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Parameters of relevance to oximetry with Overhauser magnetic
resonance imaging (OMRI) have been measured for three single
electron contrast agents of the triphenylmethyl type. The single
electron contrast agents are stable and water soluble. Magnetic
resonance properties of the agents have been examined with elec-
tron paramagnetic resonance (EPR), nuclear magnetic resonance
(NMR), and dynamic nuclear polarization (DNP) at 9.5 mT in
water, isotonic saline, plasma, and blood at 23 and 37°C. The
relaxivities of the agents are about 0.2—-0.4 mM~*s~* and the DNP
enhancements extrapolate close to the dipolar limit. The agents
have a single, narrow EPR line, which is analyzed as a Voigt
function. The linewidth is measured as a function of the agent
concentration and the oxygen concentration. The concentration
broadenings are about 1-3 uT/mM and the Lorentzian linewidths
at infinite dilution are less than 1 uT in water at room tempera-
ture. The longitudinal electron spin relaxation rate is calculated
from the DNP enhancement curves. The oxygen broadening in
water is about 50 uT/mM O, at 37°C. These agents have good
properties for oximetry with OMRI.  © 1998 Academic Press
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INTRODUCTION

based methods. The oxygen consumption of biological systen
have been measured with spin label oxime6yd and oxygen
mapping has been demonstrated with OM&I9), EPRI @0),
and MRI (11, 12. Spin label oximetry represents an important
advance in the technology of biological oximetry. The methoc
is based on the observation of spectral features of exogeno
paramagnetic probes. Bimolecular collisions of molecular ox
ygen with the contrast agent increase the relaxation rates of tl
electron spin of the agent. Molecular oxygen has two unpaire
electrons with very short relaxation times and thus very effi-
ciently relaxes the electron spin of the agent.

OMRI takes advantage of MRI as a mature and efficien
imaging modality and the sensitivity of the electron spin re-
laxation rates of the single electron contrast agent to the pre
ence of molecular oxygen. Furthermore, saturating the electrc
spin of the agent enhances the polarization of the water protol
by a significant factor (dynamic nuclear polarization (DNP) of
the Overhauser type). The DNP signal enhancement enabl
imaging at a low magnetic field strength. The field strength is
limited by the penetration of the high EPR frequent$)( The
EPR line of the contrast agent is saturated and, thus, requires
easily saturable resonance, otherwise leading to unacceptal

One of the potentially interesting applications of Overhausbigh energy absorption by the patiedS( 14.

magnetic resonance imaging (OMRI) and electron paramag-The purpose of this study is to give magnetic resonanc
netic resonance imaging (EPRI) is the possibility to indirectigroperties of three new single electron contrast agents fc
measure the concentration of dissolved molecular oxygen (OMRI. The agents are all based on the triphenylmethyl mole
5). The oxygen partial pressure is one of the most importagtle (15, 16, which has been chemically modified to remove
parameters in the metabolic processes of cells and, thus, plagy resolved hyperfine coupling, provide water solubility, anc
an important role in many pathophysiological conditiongncrease the stability. The relaxivity of the agents has bee
Many of the major types of pathology (e.g., ischemic diseasaseasured as well as the DNP enhancements under vario
reperfusion injury, and oxygen toxicity) are closely linked teonditions. The EPR line shape is analyzed as a Voigt functior
abnormal concentrations of oxygen at particular sites in tidie change in the relaxation rates of the electron spin witl
body. In order to better understand the pathophysiologicagent concentration and oxygen is measured under variol
phenomena, accurate and localized measurements of oxygenditions. This study demonstrates the practicability of imag
concentrations are desirable. Localized or spatially resolva tissue oxygen concentrations using agents such as thes
oxygen measurements have been given increasing attention in

the last decade with the development of magnetic resonance THEORY
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Dynamic nuclear polarization is the transfer of electron
spin polarization to the nuclear spins when the electron spi
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transition is stimulated. In 1953, Overhaus&r)(predicted N,C
that it should be possible to increase the amplitude of thed(@) = 7Dd
NMR signal by stimulating the conducting electrons of a
metal. The same effect applies equally well to solutions of 307+ — (@r)V? + 12
paramagnetic agent$§). The rate equations for the average V2
value of the Iongitudjnal prqjectiqn of the angular momenta, ¥ (or)® + 4\5((07)5/2 + 16(wr)? + 27(wr)¥? . [8]
(I,y and(S,), for a pair of unlike spins of angular momentum 5 12
z ) . . + 8lwT + 81, 2(wr)"* + 81
| and S coupled by some time-dependent perturbing spin
Hamiltonian are written

The correlation time is defined as= d%D, whered is the
minimal distance of approach aidis the sum of the diffusion
d(I,) | ’ s constant of the two molecule\, is Avogadro’s number.
gt =~ Rut R =1lo) = RI(S) = %) Within the framework of this kinetic model the diffusion
d(s,) constants are given by the Stokes—Einstein equation,

= R o)~ R+ ROUS) - %), (1]

[6]
where |, and S, are the thermal equilibrium values,

I 1S Sl SS H . . . . .
Ri, R, Ry, and Ry~ are the relaxation rates due 1o thgyherek,T is the thermal energyy is the viscosity, and s is
fluctuating Hamiltonian, an&},, RT, are the sum of all other the radius of the molecules.
relaxation rates of the nuclear and electron spin, respectivelyThe ratio between the relaxation rates in Eq. [2] has bee
The steady-state solution fok,) is the basic DNP equation  gpjit into two factors, the leakage factbrand the coupling

factork,
(I2-1l_ R RS(S$-(S) 2] )
lo RI+R,RI b, S fo_ R N 7]
Rl + Ry, ric+ Ry
R?, + RYSdoes not explicitly enter into Eq. [2], but is related RP
to the last factor in the equation. In the case of a single k= R (8]

unpaired electron and a proton, the ratio of the two thermal

equilibrium p.olarlzanonslls equal t665£_3. As seen from Eqgs. [3] and [4], the coupling factor is one-hal
The coupling mechanism in most single electron contr

. . : aﬁf low fields with a single dispersion point atT = 1. The
agent and water prot.qn systems. 1S entirely of dipolar Orlglﬂ)upling factor andy/l, are often taken as one factdk, =
(19,29 and the transition probabilities are thetsy —329 at low fields. The leakage factor asymptotically ap-
proaches unity as the concentration of the agent is increase

| 2 (o> The saturation degree of the electron spin,
Ri=rc= 15(477> ¥ ¥ah?S(S+ D{8)(w)) + 7I(ws)}  [3]
S —(S)
2 2 SAT= —F%—, 9
RS =3 (f;,) YrEPS(S + DI (ws), 4 S “

will, for a certain excitation field, depend on the electron spir
where vy, and yg (y.) are the magnetogyric factor$y is relaxation rates. An inhomogeneously broadened electron sp
Planck’s constant, angk, is the vacuum permeability. Theresonance of many closely spaced hyperfine lines is very ofte
relaxivity, r,, has been introduced as the relaxation rate napproximated by a Voigt function, the convolution of a Lorent-
malized with the concentration of the agent, The nuclear zian lineshape with a Gaussian intensity profile:
relaxation rate as a function of magnetic field gives the nuclear

magnetic resonance dispersion (NMRD) profile. The spectral B’ — By\?
densities)(w) are Fourier transforms of the correlation func- ]BA e exp( 2( G ) )

tions for the relative motion of the spins. The molecules are,(B) = — /2V R f P z-dB . [10]
modeled as spin centered, hard spheres without intermolecular V37 “AB;,ABy, - 1 4(”)

forces and the modulation arrives from the relative transla- 3\ AB;

tional motion found as a solution of the simple diffusion
equation (force free)2() A is the area of the functionAB,?p and AB,';p are the first
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derivative peak—peak linewidths of the Gaussian and Lorent-An electron spin is generally coupled to nuclear spins in the
zian functions, andB, is the center field of the resonance. Amolecule by hyperfine interactions giving well-resolved reso-
thorough discussion and justification of this approach is giverance lines. The effect of hyperfine structure is to reduce th
in (22). The convolution in Eg. [10] is in the time domainDNP enhancement by a factor, given as the fraction of spin
replaced by a product of the Fourier transform of the tweoontributing to the nonsaturated resonance lines relative to tf

functions @3) total number of spins. More stringently, it will be the integra-

tion of Eq. [9] across the entire spectrum taking into accoun

Y,(B) < y,(b) cross-saturation and the effect of the excitation field on eac
- resonance line.

= A exp(—b?AB,/8)exp(—b 3AB},/ 2)exp(—iBgb). In spin label oximetry the following equation is generally

[11] applied to the exchange broadening of the agént)(

To get the first derivative spectrum, which is the usual detec- a
tion mode of EPR, the differentiation rule of Fourier transform ABy, = NeED Pro{Dagentt Do,tNaCo,, (14]
pairs is used: v= e

) pr o stating that the peak—peak line broadening is proportional t
yu(b) = —ibA exp(—b°ABy;/8) the oxygen concentratiort,, the sum of the diffusion con-
% exp(—b\@AB;p/ 2)exp(—iBgb). [12] sta_r_1ts,Dagjent + Do, an interaction_ radiug,, ar_1d the pr_ob-
ability that an exchange process will occur during collisipn,
. . . . The probability of spin exchange with oxygen is believed to be
The Lorentzian peak—peak linewidth is related to the tran(?I'ose to one for most spin labels at physiological condition:

verse relaxation time of the electron spin AB'F;p = - :
~ L . 6, 7). In that case the efficiency of &, and T, process is
1 ’ e le
2(.\@791-29). » which is gssu_med lndepgnde_nt of the nucle redicted theoretically to be equa&4). However, Subczynski
spin orientation. The longitudinal relaxation timg,, can be

calculated from the DNP enhancement curve as a functiona d Hyde %) predict a ratio of 2/3 of the efficiency of By

i s o ) andT,. process. The oxygen—agent interaction is dominated b
the sqt:arz of thde e:<;:|t6;tlon f'elmlf_ ~ tﬁ P \_/\(/;th ta ;,SE a Heisenberg spin exchange and the dipole—dipole interactic
resonator dependent factor, converting the incident p&ter . 5 oo ocos pe neglectes)

magnetic field. The saturation degree, that is, DNP enhamce:l.he oxygen sensitivity of the DNP enhancement factor ca
ment curve, can be modeled as a normalized sum of tB

off-resonance saturation of the individual hyperfine lines of t ¢ considered by looking at the change in sigBalor 2 small

) . fhange in oxygen concentration,
inhomogeneously broadened resonance. In the Voigt case ex- g ¥

pressed as the integral

(yeBle)z
SAT =
(S,(B)) 2 1 (Ye(Bie)1/2)* + (¥eBie)?
S \/;AB,?,, _ (YeB1e)® (15]
BI _ B 2 4 B _ B/ 2 (A + BCOz)2 + (yeBlE)z
0
- exp<—2( ABg, ) )(1 "3 (ABpp> ) , S _ 9SAT _ —(7.Bw)’B2(A + Bco,) 26
: 4(B-B\? ., 3yeTe a8, o, 9Co, ((A+BCo,)®+ (veBio)?)?*
- (As;p) o’P 5ABL

where B,.),,, has been approximated by the expresgioti
Bco,- Ais an effective relaxation rate in the absence of oxyge!

which need only be evaluated on-resonar@e= By, when andBco, is the oxXgen contnbut_lon. The m_aX|maI sensitivity is
efound for yeBie = ve(Bie)12 = A+BCo,:

combined with the analysis of the EPR spectrum. However
DNP enhancement curves as a functioBatnd P enable full

[13]

assessment afBj, AB5,, and 2A/3y,T,, (the longitudinal 9S _ —B _ [17]
relaxation rate; i.e., 6.5.T us divided byT,, in microsec- dCo, 2(A+ Bco,)

onds). a needs to be calibrated by some other means. For

on-resonance irradiation it is convenient to specify the irradithus, if the oxygen broadening is the dominant contribution tc
ation field, B1c)1/> = @V Py, at half saturation of the EPR the relaxation ratesBc,, > A), an optimal oxygen sensitivity
line. At this circular amplitude of the irradiation field, half theis obtained.

maximum DNP enhancement is obtained for the particular The relaxation rates of the electron spin are also depende
concentration of the agent. on the concentration of the agent. Intermolecular Heisenber
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spin exchange and dipole—dipole interaction will increase the
relaxation rates of the electron spin, and lower the saturation
degree for a certain power level. The dipole—dipole interaction
for like spins can be calculated according 1)

1 2 ((mo\® 412
. =z <47T) v2h®S(S+ 1){J(ws) + 4J(2ws)} [18]
1 12
=% ( :ﬂ) YAh?S(S + 1)
X {3J(0) + 5J(ws) + 2J(2ws)}, [19]

where all symbols have been defined previously. The contri-
bution from Heisenberg spin exchange is given by an expres-
sion analogous to Eq. [141D),

167
AB,, = m ProDagenNaC. [20]

For ionic molecules the spectral densities of Egs. [18] and
[19] are found by calculating the correlation functions from the
Smoluchowski diffusion equation with a molecular potential
V(r). In the simplified continuum modelR6) the Coulomb
potential is

010 exp(—k(r —d))

vir) = Aarer 1+ kd !

r>d, [21]

wherek ! is the Debye length,

[2IN, & 1 .
K = ﬁ, | —E;cizi. [22]

The summation is running over all ionic species of concentra-

tion ¢; and chargey, = ze. e is the dielectric constant of the  Fig. 1. structure, abbreviations, and formula weight for the three exam-

COO'Na"

o) o)

DaC>< ><CD3
DC Y, s o
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DsC ><S s><ch
DsC s s CD;

COONa"

Perdeuterated trityl. MW=1080.

COO'Na"

HsC P oL cH,
H3C><o o><oH3
-
S 2 s
HODZC>< ><CD20H
HOD,C Sjj\\;is CD,0H
COO'Na*
Deuterated hydroxy trityl. MW=1145.

c
3
S S
D3C>< ><CD3
D;C S s CDy

COOK"

Symmetric trityl. MW=1151.

medium andd is the minimal distance of approach. The poined triphenylmethyls.

tential V(r) expresses the ionic screening of the attractive or
repulsive force between the pair by counterion clustering. For

a pair of negatively charged molecules the repulsive force ldeisenberg spin exchange of ionic agents, Eq. [20], must b
low ionic strengths decreases the amplitude of Egs. [18]-[2@lodified accordingly. The efficiency of the exchange process
up to a certain concentration, where the association with coy)-may also be changed by the electrostatic forees. (

terions or formation of a charge-screening ionic atmosphere

reduces the effective charge of the radical and the broadening

MATERIALS AND METHODS

increases. According to the theory of Debye the diffusion
constant of spherical, charged ions in very dilute solutions &ngle Electron Contrast Agents

given as

Dion = 1T expV(d)kaT) — 12

Three different triphenylmethyl agents have been exam

ined. Their chemical formulae and names are given in Fig

23] 1 (15, 16. The three agents are obtained as dry substance
They are sodium or potassium salts of tricarboxylic acids

and the pH has been adjusted to 7. The purity of the agen

V() 1

whereD is the diffusion constant of the neutral molecule. This >97% as determined by HPLC. Two of the trityls bind
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strongly to proteins and the degree of protein binding hasistom-built 9.5-mT EPR and DNP spectrometer. The sampl
been determined as follows: Solutions of 5% weight humas thermostatically controlled in the resonator by a perfluori-
serum albumin (Sigma Chemical Co., essentially free ohted liquid, Fluorinert™ FC-104 (3M, Sweden), flowing in-
fatty acids) corresponding to a concentration of 0.8 migide a double-walled glass tube. The temperature is controlle
were prepared in 0.9% NacCl distilled water and a 0.05 Kb within =0.1°C with an absolute accuracy ©0.5°C (sum of
sodium phosphate buffer, pH 7. The agents were dissolvertasurement error and effect of temperature gradient). A looj
in the albumin solution at concentration levels 1, 3, and I§ap resonator is mounted on the thermostat with a shield «
mM at room temperature. After ultrafiltration of the solufolded copper foil. The copper foil is a short circuit at the EPR
tions, the amounts of agent in the protein filtrates wefeequency of 267 MHz and open at the NMR frequency of 404
determined by HPLC. The perdeuterated and symmetkElz. A solenoid tuned for the proton frequency is wound on
trityl showed fractional bindings to albumin of 50% andhe shield of the loop-gap resonator. The EPR data is recorde
80%, respectively, and the deuterated hydroxy trityl onlgs continuous wave, field swept, and field modulated spectr
showed about 5% albumin binding. The detection is homodyne with a double balanced mixer. Th
In deoxygenated water the stability varied from a half-lif&IMR spectrometer is pulsed. An arbitrary waveform generato
of 6 days for the deuterated hydroxy trityl to more than ereates the pulse sequence and a circuitry isolates the prea
year for the symmetric trityl. The three agents are all stabpdifier during the pulses.
to oxygen. In human blood at 37°C the stability varied from The EPR excitation field is calibrated from the progressive
a half-life of a few hours for the deuterated hydroxy trityl tsaturation spectra of Fremy’s salt. The peak—peak linewidt
much more than 24 hours for the symmetric trityl. Thus, thend lineheight of the central line is recorded as a function o
three trityls can be considered stable during the course in€ident power. The linewidth of Fremy’s salt does not differ

experiments. significantly from 267 MHz to X-band. ThereforeTg, of 0.26
_ us and ar,, of 0.34us at room temperature and in equilibrium
Sample Preparation with air has been use®9). The value obtained is a circular

Samples were prepared in distilled water, isotonic sali@@nplitude of 2.60uT/VmW. This is in accordance with the

(0.15 M sodium chloride in distilled water), human plasmé’alue calculated from the formulae (critically coupled resona:
and human whole blood. Venous blood was collected in pr@—r) (30)

heparinized vacuum tubes for immediate use. Plasma was

obtained from the venous blood by centrifugation at ¢/ &y woW,  woWs
5 min. The agent was weighted as dry substance and dissolved QL= ) [25]
in the medium of interest. The sample was sealed with a rubber loss "
septum. Decreasing concentrations were prepared by diluting . s
the sample with the solvent in question. W, = 210 Biewro(z + Az)(1 + p),
The various oxygen partial pressures of the solvents were ,
obtained in a custom-built shaking tonometer. The sample of 1-2 o
ml volume was shaken with a vapor-saturated gas mixture flowing Az=0.1&Randp = RZ—r2’ [26]

slowly above the sample for at least 5-10 min, dependent on the

solvent. The sample and gas were kept in a thermostat. The gases ) L

were high-purity, chemically analyzed mixtures of 5% Cépme WherePi, is the incident powe\; the stored energyy, the

fraction O, and the rest B (AGA, Sweden). This principle of '00P-gap radiusR the radius of the shield, argtthe length of
oxygenation is generally accepted to be accurate and reprodudiBfe resonator. Inserting the loop-gap dimensigns: 1 cm,R

(27) for blood and plasma oxygenation. The oxygen concentration2 CM: andz = 4.5 cm, the resonance frequency of 267 MHz
is calculated as and a measure@, of 380 with the sample gives a linearly

polarizedB, of 5.28 uT/VmW. A value of 2.60uT/V mW has
been used in the DNP experiments with the appropriate

X 10° (mM), [24] corrections (theQ is measured as a function of the sample
loading).

. . . EPR data acquisition and analysis was performed on
wherea is the Bunsen solubility factor at STPD conditioRSs, iandard PC interfaced with a GPIB to the spectromete

is the fraction of oxygen in the gas mixtuiiés is the pressure jnqiryments. The EPR spectrum was iteratively fitted to the
of the gas, and,, is the vapor pressure, both in torr. theoretical expression Eq. [12] in the time domain. A
Lorentzian lineshape can be imposed on the data by choo
ing ABSp equal to zero as starting value. The time domair

The NMRD profiles were obtained on a field-cycling relaxapproach increases the speed of the fitting procedure t
ometer £8). All the EPR and DNP data was obtained on aore than an order of magnitude. The fitting procedure is :

_ o F(PB - Pw)
Co: = 760 x 22.463

Apparatus and Methods
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FIG. 2. NMRD profiles of @) deuterated hydroxy trityl,®) symmetric trityl, and ¢) perdeuterated trityl in (a) water, (b) plasma and (c) blood at 37°C.
(—) Least-squares fit of Egs. [3] and [5] to (a) the three NMRD profiles and (b) and (c) the deuterated hydroxy trityl NMRD profile. The minimal distanc
approach and correlation times can be found in Table-J.(&)—(c) The coupling factor, Eq. [8], with the correlation time obtained from the fit to NMRD profile
for the deuterated hydroxy trityl.

standard Levenberg—Marquardt algorithr@l) and error EXPERIMENTAL RESULTS

estimates are obtained from the covariance matrix. TheThe solvent proton relaxation rate for a certain concentratio
same fitting algorithm was used to fit saturation recovepf the agent has been measured for the three trityls as
data to an exponential function to obtain the proigrand function of magnetic field strength in water, human plasma

to fit the DNP enhancement data to Eq. [13]. and human whole blood at 37°C. The relaxivities of the agent
TABLE 1
Parameters Obtained from the Least-Squares Fit of Egs. [3] and [5] to the NMRD Profiles
Minimum distance of Relative diffusion
approachd const.D X 1¢° Correlation time Ratio of diffusion
(nm) (m?s) 5 (PS) constantD,,/D,
Perdeuterated trityl
Water at 23°C 0.58& 0.01 1.9+ 0.2 178+ 14 14
at 37°C 0.60+ 0.01 2.7+0.2 132+ 9
Deuterated hydroxy trityl
Water at 23°C 0.53 0.01 1.7+ 0.2 166= 12 13
at 37°C 0.54+ 0.01 2.1+ 0.2 137+ 9
Plasma at 23°C 0.48 0.02 0.9+ 0.3 258+ 25 1.2
at 37°C 0.47+ 0.02 1.1+ 0.3 207+ 20
Blood at 23°C 0.61 0.6 637 1.0
at 37°C 0.68 0.6 733
Symmetric trityl
Water at 23°C 0.55 0.02 1.9+ 0.02 156+ 13 1.4

at 37°C 0.54+ 0.02 2.7+ 0.02 110+ 9
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y=0.54x +4.27 TABLE 2
10+ R* =0.9762 Relaxivity and Enhancement at Infinite Concentration and
y=038x+2.14 Power Obtained from the DNP Enhancement Data for the Three

<
s
£ R2=0.9941 Trityls
8
» 11—
E y=023x+0.25 r(mM's™) A
g L
IS R*=0.9978 Perdeuterated trityl
= In water at 23°C 0.19 —267
0 t f f at 37°C 0.14
0 10 20 30 Deuterated hydroxy trityl
Agent concentration (mM) In water at 23°C 0.26 —278
at 37°C 0.20
FIG. 3. Proton relaxation rate of) water, @) plasma, and4) blood as Plasma at 37°C 0.32 —231
a function of the concentration of the deuterated hydroxy trityl at 37°C. Blood at 37°C 0.44 —192
Symmetric trityl
In water at 23°C 0.21 —266
at 37°C 0.15

are shown in Figs. 2a—2c. The parameters obtained from the fits
to the NMRD profiles are given in Table 1.

The linearity of the relaxivity with concentration, Eq. [3],
has been confirmed and is plotted in Fig. 3 for the deuteratgde Lorentzian linewidth in isotonic saline is also shown. The
hydroxy trityl. Lorentzian linewidth is a linear function of concentration in

The water proton DNP enhancement, Fig. 4, for the deut@sotonic saline, and the slopes and intercepts of the linez
ated hydroxy trityl in water, plasma, and blood at 37°C and feegression fits for the three trityls at 23 and 37°C in the
full saturation of the EPR line was measured as a function @éoxygenated solvent are given in Tables 3 and 4. The san
the agent concentration. The DNP enhancement for the pghalysis is performed for the deuterated hydroxy trityl in
deuterated trityl in water and plasma at 37°C is also showflasma and blood at 37°C, Table 4.

The relaxivities and enhancements at infinite concentration ofThe longitudinal relaxation rate, Fig. 8, is obtained from the
the agents obtained from the fits of Eqgs. [2] and [7] witAnalysis of the measured DNP enhancement curve as a functi
SAT = 1 to the measured DNP enhancement curves are giwgfithe saturating magnetic field. Equation [13] wih= B is
in Table 2. fitted to the DNP enhancement curvAB{, and ABj, are

The EPR spectrum of the deuterated hydroxy trityl is showgbtained from the analysis of the EPR spectrum). Tables 3 ar
in Fig. 5, and the Voigt function has been fitted to the central give the linear regression analysis of the measurements
resonance, Fig. 6. The Gaussian linewidif, of the per- isotonic saline. The deuterated hydroxy trityl has been mes
deuterated trityl is 2.09.T, of the deuterated hydroxy trityl sured in plasma and blood at 37°C as well (Table 4). The EPI
5.40uT, and of the symmetric trityl 2.1Q.T. The peak—peak excitation field at half the maximum DNP enhancement
linewidth and the Lorentzian linewidth are obtained from tthle)llzv has been measured in all four solvents for the deutel
Voigt lineshape analysis of the EPR spectrum in water, Fig. gted hydroxy trityl (Fig. 9).

For the deuterated hydroxy trityl, the Lorentzian linewidth
and the longitudinal relaxation rate have been measured as
function of oxygen concentration, Fig. 10. Table 5 gives the
slopes of the linear regression analysis to the data, and tt
dependence of the EPR excitation field at half the maximun
DNP enhancement on the oxygen concentration.

[
[=3
<

DNP enhancement
_
(=2
(=1
)

B 11| S

Agent concentration (mM) j
FIG. 4. DNP enhancements{l() — 1,)/l,, at full saturation of the EPR oLt
line as a function of concentration for the deuterated hydroxy trityl@y (
water, @) plasma, and€) blood at 37°C and the perdeuterated trityl @) (
water and [J) plasma at 37°C. (—) Least-squares fits of Eqgs. [2] and [7] with
SAT = 1; relaxivities and enhancement at infinite concentration can be foundFIG. 5. EPR spectrum of the deuterated hydroxy trityl in water at room
in Table 2. temperature!*C satellites are shown enlarged.
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TABLE 3
Relaxation Rates at Infinite Dilution
in Deoxygenated Isotonic Saline

2(V3yeTid 7 (W) 2(V3yeTo) * (k1)

10uT ) .
Isotonic saline at 23°C

Perdeuterated trityl 0.80.1 0.9+ 0.1
WW\,WMMM Deuterated hydroxy trityl 0.2 0.2 1.0+ 0.2
Symmetric trityl 0.8+ 0.1 0.8+ 0.1

FIG. 6. EPR spectrum of the deuterated hydroxy trityl with the Voigt fitSotonic saline at 37°C
and residuex10. The Gaussian and Lorentzian line widths are 5.42 and 1.64Perdeuterated trityl 0%01 0.8+ 0.1
wT, respectively, and the peak—peak line width is 680 The closestC Deuterated hydroxy trityl 0.6 0.2 0.8x 0.2
satellites appear in the residue undistorted. Symmetric trityl 0.7x0.1 0.7 0.1

Note. Standard deviations are indicated for each of the values.

DISCUSSION

point is generally seen for other agergd)(and is probably due
The diffusion constants obtained from the NMRD profiles iy the neglect of pair correlation effects. First of all, the usua
water varies according to the Stokes-Einstein equation. Th&ir correlation effects are expressed in the Verlet and Weis
viscosity of water is 0.93 cp at 23°C and 0.69 cp at 3739).( (35) pair correlation function or as a solution of the Percus-

Thus, the ratio ofy/T at the two temperatures is 1.4. Theyeyick equation 86, 37. The NMRD profiles in plasma and
agreement between the measured data and the model funciRiyd are not as easily explained. The agents are interactir
is considered good. The minimal distances of approach &fih plasma components and red blood cells. The protei
found consistent with the average radius of the moleculggding of two of the triphenylmethyls causes a much more
based on molecular mechanics, and the relative diffusion cofymplicated dispersion profile. The fit to the deuterated hy

stants are also found reasonable. The diffusion constants gghxy trityl is still good, but with an error increasing from
culated from the Stokes—Einstein equation at 23 and 37°Casma to blood. The temperature dependence of the diffusic
water for a molecular radius of 0.4 nm (the average of th@nstant no longer follows the Stokes—Einstein equation. Th

minimal distances of approach minus a water radius) ar&0.6yncertainty of the parameters is greater and the model functic
10° m?s and 0.8x 10 ° m?s, respectively. This is aboutgoes not explain the profiles.

effect of water proton eccentricity has been found to be vefycreased by a further slowing of the relative translationa
small, as can be seen from a series expansion of the speGigtion (e.g., by trying to introduce pair correlation effects).
densities in the eccentricity parameter (the distance from tige relaxivity will only increase weakly at 400 kHz and the
spin center to the molecule center relative to the moleculg(gup"ng factor is approaching the dispersion point.
radius) @3). For the molecular dimensions of the three agents, The increased leakage of proton magnetization through oth
the higher order expansion coefficients are negligible, partigsiaxation paths is observed in Fig. 4 for the deuterated hy
ularly at low frequencies. The same qualitative deviation in tl}ﬁoxy trityl. The water proton relaxation rate of plasma and
fits to the NMRD profiles in water just above the dispersiopjood at low field are much larger than the relaxation rate o
neat water, Fig. 3. The relaxivities obtained from the fits are ir
good agreement with the values obtained from the NMRL
profile. The DNP enhancement is to the first order of magni
tude not affected by temperature at low fields, since the rela
ivity of the agent and relaxation time of the solvent have
inverse dependencies on temperature. The enhancement faci
A.., is reduced significantly from-329, the maximum en-
hancement in the dipolar limit. The loss of enhancement due t
the *3C (natural abundance of 0.0111) satellites is estimated
10 well-resolved hyperfine lines, based on Figs. 1 and 7
leading to a reduction factor of 0.89 (0.9880 The coupling
Agent concentration (mM) factors at 400 kHz and 37°C are 0.46 in water, 0.44 in plasm
FIG. 7. (®) The peak—peak linewidth ana) the Lorentzian linewidth, and 0.39 in blood, Figs. Z'a—ZC. Taking thgse factors intt
2(V/3y.T,.) "2, from Voigt lineshape analysis in water, ar@the Lorent- account the DNP data confirms the assumption that the col

zian linewidth in isotonic saline for the deuterated hydroxy trityl at 37°C. (—pling between the water protons and the electron spin is e»
Linear regression fit in isotonic saline and fit to Eq. [23] in water. clusively dipolar. The reduction of the enhancement at infinite

Line width (uT)
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TABLE 4
Increase in Relaxation Rates with Agent Concentration

2 (\/éyeTle) -t 2 (\/§YeT2e) -t

=
(L T/mM) (uT/mM) E\;
o )
Isotonic saline at 23°C e
Perdeuterated trityl 1.06 0.08 2.43+ 0.08
Deuterated hydroxy trityl 0.26 0.05 1.11+ 0.05
Symmetric trityl 1.32+ 0.05 3.54+ 0.06
Isotonic saline at 37°C
Perdeuterated trityl 1.29 0.03 2.81+ 0.12 .
Deuterated hydroxy trityl 0.28 0.02 0.80+ 0.02 Agent concentration (mM)
Symmetric trityl 1.77+0.08 3.31+0.03 FIG.9. The EPR excitation field at half the maximum DNP enhancement
Deuterated hydroxy trityl at 37°C (B1e)1/2» for the deuterated hydroxy trityl im() water, @) isotonic saline, 4)
in plasma 0.27- 0.05 0.98+0.05  plasma, and#) blood at 37°C. (—) Linear regression fits.
in blood 0.36% 0.05 2.15+ 0.05

Note. Standard deviations are indicated for each of the values. - . -
stability, their water solubility, and the removal of resolved

hyperfine structure, Fig. 5. The triphenylmethyls described ir

S - is investigation only display resolved hyperfine couplings tc
concentration in plasma and blood is somevyhat greater th:- FFBC nuc?ei in the r);olegul?a/ However )tlrﬁ)e single reF;onganCt
expected from these factors. In these two media the variation'i ' o ge
the parameters is abotitl 0% from series to series, assumed 5 mhomoggneoqsly broadeneq and itis perfe(?tly fitted by th
be the effect of natural variations in the blood-sample don o |gtt-funct|on, F'g‘t ? Th(ihres,ldue?d?oes r:oltr?splay any sys
tions. However, the further reduction appears to be significah‘?.mfgl IC error apart from the near satellites appearing
The reason may be the three spin effe®)( A biological undistorted. The ratio between the Gaussian and Lorentzie

system is not a homogeneous proton system, but consistsp‘a?k_peak I|neW|dth§ is 3.3 and the fit appears to be perfect
water protons, protein protons, and lipid protons. The DN@(PeCted on the basis of the large number (.)f uqreso_lved de
enhancement will in principle depend on the transfer of magé'um ag(jt/orbprqt(()jn couglmtgs.fThetGiussmn Ilnelwlr(]:ittlh W;.itfl
netization between these proton systems. For the perdeuter gfrved to be independent of or 1o decrease sightly wi

trityl in water the enhancement extrapolates close to the dipo|ﬁprea5|ng concentration of the agent, due to an averaging

limit. In plasma a dramatic reduction is observed: The infinitd'® L_mr(_esqlved hyperflne c_ouph.ngs._From Table 3itis seen the
concentration DNP enhancement extrapolates to about 185 intrinsic (Lorentzian) linewidth is very narrow at infinite
The reason for this quench of the DNP enhancement appear I Btion in water. It is noticed that the linewidth decreases with
be the protein binding of ca. 50%, accounting for the observ reasing temperature, excluding spin-rotational relaxation &
reduction. Thus. from these two étgent examples protein birge dominant contribution. Probably, the linewidth is caused b
ing is considered undesirable. Therefore, only the deutera at” anlsotsrp plesthln l.thé\ t.z?hszr couplltn_gs o the tp;? tons(/j
hydroxy trityl was characterized in plasma and blood with EP uterons. since the finewidth does not increase al -bgind,
and DNP. tensor anisotropy is not be]leved t_o dominate. Finally, the

The triphenylmethyl molecule is well known and has preVir_\uclear—nuclear guadrupole interaction can cause electron sy
ously been studied by EPR and ENDCB®(40. The unique- relaxation 41), and the dipolar interaction with the solvent
ness of the single electron contrast agents examined is their

50 +
o 15+
E =
£ 4
< ~
= =
g 2
g E: 1
E 2
F 254 = .
E . vel
E
4 0 r = : 0 = : : —+
0 10 20 30 0 0.25 0.5 0.75 1
Agent concentration (mM) Oxygen concentration (mM)

FIG. 8. 2(V3y,T..)"%, from the analysis of the DNP enhancement FIG. 10. The oxygen effect on€) the peak—peak linewidthm( the
curve in @) water and @) isotonic saline for the deuterated hydroxy trityl atLorentzian linewidth, 2§/3y,T,.)"% and @) 2(V3y.T..) %, for the
37°C. (—) Linear regression fit in isotonic saline and fit to Eq. [23] in watedeuterated hydroxy trityl in water at 37°C. (—) Linear regression fits.
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TABLE 5 The EPR excitation field at half saturation of the EPR line,
Increase in Relaxation Rates and the EPR Excitation Field at  Fig. 9, is a linear function of concentration in all four media.
Half the Maximum DNP Enhancement, (B,.),,, with Oxygen The nonlinearity of the relaxation rates in water is obscurec

Concentration for the Deuterated Hydroxy Trityl because of the inhomogeneous broadening. At low concentr
_ _, tions more power is needed to saturate because of the inhomr
(Buure 2V3 T T 2V3TL) e is AT .
(uT/mM O,) (uT/mM O,) (uT/mM 0, geneous line wi th, which is decreasing with the increasin
concentration.
Water at 37°C 35.9 39.8 51.1 The oxygen line broadening is 51uT/mM O, in water at
Blat§3°tC37 c éi-g 2%%) i‘;z 37°C. The oxygen diffusion constant is 3 10°° m%/s at
ood at 37° . . . o —9 12 o
at 23°C 24.9 25 0 329 37°C @3) and 2.1x 10" m“/s at 25°C 44), much greater than

the trityl diffusion constant. From Eq. [14] a product of the
exchange probability and interaction radius of 0.33 nm is
obtained. This radius is smaller than expected when compare
protons is found by multiplying the relaxivity with the protonwith the minimal distance of approach from the NMRD profile.
density in millimolar (110,000 mM for water), giving about 0.2A steric factor may be introduced into Eq. [14], taking into
wT (R3®is obtained from Eq. [3] by permutation of indices)account collision that does not cause spin exchange or sp
The transverse and longitudinal relaxation rates are very clakgphasing42). The ratio of the oxygen broadening in water at
at infinite dilution. 23 and 37°C is 0.72, close to the ratio of the oxygen diffusior
The concentration-dependent broadening is nonlinear in wapnstants. Thus, the relaxation process appears to be diffusi
ter. The electrostatic repulsion from the three negative chardiesited as expected. The ratio between the transverse ar
of the carboxylic acids reduces the interaction between tlmngitudinal relaxation rates is 0.69, very close to the value
molecules. Above about 10 mM, the broadening increases gréddicted in 25). The exact theory of the spin exchange
finally becomes a linear function of concentration. In isotoniefficiency with oxygen appears not to be well understood
saline the electrostatic repulsion is completely screened and Apparently some collisions are spin dephasing and do nc
linewidth becomes a linear function of concentration, Figs.résultin an exchange of spin states. Table 5 also gives the EF
and 8. The change in relaxation rates with concentration is sescitation field at half the maximum DNP enhancement
to be much smaller than usually observed for nitroxide agertependence on oxygen. It is interesting to notice that in bloo
(42). The self-broadening of the deuterated hydroxy trityl iat 37°C the oxygen effect is 31.2T/mM O,, 46 times
about one-tenth of the value observed for a nitroxide agemore than the agent concentration effect of 066/mM
The small slope of the broadening of the deuterated hydrofy.\ T,.T,.) * obtained from the values in Table 4). Thus,
trityl and the dependence on temperature and viscosity leadridhe physiological range the oxygen contribution By {),,,
the assumption that the mechanism is predominantly dipola.about 3.2uT, about five times the agent concentration
With the longitudinal relaxation rates of the deuterated hgontribution and a doubling of the value from the deoxygen:
droxy trityl in water at 23 and 37°C, Table 4, a minimahted state.
distance of approach of 1.1 nm is calculated from Eq. [18] All the relaxation data is dependent on an accurate calibre
when the diffusion constants from the Stokes—Einstein equ@n of the EPR excitation field. Considering the very good
tion, 0.6 X 10 °m?s (r = 1.0 ns) and 0.8 10 °m?s (r = agreement between the field calibration obtained with Fremy’
0.76 ns), are used. Equation [19] gives 75% and 90%, respsal and the calculated value, the systematic error inTthe
tively, of the transverse relaxation rate with the same parametiata is believed to be negligible. Correcting for the variation:
values. The larger minimal distance of approach (1.1 nm gsthe Q value of the resonator with temperature and sampl
opposed to the molecular radius of 0.4 nm from the NMRIading significantly improves the estimation of the longitudi-
profile) can be explained by the counterion clustering in theal relaxation rate.
agent—agent encounter. A curve of the functionality of Eq. [23]
has been fitted to the water data points. The initial slape ( CONCLUSION
0) relative to the slope at high concentratiors+$ =) is equal
t0 9, 0,/edks T X (exp(@,0./edksT)—1)"* (42). The value  The single electron contrast agents examined have uniq
of this expression is 0.02 in water fdr= 1.1 nm andy,q, = properties that are due to their water solubility, their stability,
9. The measured value is 0.06. The uncertainty of the initiahd a single and narrow EPR resonance. This enables hi
slope is, however, relatively large. In plasma and blood tHENP enhancements at moderate power levels and concentl
relaxation rates have increased as expected from the increas#ofs in the millimolar range. The DNP enhancements of the
viscosity of the media. For the two other trityls the broadeninggents extrapolate close to the dipolar limit. The relaxivity is
is larger and the temperature variation is not consistent with thell modeled and in full agreement with the expected value fo
assumption of dipolar interaction. Thus, Heisenberg spin ex-S = 1/2 system. In biological fluids at low field the proton
change is believed to contribute significantly for these two tritylselaxation rate is so short that significant leakage of magnet
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zation cannot be prevented at reasonable concentrations, ahg &l P. Shukla, R. P. Mason, D. E. Woessner, and P. P. Antich, A

less than maximal enhancement must be accepted. c_omp_arisolr; of three commercial perfluo_rocarbon emulsions as
We have investigated the EPR saturation properties of three :/'Igg:.'e:‘eso?\'gﬂ Fleogfofgef_ﬂf )((i’ggg).tens'on and temperature, J.

novel single electron contrasF agents.."l'he relaxation tl_m_es f P. Réschmann, Radiofrequency penetration and absorption in the

these agents under physiological conditions may be sufficiently hyman body: Limitations to high-field whole-body nuclear mag-

long to impose no limitations on OMRI from the energy netic resonance imaging, Med. Phys. 14, 922-931 (1987).

absorption of the patient. 14. H. Konijnenburg and A. F. Mehlkopf, Optimal field strength and
The sensitivity of these agents to oxygen in the physiological pulse-sequence parameters for in vivo dynamic-polarization imag-

range of oxygen concentrations is close to optimal. The relax- "9 J- Mag. Reson. B 113, 53-58 (1996).

ation rates in the absence of oxygen and for low concentratiof¥s A- Aabye, T. Aimén, S. Anderson, K. Golman, M. Jargensen, F.

. . Rise, R. Servin, H. Wikstrom, and L.-G. Wistrand, EP 0515458

of the agent are less than the oxygen contributions. The agent(lg%)'

concentration-dependent broadening is re_duce_d to One,-thqul.ép S. Anderson, K. Golman, F. Rise, H. Wikstrom, and L.-G. Wistrand,

one-tenth of the values observed for nitroxides. This will s patent 5,530,140 (1996).

improve the accuracy of DNP and EPR oximetry by reducing. a. w. overhauser, Polarization of nuclei in metals, Phys. Rev. 92,

the influence of the agent concentration on the saturation 411-415 (1953).

degree. Thus, the foundation is given and the practicality i8. A. Abragam, ““Principles of Nuclear Magnetism,”” Oxford University

demonstrated of oximetric imaging using agents such as these.Press, Oxford (1961).

19. J. Trommel, ‘““Molecular Motions and Collisions in Organic
Free Radical Solutions as Studied by Dynamic Nuclear Polariza-
tion,” Thesis, Technische Hogeschool Delft, The Netherlands

. (1978).
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