
centrifuged with Amicon Ultra-15 from Millipore with

molecular weight cutoff (MWCO) of 5 kDa, and lyophi-
lized to a white solid powder. The product was analyzed
for protein concentration by UV absorbency at 595 nm
with Bradford assay and for gadolinium content by atomic
emission spectroscopy (AES). A molecular formula of
(Gd-DTPA);y-BSA was found for this product.

Polylysine (PLS, Mw 15-30 kDa) from Aldrich was dis-
solved in 0.1 M sodium bicarbonate buffer at pH 9.0, a 40-
fold excess dianhydride c-DTPA was added in five equal
portions during 1h at ice bath [13]. This mixture was
warmed up to room temperature and stirred for 6 h. A
small portion of the resulting solution containing PLS-
DTPA was purified for structure analysis. A colorimetric
assay was used to determine the binding percentage of
DTPA. The remaining portion was reacted with GdCl;
for 6 h and Arsenazo III was used to test free Gd*" ion.
The solution was centrifuged with Amicon Ultra-15 from
Millipore (Billerica, MA) with molecular weight cutoff
(MWCO) of 5kDa and lyophilized to a white solid pow-
der. The averaged molecular formula of the contrast agent
is (Gd-DTPA);,-PLS.

Dextran (Mw 15-20 kDa) from Fluka, dried overnight
at 70 °C, was reacted with DTPA dianhydride at a ratio
of 1 DTPA per 2 glucose units in dry DMSO at 60 °C
for 30 min [15]. After adding water and adjusting pH to
6, GdCl; based on 1:1 mole ratio to DTPA was added
and allowed to react for 5h. Free Gd>" test was negative
with Arsenzo III. The resulting solution was ultra-filtrated
by Amicon Ultra-15 and lyophilized. The mole ratio of
DTPA to Dextran was determined by elemental analysis.
The averaged molecular formula of the contrast agent
was found to be (Gd-DTPA )g-Dextran.

One percent of PAMAM dendrimer-gs (Mw 28.8 kDa)
from Sigma-Aldrich was mixed with 45-fold excess p-
SCN-benzyl-DTPA (Macrocyclics, Hoston, TX) [16]. The
mixed solution was adjusted to pH 9 and maintained at
40 °C for 24 h. GdCl; was added into the solution and stir-
red for 5-6 h. Free Gd*>" test was negative with Arsenzo
III. The resulting solution was ultra-filtrated by Amicon
Ultra-15 and lyophilized. The mole ratio of DTPA to
PAMAM was determined by elemental analysis. The
molecular formula of the contrast agent is (Gd-DTPA-
SCN-Bz)4;-PAMAM-g5.

3.2. NMR measurements

All NMR experiments were carried with volume coils on
a 9.4 T Bruker Advance micro-imaging spectrometer. Sam-
ples at 1 mM gadolinium concentration were placed in a
5mm tube in a Bruker 'H 10 mm resonator at room tem-
perature. The off-resonance rotating frame magnetization
profiles were obtained by applying a long pulse with a 5—
60 kHz frequency offset followed by a 90° reading pulse.
Residual magnetization was plotted as a function of offset
frequency to generate the magnetization profiles. The
applied long off-resonance pulses were 500 ms long with
RF amplitudes of 2, 4 and 6 kHz.
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4. Results and discussions
4.1. Inner shell water contribution

Fig. 3 shows the laboratory frame relaxation rate con-
stant R}°, the off-resonance rotating frame relaxation rate
constant R}, and the enhancement efficiency, R}> /R}®, for
the inner shell water at wyg = 10-1000 MHz and 6 = 50°.
These calculated rate constants only include the paramag-
netic contribution. For chelates with one structural water
molecule, ¢ =1, as the rotational correlation time tgr
increases from 80 to 3000 ps, R;® has a maximum at fre-
quency ~20 MHz and decreases rapidly as the frequency
increases. However, the profile for Rﬁsp is different, it shows
a nearly constant dependence on the frequency. The ampli-
tude of R} is much higher than R} and is proportional to
the rotational correlation time tr. The influence of 7R is via
the expression of 1., 7! = 13! +7,,' + T.'. In this calcula-
tion, t,, is 0.244 ms, Ti. is around 2.2 ns at 20 MHz and
increases rapidly as the square of the frequency. tg begins
to dominate the motion correlation time 7. at ~50 MHz
and equals to 7. at higher field due to tr < 7,,,T1e. As
the result, RS increases as 7y increases. Fig. 3 is calculated
by using Egs. (12) and (15) based on the electron-proton
dipolar coupling, which may represent a simplified model
for Gd-DTPA. Gd*" ion is known to have static and tran-
sient zero field splitting (ZFS) effect at low magnetic fields,
which can generate multiple transitions for its electron
relaxation [17-19]. Since most Gd(III) complexes have
the ZFS in the order of 0.1 cm™! (~0.3 Tesla), their elec-
tron relaxation should be located in the Zeeman limit
(Hzeeman > Hzps) at the magnetic field strength higher
than 3 Tesla [20]. Thus, the complication due to non-degen-
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erate electron states may be not a problem for the evalua-
tion of electron relaxation time. In additions, 7. is
determined by tr at high field. However, the effect of the
transient ZFS on the proton spin relaxation needs to be
explored further, which is out the scope of this paper.
From R} and R}, the enhancement efficiency R}>/R}®
are calculated as a function of the square of 7g and wpy,
which increases rapidly as the magnetic field strength and
the rotational correlation time increase. As shown in
Fig. 3, R /R}® ranges from 1.1 to 140 at oy = 1000 MHz
for paramagnetic agents with tg of 80-3000 ps. Notice that
for a given tg, the higher enhancement efficiency, R} /R,
does not necessarily correspond to a larger RIS i.e., R{i at
1000 MHz is lower than RS at 100 MHz. RS/R'S defines
the dynamic range for magnetizations of rotating frame.
But for different tgr, higher enhancement efficiency always
corresponds to the larger relaxation rate constant RII?) In
this case, R> or R’ /R® can be used to differentiate the
dynamics of the paramagnetic agents, as we will discuss
in a successive paper.

4.2. Outer shell water contribution

Fig. 4 plots the laboratory frame relaxation rate con-
stant RYS, the off-resonance rotating frame relaxation rate
constant RY> and the enhancement efficiency RYY/RY® of
outer shell water at wy = 10-1000 MHz and 0 = 50°. These
calculated rate constants only include the paramagnetic
contribution to water relaxation. In this calculation, tg is
80 ps, which corresponds to that for the small paramagnet-
ic complex Gd-DTPA. The water diffusion constant is var-
ied from 3.16 x 107> cm?/s that of pure water at 37 °C to
1 x 107% em?/s for slow “local diffusion” expected of tissue
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Fig. 3. Theoretically predicted relaxation rate constants and enhancement efficiency for the inner shell water as a function of proton Larmor frequency for
macromolecular conjugated Gd-DTPA. The profiles are corresponding to the rotational correlation time tr of 80-3000 ps. Molecular parameters are

discussed in the text.
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Fig. 4. Theoretically predicted relaxation rate constants and enhancement efficiency for the outer shell water as a function of proton Larmor frequency for
Gd-DTPA. The profiles are for the diffusion coefficient D ranged from 3.1 x 107° to 1 x 10~® cm?/s. Molecular parameters are discussed in the text.
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water vide infra. Since the effective distance for the elec-
tron-nuclear dipolar interaction is limited to a few nm
[21], the diffusion constant used here is the parameter that
characterizes water motion within the immediate local
vicinity of the paramagnetic relaxation center. We note
that the MR determined apparent diffusion constant
(ADC) of for exercised fixed tissue water has been reported
to be as low as 1077 cm?/s [22,23]. However, the ADC
reflects the presence of numerous mesoscopic scale hin-
drances and restrictions to water displacement imposed
by the complex microstructure of tissue. Thus, the MR
determined tissue water ADC does not provide a measure
of the local diffusion coefficient that is associated with the
spectral density function of the outer shell water. The local
diffusion coefficient can be associated with the barrier-free
viscosity of the aqueous cellular milieu. The local water dif-
fusion coefficient (sometimes referred to as the free diffu-
sion coefficient) or the corresponding media viscosity has
been inferred from a variety of studies employing small
molecules or ions as reporter species. Derived water diffu-
sion coeflicient values ranging from 1 x 107> cm?/s in cells
to 1x107°cm?/s in 4% agarose gels [24-28] are typical.
In the laboratory frame, RY® has a maximum and appears
at frequency ~20 MHz only if the diffusion coefficient is
sufficiently low, ie., D<5x10"%cm?/s. As the field
strength increases, RY® decreases rapidly. This is attributed
to the behavior of the spectral density functions, J>os (ws,
Tp, Toe) and Jios (0n, Tp, Tie). Tp Will become very large
for a small diffusion coefficient, t5, = &*/D and make the
ws uTp term dominant in iws ytp + p/ The- In the rotating
frame, since the primary frequency dependence is the effec-
tive field ., the o, tp term becomes a small number that is
insufficient to dominate iwetp + 7p/Tie. The relaxation rate
constant R?ps is nearly constant, increasing gradually as the
frequency moves above 300 MHz. It is always greater than
the corresponding RYS. The rotating frame enhancement
contribution mainly comes from the Jyos (®.) term. This
term will significantly affect R?ps in the presence of a small
local diffusion coefficient, because the relaxation rate con-
stant K’ in Eq. (17) is proportional to 1/D. On the other
hand, 7, is determined by the distance d between the para-
magnetic center and the surrounding “associated water”
(i.e., by the dimension of the particle). For an iron oxide
nanoparticles, d equals to the radius of the nanoparticles.
In this case, tp characterizes the time scale required for
water to diffuse away from the influence of nanoparticles,
Tp increases as the size of the nanoparticles increases [10].
K’ will be reduced because it is proportional to d as well.
Nevertheless, the relaxivity loss due to large zp can be
regained by the off-resonance rotating frame method. Most
T,-type paramagnetic agents, such as iron oxides nanopar-
ticles, have large 7p values, their T relaxivity has a maxi-
mum at 10-20 MHz and decreases as the magnetic field
increases [10,29]. Thus, the method described in the paper
can be used to enhance the rotating frame relaxation rate
constants R, for the T,-type agents at high magnetic
fields. The detection of the T,-type agents by the rotating

frame weighted imaging will generate hyperintense contrast
instead the hypointense contrast obtained in the conven-
tional T,-weighted imaging, as shown in our recent report
for MIONSs at 9.4 Tesla [30].

4.3. Total relaxation rate constants in off-resonance rotating
frame

Fig. 5 shows the total laboratory frame relaxation rate
constant R;, the total off-resonance rotating frame relaxa-
tion rate constantR; ,, and the enhancement efficiency R,/
R, at wyg = 10-1000 MHz and 6 = 50°. These calculated
rate constants only include the paramagnetic contribution.
Fig. 5A is for Gd-DTPA with diffusion coefficient
D=3.16x10">cm?/s, hydration number ¢=1 and
7R = 80-3000 ps. R; and R,, are slightly higher than those
for the inner shell model shown in Fig. 3, since the contri-
bution from the outer shell water is much smaller than that
from the inner shell water for most g at this diffusion coef-
ficient. But the enhancement efficiency R, ,/R; is much low-
er than that for the inner shell, especially for very large g
at high magnetic field. For 7z of 3000 ps at 1000 MHz,
R ,/Ry is 40 in comparing with 140 for the inner shell water
alone. Although the R;,/R; for both cases increases as the
frequency increases, the increment becomes smaller for the
full shell water starting from wy ~ 600 MHz. This simply
arises from that RY® > RS for large tr at wy > 600 MHz,
consequently, RS dominates R; and limits the enhance-
ment efficiency R;,/R;.

Alteration of the structure or the dynamic environment
of paramagnetic agents can substantially change the
enhancement efficiency, since ¢ is related to the structure
of the paramagnetic chelate, 1y is related to the dynamics
of the paramagnetic chelate and D is related to the local
environment of the paramagnetic chelate. As an example,
if the hydration number ¢ increases, the inner shell water
will dominate the total relaxation rate constant. Fig. 5B
shows the same calculation as Fig. 5A except for the hydra-
tion number ¢ = 3. In this case, both R; and R, are tripled
but not the enhancement efficiency. It is 70 for tg of
3000 ps at wy = 1000 MHz instead 40 for ¢ = 1. On the
other hand, if the outer shell relaxation rate constant
increases due to the decrease of diffusion coefficient, both
R, and R,, will become substantially larger than that of
the inner shell water, as shown in Fig. 5C for
D =1.0x 10"°cm?/s. As the result, their ratio R;,/R, will
become smaller, i.e., ~10 for tg of 3000 ps at 1000 MHz,
and the increment of R;,/R; slows down beginning at low-
er frequency such as 400 MHz. Thus, quantitative informa-
tion about the dynamics for the paramagnetic agent as
labeling probe can be extracted from the relaxation
enhancement effect in the off-resonance rotating frame.

4.4. Effect of 0 angle

All the calculations presented above are performed at a
single 6 angle (0 = 50°) and expressed in proton Larmor
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Fig. 5. Theoretically predicted relaxation rate constants and enhancement e

fliciency for the sum of the inner shell water and the outer shell water as a

function of proton Larmor frequency. The profiles were calculated for macromolecular conjugated Gd-DTPA of different structures or dynamic

environment. The rotational correlation time tg ranges from 80 to 3000 ps an

d the space assessable coefficient s for the outer shell water is 0.75. (A) Single

coordinated water ¢ =1 and fast diffusion coefficient D =3.16x 107> cm?/s. (B) Three coordinated water ¢ =3 and fast diffusion coefficient
D =3.16 x 107° cm?/s. (C) Single coordinated water ¢ = 1 and slow diffusion coefficient D = 1.0 x 10~ cm?/s. Molecular parameters are discussed in the

text.

frequency frame. For general consideration, the effect of 0
angle on the enhancement efficiency R;,/R; can be
expressed in the off-resonance rotating frame as a function
of frequency offset (4) at given RF amplitude (w,). Fig. 6
shows the 0 angle, f1(6) and f>(60) as a function of frequency
offset at three RF amplitudes o, = 2, 4 and 6 kHz. A larger
0 angle can be obtained with a larger RF amplitude at a
smaller frequency offset, i.e., w; =6 kHz and 4 =5kHz
yield 6 = 50°, w; =2kHz and 4 =5 kHz result 6§ = 22°.
f1(0) and f>(0) actually are 0-dependent coefficient func-
tions, f(0) determines the contribution from J(w.) and
/f>(0) determines the contribution from J(wy). Fig. 6 shows
that fi(0) increases with the increase of 0 angle at
A <30kHz and w; <6 kHz; while f>(0) decrease with the
increase of 0 angle at 4 <20 kHz. This defines the relaxa-
tion enhancement in the region of 4 <30 kHz.

4.5. Calculated enhancement efficiency

f1(0) and f>(0) determine the distribution of enhance-
ment efficiency R, ,/R; in the off-resonance rotating frame.
Fig. 7 shows R,,/R; as a function of 4 with w; = 2,4 and
6 kHz at 9.4 Tesla (wy =400 MHz). For Gd-DTPA at
25°C, D=3.16x10"cm?/s and g =500, 750 and
1250 ps, the maximum enhancement efficiency ranges from
1.6 up to 4.3 at w; = 6 kHz and 4 = 5 kHz. For g = 500
or 750 ps at this field strength, the hydration number ¢ does
not affect the R;,/R; too much. Therefore, R;,/R, for g =2
is slightly higher than that for ¢ = 1. But for tg = 1250 ps,
the influence is much stronger. Fig. 7 also provides infor-
mation for estimating the g for the experimental R;,/R,
shown below. The largest frequency offset for a detectable
Ri,/R; is proportional to the square of w; and tr, which

0 w, (kHz) 06 o, (kHz) I
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Fig. 6.

Effect of effective field 0 angle. 0 angle, f(0) and f;(0) as a function of frequency offset at RF amplitude of 2, 4 and 6 kHz.
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Fig. 7. Theoretically predicted relaxation enhancement efficiency R;,/R; as a function of frequency offset at RF amplitude of 2, 4 and 6 kHz. Three
macromolecule conjugated Gd-DTPA with 1 = 500, 750 and 1250 ps and D = 3.16 x 10~ cm?/s were calculated for magnetic field strength of 9.4 Tesla.

varies between 15 and 35 kHz. There is a broad dynamic
range for detecting the relaxation enhancement for para-
magnetic agents with large tg, which will be further extend-
ed by using a higher strength of magnetic field. This feature
permits one to select RF parameters in wide range so that
the enhancement is detected at low RF amplitude within
the limit of the specific absorption rate (SAR). Thus the
paramagnetic relaxation enhancement will benefit from
high B; in term of the sensitivity and dynamic range for
detection, which will be potentially important for biologi-

cal applications if SAR can be reduced [31].

4.6. Experimental enhancement efficiency

Fig. 8 shows the experimental enhancement efficiency
for the aqueous solutions of (Gd-DTPA)g-Dextran, (Gd-
DTPA);3;-PLS, (Gd-DTPA);,-BSA and (Gd-DTPA-SCN-
Bz)4;-PAMAM-g5 at 1 mM Gd concentration. The con-
centration of these macromolecules ranges from 0.125 to
0.025 mM. The magnetization transfer effect due to their
slow tumbling motions can be neglected. Since the T is
shorter than 200 ms for these solutions and is longer than

2 s for the solvent, the diamagnetic contribution from the
solvent can be neglected from their relaxation rate con-
stants. Thus, the measured magnetization can be directly
used to calculate the enhancement efficiency. The Dextran,
PLS, BSA conjugated DTPA were synthesized by reacting
the macromolecules with c-DTPA, their hydration number
¢ is 2. The PAMAM-g5 conjugated DTPA was synthesized
by reacting the macromolecules with the SCN-Bz-DTPA.
Its conjugation functional group SCN-Bz is directly
attached to the backbone of the DTPA, which leaves eight

dentates to coordinate with Gd(III) and one structural site
for the water molecule (¢ = 1). In these macromolecules,
both polylysine and Dextran are linear polymers and very
flexible. The excess-OH group in Dextran can facilitate

the water exchange. BSA is a globular shape protein and
is less flexible than the linear polymers. PAMAM-g5 is
the most rigid macromolecule among these macromole-
cules and has a spherical shape. From these structural
information, the order of molecular dynamics for these
macromolecules is Dextran ~ polylysine > BSA >
PAMAM-g5, where the more rigid molecule has the less
local mobility. The measured enhancement efficiency for
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~ 3 3
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Fig. 8. Experimentally measured relaxation enhancement efficiency R;,/R; as a function of frequency offset at RF amplitude of 2, 4 and 6 kHz. Four
macromolecule conjugated Gd-DTPA at 1 mM Gd(III) were examined at magnetic field strength of 9.4 Tesla. Their averaged molecular formula are
(Gd-DTPA )s-Dextran, (Gd-DTPA);,-PLS, (Gd-DTPA)3p-BSA and (Gd-DTPA-SCN-Bz),;-PAMAM-g5.
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these macromolecule conjugated Gd-DTPA is in the order
of PAMAM-g5 > BSA > PLS > Dextran. Explicitly, the
Ri,/R; value at w; =6kHz and 4=5kHz is 4.3 for
PAMAM-g5, 2.5 for BSA, 2.2 for polylysine and 1.7 for
Dextran.

This measurement not only provides the enhancement
efficiency but also the dynamics of the paramagnetic unit
for each macromolecule. By comparing Figs. 7 and 8, the
effective motional correlation can be estimated as
PAMAM-g5~13ns, BSA~0.75ns, PLS ~ 0.65ns,
dextran ~ 0.5 ns. Although the molecular weight of these
macromolecule conjugated is in the order of
(Gd-DTPA)3(-BSA(~85 kDa) > (Gd-DTPA-SCN-Bz),;-
PAMAM-g5 (~60 kDa) > (Gd-DTPA)3;-PLS (30 kDa ~
45 kDa) > (Gd-DTPA)g-Dextran (20-25 kDa), apparently,
the internal reorientation motion plays important role in
the overall rotation correlation time due to 13! =1, '+
T, !. Thus, reducing the internal rotational correlation time
can effectively increase the relaxation rate constant in the
off-resonance rotating frame.

5. Conclusions

A comprehensive relaxation theory in the off-reso-
nance rotating frame for water molecules in presence of
paramagnetic agents has been developed. According to
the theory, the relaxation rate constants in the off-reso-
nance rotating frame can be substantially increased in
comparison with their laboratory frame values. The
enhancement efficiency is directly related to the struc-
tures, dynamics and environments of the paramagnetic
agents themselves, in addition to the magnetic field
strength and the effective field parameters. Thus, the
dynamics of paramagnetic agents can be extracted from
the measurement of water NMR signals, which contain
parameters such as rotation correlation time, water
hydration number and diffusion coefficient, as shown in
the examples of Gd(III) chelates at high magnetic field
(Bp > 3T). The experimental data for a series of macro-
molecule conjugated Gd-DTPA confirmed the predictions
of the theory. The relaxation enhancement method dis-
cussed in this work is effective for the inner shell water
and the outer shell water, thus, is capable to raise the
relaxation efficiency for those T;-type and T,-type para-
magnetic relaxation agents that are used for labeling
molecular/cellular events. The essence of this approach
is to capture a low frequency spectral density function
J(w.) to enhance the paramagnetic relaxation rate con-
stant even through the experiment is performed at high
magnetic fields. The J(0) in the transverse relaxation rate
constant R, contains the similar information as the
J(w,), but the sensitivity for detecting the paramagnetic
agents of large R, is low at high fields, i.e., the images
for these agents normally appear to be hypointense.
The T, method presented in this paper permits to
enhance the relaxivity and provide high detection sensi-
tivity simultaneously.
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