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Proton spin-lattice relaxation tim@ ) of water in aqueous solutions of ferrous and ferric ions and

in the corresponding agarose gel systems have been studied in the light of NMR relaxation theory.
The theoretical analysis of T{'s has revealed that, at the microscopic level, changes in the
solvation states of paramagnetic ions in aqueous or gel environment are greater than difference in
the paramagnetism between ferric and ferrous ions. The former change is the primary factor for the
exhibition of radiation effect. At the phenomenological level, we have confirmed and demonstrated
that: (1) Radiation effect is almost exclusively exhibited through changesTn daused by the
interactions between water proton and ferrous or ferric ions; @nhdraction of conversion of
ferrous to ferric ions induced by radiation is the “true” representation of the spatial distribution of
radiation dose. ©1996 American Institute of Physids$0021-960806)51133-3

I. INTRODUCTION molecules caused by the conversion of ferrous to ferric ions
in the above systems. Based on the results thus analyzed, we

The Fricke dosimeter is one of the most commonly usedave studied effect of radiation on the above systems, paying

chemical radiation dosimetetsLhe method is based on con- particular attention to(l) What is the radiation effect in

version of ferrous to ferric ions caused by ionizing radiation.terms of the fundamental quantities appeared in the phenom-

Goreet al? showed that ferric ions produced in aqueous ir-enological description of NMRthe Bloch equatioh’); and

radiated ferrous solution sufficiently influenced therelax-  (2) How can the “true” radiation dose be expressed from

ation time of the water proton to permit resolvable differ- these quantities? Finally, we have presented the true radia-

ences in their nuclear magnetic resonance signal. In radiatiaiion dose distribution in the two-dimensional space by using

doses in the range 0-40 Gy, Applebyal® demonstrated MR images of the ferrous—ferric/agarose gel sysi@s a

that spatial distribution of radiation doses can be determinedelatenous tissue equivalent phantoaequired before and

by using NMR imaging(MRI) method in aqueous agarose after irradiation.

gels. Previous investigatdrdhave attributed this capability,

i.e., proportionality of proton relaxation times of water to Il. EXPERIMENT

radiation dose in ferrous—ferric/gel systems, to the greater The original ferrous or ferric/gel system solution con-

paramagnetism of ferric than ferrous ions. This understandéisted of 1%wiv) Seaplaque agaro$EMC Corp), 0.4 mM
mgtcar_]r bef exatmm_edf na m?re _rllgorous wayl by itUdymgrerrous or ferric ammonium sulfate, and 0.05 N sulfuric acid.
proton 1, of Waler in IeIrous—TIetric/agarose gel Systems asrpe method of preparing and mixing the solution has already
well as aqueous solutions containing ferrous or ferric ions INheen described elsewhérén the present work, aquUeous so-
the light of NMR relaxation theory which is based on quan-sions of ferrous or ferric ions, plain gels, and ferrous or

tumlanﬂ.statlsﬂcal mhechamcs. _ v d ed ferric/gel samples were prepared in small test tui€smm
n this work, we have experimentally determined proton,, 4y ¢or T, determination and a glass contain@0x90

T, of water in aqueous solutions of ferrous or ferric ions a”d><110 mn?) for determination of radiation dose distribution

the corresponding agarose gel systems. Protdgislof wa- by MR imaging. Quartz cuvette€l0X10x40 mn?) were
ter thus determined are analyzed in terms of NMR relaxation,q for optical measurement.

theory by focusing on what is the physicochemical reason for  \ya sed a Technicare Teslacon(0.6 T) MR imaging
changes in the proton NMR relaxation behavior of wateri,<trument instead of high-resolution NMR spectrometer:

In order to carry out simultaneous measurements of proton
dpresent address for corresponding autfior.). T, of water in several samples; aii@) in order to examine
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TABLE |. Comparison of apparent; determined by the SVR method and jons as well as ferrous or ferric ions/gel systems, we have
gﬂse Ié::;ﬁ{glt?:ndok;yctgg;i %efgc’d In aqueous solutions containing variyseq the following data acquisition parameters: FENG0

' mm, slice thickness5 mm, TE=30 ms, number of signal

T, (9 accumulations2; number of phase encodind28; and

Ratio : : ;
Method - SUR IRISVR number of_ variable TR1_3 including one Iong _TF{6 9. It
was experimentally confirmed thé s was sufficient to war-
Conc.(mM) rant re-establishment of thermal equilibrium in these systems
25 0.658 0518 127 when the SVR method is used.
1.25 0.877 0.703 1.25 A possible maximum value of radiation dose suitable for
0.60 1.30 1.01 1.28 P

Mean 1.267 the above ferrous/gel systems was determined by the optical

method. Optical density at 304 drwas determined using a

An[Mo—(Mz(t))] = —t/T, +In[2Mo] is used where =TI —(xw; +XW5)/2.  Beckman DU14 spectrophotometer as a function of the

BIN[M—(M(t))]=—t/T;+In[M¢] is used wheret=TR—xw,2—TE. f radiation d for f 1ael svst taini

Here,xw; andxw, denote widths of 180° and 90° rf pulses, respectively. qmount Ol radia _|0n ose forierrousige _sys e€ms containing a
fixed concentratiorf0.40 mM) of ferrous ions.

Diffusion of ferric ions produced in the irradiated

spatial distribution of radiation effect. The most orthodox ferrous/gel system has been repoftetb have a significant
method for measurind’; by MR imaging instrument with  effect on stability of the spatial distribution of radiation dose.
the currently available rf pulse sequences is the inversiofVe have usually initiated acquisition of MR imaging data
recovery(IR) method with a long repetition timérR). Our ~ immediately after irradiation and finished within 1 h, though
preliminary measurement of protdn of water in plain aga- We have also examined the stability of spatial distribution of
rose gel by means of the IR method gave 2(6ts0.6 T) at  radiation dose over a period of time longer than a few hours.
20 °C. In order to ascertain re-establishment ofztoempo-  First, a quartz cuvette was filled with the above gel solution
nent of the nuclear magnetizatiofM ,(t))] after a sequence and left to set for 2 h. The cuvette was then irradiated with
of rf pulses is applied, one must practically set TR equals td0 MeV x-rays by setting one half of the radiation field
at least 5 to 6 time3 in the IR method. This means that one blocked so as to irradiate only one half of the cuvette. Mea-
must take at least TR15 s for each IR experiment. Then, surements of optical density at 304 nm were initiated within
one scan will take more thal h with the number of phase 30 min after irradiation as a function of time by focusing on
encoding=128 and the number of NMR signal the nonirradiated section.
accumulations-2. Use of many different TI'gtime between
the first 180° and 90° rf pulsgss desirable in order to obtain ||| RESULTS AND DISCUSSIONS
reliable T, values. If eight different TI's are used, the total ) ]
data acquisition with the same acquisition parameters af- Modeling of ferrous—ferric/agarose gel systems for
above will take more than 8 h. water proton NMR relaxation phenomena

In order to significantly shorten data acquisition time, we It is well known that the nuclear magnetic dipole—dipole
have used the usual single spin echo seqiéheith vari-  interactions among protons are the predominant relaxation
able TR’'s and a constant echo tini€E) (SVR method.  mechanism for liquid water protori8-*? The relaxation is
Here, one scan must use a long TR in order to determineaused by random motions of water moleculésThey are
(M(t=0)) in thermal equilibrium. In the rest of the scans intramolecular relaxation by the rotational motions of water
with variable TR’s, TR’s are much shorter than 5 to 6 timesand intermolecular relaxations by the translational motions
T,. In these scans, RF pulses are applied befdfg(t)) of molecules. In the case of an aqueous solution containing
re-establishes thermal equilibrium and thus, they partiallyferrous (system A or ferric (system B ion, there are also
violate the physical principles of NMR experiments. There-magnetic dipole—dipole interactions between protons of wa-
fore, we must regard a time constant thus determined by theer and these paramagnetic ions. Here, it is a good approxi-
SVR method as “apparentT;. Now, we must establish a mation to assume that random motions of both water mol-
relationship between apparenf thus obtained and tru€;  ecules and ions are much faster than the time scale of NMR
determined by the IR method. First, we have determined truand thus, only the average of the above relaxation processes
T,'s in aqueous solutions having various concentrations otan be observed. Then,Ti/for system A[1/T,(A)] may be
CuSQ, using the IR method with TR8 s and nine different expressed as
TI's. Secondly, we have also determined apparBi$ b
the SVR methyod with 13 variable TR’s for thepgameftan{ples. LT1(A)=1T1(H,0-H,0)+ 1/T; (H,0-Fe"), @
All data were treated by the linear least squares analysis byhere the first term on the right-hand side represerits 1/
using the Bloch equation. The results thus obtained are suncaused by nuclear magnetic dipole—dipole interactions
marized in Table I. among water protons and the second the interactions be-

The results indicate that true, can be obtained by mul- tween water proton and ferrous ion. For system B>'Fe
tiplying apparentT, by 1.267 with less tharz2.0% errors. the second term of Ed1) must be replaced by B&.
Thus, we can correctly determine trilig values by the SVR In agarose gel systems, there are also intermolecular re-
method within 1 h. In the simultaneods measurements by laxations caused by interactions between water proton and
the SVR method for aqueous solutions of ferrous or ferricproton of agarose molecules. Our protbpandT, values of
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water in the plain gel systefisystem ¢ at 20 °C is 2.55 and of water molecules as compared to the time scale of NMR,
0.44 s, respectively. These can be compared with 3.2 ene can observe only the average of all these relaxation pro-
(T,=T,) in pure liquid water>3|t is important to note that cesses.

the T, value in the plain gel system is considerably shorter =~ The above model leads to the following expression for
than that in liquid water and alsb, is much shorter thaif; . experimentally measurable T/ for water proton in the
This experimental fact means physically that v¥§ter in the geferrous/agarose gel systdivT,(D)]:

system is not in the extreme narrowing regiiidn other _

words, averaging of the dipole—dipole interactions by mo- UTy(D)= 1Ty (H0—H,0) + /T, (H,O-agarose
lecular motions of water is incomplete. This implies motion +1/T,(H,0-F¢&"), 3
.Of r_nollecules are.restncted in the gel system much more .tha\?vhere the third term denotes the magnetic dipole—dipole in-
in liquid water. Since the amount of agarose is only 1%, it is

apparent that water constitutes an actively particioatin Comt_eraction between water proton and ferrous ion. The ferric/
P yp pating el system has the same expression ag®except F&' in

ponent to_form a gel system n Wh'Ch the physu?al state Olf[Jhe third term on the right-hand side must be replaced by
water is different from that of liquid water. It is still a good E
approximation to assume that random motions of water mol- = °
ecules are much faster than the time scale of NMR and thus,
one can experimentally observe only the average of thg. proton NMR relaxation of water molecule caused
above relaxation processes. Then, experimentally measuraldg¢ magnetic dipole—dipole interaction with
1/T, for water proton in system C may be expressed as  paramagnetic ion in aqueous solutions of ferrous or
ferric ion and in ferrous or ferric/agarose gel
1/T,(C)=1/T;(H,0-H,0)+ 1/T,(H,O—agarosg (2 systems

where the second I{ represents the interaction betweenwa-  According to the density matrix treatment of NMR re-

ter proton and proton of agarose. laxation phenomena, the spin-lattice relaxation of water pro-
With regard to the ferrous/agarose deystem D and  ton caused by the magnetic dipole—dipole interaction with

ferric/agarose gelsystem B, we suggest that the following paramagnetic ion in aqueous environment can be expressed
model can be postulated based on the above experimentgd4

facts in NMR experiments. It is a good approximation to

assume that NMR relaxation of water protons in these sys- d(12) =1 =10)/Ty, 4)
tems is caused by the magnetic dipole—dipole interactiongshere(l,) is the z component of magnetization of proton
(1) among water protons as well &8) water proton and spinl, |, is the magnetization in a thermal equilibrium, and
proton of agarose an@) proton of water and paramagnetic T, is the spin-lattice relaxation time by this mechanism. It
cation. Mobility of water molecules in these systems is stillshould be noted that, since there is no polarization of elec-
high in terms of the time scale of NMR even though it istron spin in our experiments, Eq4) is an uncoupled
restricted more than liquid water. On the other hand, ferrougquation'* Here, 1T, is given by

or ferric ion occupies certain sites for an extremely long _

period of time as compared to the time scale of molecular /11~ Y(H)?y(e ) (R S(S+Df (o), ws,7), ®)
motion of water. The original concentration of ferrous ion iswhere S is electron spin quantum number of the paramag-
0.40 mM vs 55.51 M of water in the ferrous/gel system. Thisnetic ions(ferrous or ferri¢, y(i) is the magnetogyric ratio
means that there are about 1.388° water moleculegor  of spini, 7 is Plank’s constant divided by f(w, ,0g,7) is
2.776x10° proton3 per one ferrous cation. As for water relaxation function wherey, andwg are Larmor frequencies
molecule, therefore, the statistical chance of encounteringf proton and electron, respectively, ands the correlation
cations is approximately 72210 ° times the water—water time.

encounters. However, the magnitude of interaction is about A ferric ion in solution is surrounded by six water mol-
4.0x 1P times greater than that of the water—water interac-ecules which form a distorted octahedron. The ferric ion has
tion. In this crude estimate, it is assumed that the magnitudéve 3d electrons with no resultant orbital angular momen-
is proportional to the squares of magnetogyric ratio of protortum and thus, the electronic state®8,; i.e., spin quantum
as well as of ferrous ion and the rest of variables such asumber ) is 5/2. Therefore, the value af factor must
distance and correlation time remains unchanged for bottheoretically be close to that of a free electron, i.e.,
interactions(see below In essence, the above model means2.0023'°*1This is actually the case. The experimental value
that protons of water molecules relax %) encountering of g factor determined by ESR is 2.06ZSince experimen-
other water molecules and/or agarose molecules for most @&l values for bothg factor and the magnetic susceptibility
the time(process A and(2) occasionally encountering cat- are available for ferric ion, the following calculation was
ions (process B Thus, it is a good approximation to assume carried out. Magnetic susceptibilities are usually expressed
that both relaxation processes A and B occur independentliyn terms of the effective Bohr magneton numheeff). The
without mutual interference. If ferrous—ferric/gel systems areexperimental value ofi(eff) for ferric ion in solutions deter-
regarded as pseudohomogeneous systems, it can safely tmned by susceptibility measurement is known to be
assumed that random motions of water molecules in gels a® 948 The correspondingg factor is expressed by
isotropic in three-dimensional space. Because of fast motions u(eff)/[ S(S+ 1)]Y?=5.94/2.958-2.008. This value agrees
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very well with the g factor directly determined by ESR. TABLE Il. Some properties of solvated ions in watétef. 23 v, partial
Thus. we can use eithw(eff) org factor in further calcula- molal volume;Gy: partial molal Gibbs free energyd,: partial molal en-
. ! . _ 2 thalpy; Sy: partial molal entropy; rhi: radius of hydrated ion; gztmolar
tions. In Eq.(5), the quantity (e ')h] S(S+1) represents  hydrated ionic volume.

the mean-square of the magnetic moment of the paramag
netic ion((x?)) and this formula is valid only for ions in an
S state in which there is no orbital magneti$ff! Since

vo Go Ho S rhi vhy
lon  (M)x10 %mol. kJ/mol. kJ/mol. J/Kmol. pm. (m})x10 6

[y(e7)%]%S(S+1)=((u?)=[u(eff) X B> where B is Bohr  NH; 17.86 7712 17.70 159
magneton(0.927<10 24 J/T), this quantity for ferric ion is: Fé&" —29.7 —2761.9 —2810.4 —162.8
(5.94x 8)?=3.035<10~*® (SI unity Fe't —-43.7 —-5632.0 —5712.0 —268.0 457

' ! ’ Sorn 13.98 364 214

A ferrous ion in solution is surrounded by a nearly regu-
lar octahedron of six water molecules. The ferrous ion has
six 3d electrons and the state D ,.'>" Therefore, the
quantity [y(e™)%]%S(S+1) in Eq. (5) must be replaced by
the quantity(u%). Here,(u?) is defined a&;p;(u?(i)) where
(4%(i)) is the square of magnetic moment in the siaend ~ (H,O—F€&" or F€"") may be taken from Torrey’s theory for
p; is the probability of ions in the staie'* Sum should be spin-lattice relaxation caused by translational diffusioBy
carried over all states. Since only a weak transition in ESRadopting his theory to ferrous and ferric aqueous solutions,
was observed at 20 K:*®no sufficient data are available to 1/T; (HO—ion) may be written as
evaluate(u?) from this definition. Thusu(eff) is the only

source of information we can use for the calculatior{@%). 1T (H,0—ion)= (4/5) y(*H)X( u?)[n7/(ag)°]
The u(eff) value for ferrous ion in solutions is reported to be ) )
5.338 and thus{u? =[ u(eff)x B12=2.443<107%5 (SI units. X[1+1Xap)/5(r )], (6)

Hence, the ratio ofu?)(F€*") vs (u?)(F€") in aqueous
solutions is 1.24. This is the theoretical ratio ofT1l/ wherea,is mathematically the lower limit of radial integra-
(H,O-Fé") vs 1T, (H,O—Fé&") when spin-lattice relax- tion and physically interpreted as approximately the closest
ation processes of water protons are solely governed by theossible distance of approach of proton and paramagnetic
difference in paramagnetism of ferrous and ferric i6hs. ion, (r?) is the mean squared flight distanceis the mean
This value should be compared with the experimental valueme between flights, and is the number density of para-
which are obtained as follows. magnetic ions.

Experimental values of T/ for water proton in agueous Assuminga3=<r2> for either ferrous or ferric ions, with
solutions of ferrous and ferric ion®.40 mM) (systems A the identical concentration of ion®.4 mM), a ratio of the
and B are determined to be 0.611 and 5.®6%), respec- quantity, (ﬂag), for ferric vs ferrous ion can be evaluated
tively. Then, 1T, (H,O—ion) for F€* and Fé" ions in wa-  from Eq. (6). The value is calculated to be 14(%18.2/
ter (systems A and Bare evaluated to be 0.299 and 5.4%,s  1.24. Since the quantity is a product of the stafig) and
respectively by using Eq1) where 1T,(H,O—-H,0O) is taken  dynamic(7) factors, it represents a physical state of the hy-
to be 0.313213We have determined T{ (H,0-H,0, aga- drated ion. In order to evaluate the dynamic factowe need
rose from the plain gelsystem G to be 0.390 st. 1/T; (D) a value fora, from sources other than NMR. Solvation of
in the ferrous/gel systenisystem D and 17, (E) in the either ferrous or ferric ions in water have been well studied
ferric/gel systemsystem E are determined to be 0.712 and by various means. Some of the macroscofiteermody-
2.85 s'%, respectively. By combining these results with Egs.namig data for these ions in water are quoted from Ref. 23
(2) and (3), 1/T; (H,O—F€") and 1T, (H,O-F€") in sys-  as shown in Table Il. Nowr for ferric ion can be estimated
tems D and E are easily evaluated to be 0.322 and 246 s from Eq.(6) by settinga,(F€**) equal to radius of hydrated
respectively. Thus, the experimental ratio of T4/ ion for F€" [rhi(F€*")]=4.57x10 1° m (Table I)). We find
(H,O-Fé") vs 1T, (H,O—F€&") in the aqueous environ- AFe")=1.17x10 s,
ment is 5.45/0.29818.2. The corresponding ratio in agarose Since rh{F€*") is not known, we must estimate rhi in
gels is 2.46/0.3227.64. These two experimental values areorder to calculater. Here, we pay attention to the ratios of
much greater than the ratio solely arising from the differencevarious thermodynamic quantities. For example, both partial
in paramagnetism between ferric and ferrous ions. molal Gibbs free energy and enthalpy are negative and the

It is apparent that the above discrepancy between thealues for ferric ion is more than twice of that for ferrous
theoretical and experimental ratio of TY{H,O—F€") vs ion. The partial molal entropy also has the same trend as
1/T, (H,O-F€") must arise from the difference in relax- above. The ratios of the same quantities for ferric vs ferrous
ation functionsf (w, ,wg, 7) for both ions. Heref (o, ,wg,7) ions are as follows. For partial molal voluntey), absolute
represents both dynamic and static nature of interactions bgartial molar ionic volumeva,), partial molal Gibbs free
tween water and ion. With regard to aqueous solution ofnergy(G,), partial molal enthalpyH,), and partial molal
ions, we may assume that rapid motions of both water molentropy(Sy), the values are 1.47, 1.70, 2.04, 2.03, and 1.65,
ecules and ions are occurring in an isotropically randonrespectively. The mean value of these is 1.78. These ratios
fashion while preserving the nearby configuration of waterimply that ferric ions are more favorably bound by water
molecules around an ion. Thud(w,,ws,7) for 1/T, molecules than are ferrous ions. Then, the reciprocal of
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[rhi(FE*")/rhi(F€)]> must have the same trend as above.
Assuming rhiFe€*")=rhi(Fe**)x1.78, we findr(Fe’*)=4.34
x10 1 s with Eq.(6). Theser values may be interpreted as
such meaning water molecules bound in a hydration environ-
ment of ferric ion are staying for a period of time longer than
that for ferrous ion by nearly a factor of 3. It should be
mentioned that ourr values are considerably longer than
those used in Refs. 2 and 19. These authors did not evaluate
7 values from their experiments for ferrous—ferric/agarose
gel systems.

Since our model for the ferrous—ferric/gel systems im-
plies that relaxation of water protons will occur when trans-
lationally diffusing water molecules are close to an ion, Eq.
(6) may also be applicable to estimate a ratio of the quantity (a)
(ﬂag) for both ions in gels. The ratio for ferric vs ferrous ion
is 6.16(=7.64/1.24 as compared to 14.7 in aqueous envi-
ronment just obtained above. Although the relative magni-
tude between two ions in gel systems is less than that in
aqueous solutions, changes in ion’s hydration state make a
more important contribution than the difference in paramag-
netism to 1T ,. Separation of the above two factorsanda,
is not feasible becaus@gy’s in gel environments are not
known and thus, it is not possible to investigate how and to
what extent cations are bound in agarose gels.

C. Application to exhibition of dose distribution in
MR images

(b)

We showed that agarose gel doped with ferrous ammo-
Plum Su”a;e s.up.ports ?]Che.un [faCt:jon fcr): the conveIrS|on 0IfZIG. 1. Original and “corrected” MR images of the nonirradiated ferrous/
errous4to erric ions é/v en irradiated with x-ray or electron ge;'sysiemp): (a) original, (b) “corrected.”
beams®* The G valué® of ferric production was found to be
around 100 compared with only about 16 for the well known _ o _
Fricke dosimeter. The higs value found in the gel system 2. Comparison of original and corrected image
makes radiation dose studies possible with doses normally In order to correctly determine dose distributions in the

used in clinical practice. two- or three-dimensional space in terms of pixel value, it is
3 o extremely important to correct the nonuniformity steming
1. Stability of irradiated ferrous/gel system from factors other than the effect of radiation. Figur@)1

Our previous studies indicate that spatial distributions ofshows the original image of a nonirradiated ¢ggystem D
radiation doses determined by proton MR imaging methocbtained by the SVR method with 6.0 s. Since Fig. ()
remain unchanged over several hours after the irradiation is the image in which all water proton spins completely re-
though, other investigators pointed out this is the origin ofestablish a thermal equilibrium, the image should be feature-
blurring MR images:* Hence, the stability of the ferrous— less and plain. This is actually not the case. The image be-
ferric/gel system was reexamined by measuring optical derGome brighter toward top. The image shown in Figh)was
sity along a quartz cuvette containing a ferrous—ferric/gegenerated according to the correction procedure described in
system as a function of distance and time. A small but disAPpendix A. The brightness of corrected image shown as

tinct change in optical density was observed at one hour anfiig- 1(b) certainly is very uniform. One quantitative measure
two hours after irradiation. A part of the increase in opticalfor the evaluation of correction process can be demonstrated

density within this time span arises from a slow oxidationas the difference in the ratios of standard deviation of pixel

reaction of ferrous to ferric ions. But there is no apparentvalues vs the mean pixel value of a large ROI taken inside of
difference between measurements taken at 2, @4amafter 9gel. This ratio for the original image is 151.145
irradiation. A small but recognizable change in the irradiated7644.83=1.977x10"% as compared to the corrected one
section became observable after 5 h. This emphasizes thAs-506/7228.846.018<10 °. The latter value is less than
accurate imaging of the dose distribution should be carrie@ne third of the former.

out as soon as possible after irradiation. Therefore, all MR o o

imaging data acquisitions used for calculations in this papep- Effect of radiation—macroscopic view

were initiated immediately after irradiation and completed = We have obtained the T{, M, cc and sd images for a
within 1 h. ferrous/gel system beforesystem D and after(system F
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irradiation by following the procedure given in Appendix B.  geeryermrrrr
Figures 2a), 2(b), and Zc) are the spatial distributions of  EEETEEREN
1/T,, water contentor proton number densitynd cc values

in system D. Figures(3), 3(b), and 3c) are the correspond-
ing images obtained from system F. The cc values for all
pixels in both gel systems are found to be always greate
than 0.99.[The mean pixel value over 8341 pixels in the
image shown in Fig. @) is 3446.97. The corresponding true
cc value is obtained by multiplying by the rescaling factor
(2.8782x10 %) to be(3446.972.8782x10 4)=0.9921. The
corresponding value for the image shown in Fidc)3is
3476.82¢2.8535<10 “=0.9921] These indicate that(1)
Proton NMR relaxations in the gel systems are well repre-
sented by the Bloch equation; af@ the quality of experi-
mental MRI data obtained here are very high and reliable a:
demonstrated by both Figs(@ and 3c). The quality is
guantitatively expressed by the ratio of standard deviation of (
pixel values vs the mean pixel values of a large ROI taken
inside of gels. They are 7.98354/3446:97.316x10 ° [see

Fig. 2(c)] and 5.94731/3476.821.7106x10 ° [see Fig. B
3(c)] for Systems D and F, respectively. e

A comparison of Fig. @) with 3(a) and Zb) with 3(b)
reveals clearly that radiation effect is exclusively attributable
to changes occurred inT{ values since thd1, image after
radiation[Fig. 3(b)] does not exhibit a particular radiation
effect anywhere in gel. This is clearly revealed by a constani
line profile of M along the direction of irradiation. A line
profile of 1/T; shows a rapid increase with increasing dis-
tance from the irradiation source. After reaching a maximum
at 25 mm measured from the surface of gel, it gradually
decreases.

When a ferrous/ge(D) system is irradiated, a part of
ferrous ions is converted to ferric ior’s’1%?°displaying the
radiation effect and it becomes System Fulis defined as a
fraction of this conversion, experimentally measurablg; 1/
in the system F1/T,(F)] can be expressed as H§),

a)

1/T,(F)=(1/T,)(H,O-H,0, agarosg
+ (1T, (H,0—Fe)+ (1— a)

SERFLAGUE FRE
X(1/T1)(H,0-Fé™). ) 2EMARS4., 777

Here, the first term represents a combined expression for th
sum of the first and second terms in ER). Since the con-
version factora represents radiation effecty can be ex-
pressed by Eq8a by rewriting Eq.(7) for the factora,

a=[(1T1)(F)—(1/T1)(H,O0-H,0, agarosp
—(1T1) (H0-FEM)JI[(1T1)(H,0-F€")
—(1T1) (H,0-Fé™)]. (8a)

We have experimentally confirmed that there is no radia-
tion effect on 1T, in both plain gel(C) and ferric/gel(E)
systems and therefore, E@a can be simplified to Eq.8b) 28-Mar-94 16128
with the aid of Eq.(3), '-'“E U

a= [(1/T1) (F— (1/T1)(D)]/[(1/T1) (B)—( 1/T1)( D)]. FIG. 2. Spatial distribution of T/;, Mg, and cc in the nonirradiated ferrous/
(8b) gel system(D): (a) 1/T,, (b) My, (c) cc.
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SEAFLAGUE POST
28MAR94 .- 272,72

SEAFLARUE FPOST
28MAR94 #7227

SERPLAGUE POST
28MAR94- 27,2

FIG. 3. Spatial distribution of T/;, M, and cc in the irradiated ferrous/gel
system(F) where 45-deg wedge field of electron beam is usadi/T,, (b)
My, (c) cc.

SERFLARUE POST
28MARS4/ 7707

3=Mar-94 18.46

FIG. 4. Distribution of the conversion factarin the two-dimensional space
evaluated from I/, shown in Figs. 2 and 3.

Equation(8b) is a more convenient expression than Bg)
because, once T{ has been determined for system(if
which the concentration of ferric ions is prepared to be equal
to that of ferrous ions in system)Da can be experimentally
determined only by the T/ quantities[on the right-hand
side of Eq.(8b)] for the ferrous/gel system befotgystem D
and after irradiatiorisystem F. It should be emphasized that
«a is the quantity which represents “true” radiation effect.
By using Eq.(8b), we have generated an image of the
conversion factow as shown in Fig. 4. Here, a single pixel
represents the mean values @fwithin a volume of(0.625
X 0.625%5) mn. A dose profile along the direction of ra-
diation shown in Fig. 4 indicates that a maximum dose oc-
curs at 25 mm measured from the surface of gel. The shape
of the line profile is almost identical to that obtained by
treatment planning comput&t?®

IV. CONCLUSION

The theoretical analysis of proton spin-lattice relaxation
time of water in aqueous solutions of ferrous and ferric ions
as well as in the corresponding agarose gel systems has re-
vealed that, at the microscopic level, protoit L6f water is
affected by changes in the solvation states of paramagnetic
ions much more than the differences in paramagnetism be-
tween ferric and ferrous ions. Thus, the former change is the
primary factor for the exhibition of radiation effect. At the
phenomenological level, we have confirmed that radiation
effect is almost exclusively exhibited through changes in
1/T, caused by the interactions between water proton and
ferrous or ferric ion. We have shown that the fraction of
conversion(a) of ferrous to ferric ions induced by radiation
is the “true” representation of the spatial distribution of ra-
diation dosé’
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If the Bloch equation is valid for water protons in gel
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