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The effect of possible susceptibility-induced gradients on mea-
surements of water diffusion along the transverse and longitudinal
axes of white matter fibers in the brain was investigated in vivo at
1.5 T. Measurements obtained with sequences sensitive and insen-
sitive, respectively, to susceptibility-induced gradients indicated
that these gradients do not contribute significantly to diffusion
anisotropy in brain white matter. Furthermore, diffusion measure-
ments were unaffected by the presence of known susceptibility-
induced gradients at the interface between the petrous bone and
brain parenchyma. These results agree with those obtained on in
vitro samples and appear to support the hypothesis that interac-
tions between the diffusing water molecules and the cellular envi-
ronment constitute the principal mechanism for diffusion anisot-
ropy in brain white matter at 1.5 T. This, in turn, simplifies the
interpretation of diffusion time-dependent measurements in terms

referred to as an apparent diffusion coefficient (ADC) to reflec
this modification of Einsteinian free diffusion as well as the
effects of microcirculationg, 10 and other physiological fac-
tors. More recently, the apparent diffusion tensor (ADT) ha
been used to describe tissue water diffusion, which embodi
diffusion anisotropy in a single mathematical entifyl(12.
However, a more complete description may be provided frol
a series of diffusion time-dependent tensors. In this case t
diffusion time, which is well defined in the pulsed field gradi-
ent sequencelj, is treated as a variabld3-19. In the short
diffusion time regime few diffusing molecules interact with the
surrounding cellular structures, diffusion anisotropy disar
pears, and the ADT is reduced to a scalar quantity. As tt
diffusion time increases so does the number of diffusing mo

of membrane separation and permeability. © 1999 Academic Press

e o ; ! ecules that interact with the surrounding cellular structure
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causing the ADC to be reduced relative to the free diffusio
value in any particular direction. The rate of this reduction a
a function of the diffusion time is considered to be reflective ¢
the separation of the cellular structures and their permeabili
to water in a given directionl{, 18. In practice, this descrip-

The diffusion of water molecules in central nervous systetion of tissue water diffusion is limited by the resolution of the
tissue may be monitored noninvasively using pulsed field gristRI technique available and the presence of additional sign
dient sensitized NMR technique$—<4). Incoherent motion of modulation due to motion- and susceptibility-induced gradi
proton spins along the direction of applied field gradients leadsts. The effect of the latter phenomenon on measured tiss
to imperfect refocussing of transverse magnetization and suiater diffusionin vivo and the implications of any such effects
sequent attenuation of the NMR signal. Quantification of then the interpretation of white matter tissue structure form th
diffusion coefficient is possible by performing a series ahain focus of this paper. The current theory regarding tf
experiments in which the sensitivity to diffusion (gradidnt effect of macroscopic and microscopic susceptibility-induce
factor) is altered by modification of the pulsed gradient ampliradients on the measured ADC is briefly reviewed, followe
tudes and the NMR signals collected. The diffusion coefficiehy a description of experiments designed to detect the effec
may be determined from a semilogarithmic plot of the attenif-any, arising from these gradients in human brain.
ated NMR signal against the gradidmfactor.

In brain white matter, water diffusion is anisotropic; the

diffusion coefficient is dependent on the direction of the ap-
plied fielq gradient rel_ative_ to th(_a braib{8). Diffusion is Macroscopic Susceptibility-Induced Gradients
more rapid along the direction of fiber tracts than across them.
Although the exact mechanism for this phenomenon is notBackground gradients may arise from susceptibility varia
fully understood, the presence of cellular structures whidlons in the sample or from poor magnetic field homogeneit
differentially impede the progress of diffusing water moleculébhe use of a static, one-dimensional, macroscopic gradie
in certain directions is widely held to be an important contritduring the collection of multiple spin echoes formed the bas
utory factor. The diffusion coefficient measured in tissue i3f the first measurements of self-diffusion using NME9)(
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90° 180° echo

FIG. 1. The standard pulsed gradient spin echo (PGSE) sequence proposed by Stejskal and1J.anner (

Stejskal and Tannerl) considered the effect of a uniformusually unaccounted for). The ADC can be calculated from E
background gradient on echo attenuation in a pulsed gradigit in which the denominator can be written (ignoring the
spin echo (PGSE) experiment (as shown in Fig. 1) and deiaging gradients), in terms df; and by,

scribed the echo attenuation in terms of the amplitude of the

applied field gradient for diffusion sensitizatid® and the IN[S(0)/S(b)]
background gradier®,; = T byt by (2]
In{s(b)] (b, + by)ADC The relative error in the gradiebtfactor due to the noninclu-
S(0) d d sion of the diffusion and background gradient cross tdrg),
may be defined as
where
B byt by < 100%. [3]

i {3 - 2o
The relative error irb can be related to the relative error in the

by = — )/ZS{(tf +12) + 8(t, + t,) ADC using propagation of errors
262  (TE)? AADC Ab 4
T_ 2 :|G'GO [1] ADC _?' []

and whereS(b) andS(0) are the NMR signals in the presence Equation [1] also indicates that the cross term is depende
and absence of diffusion sensitization, respectivelyrepre- 0N 9, A, G, TE, t;, andt,. The magnitude of the cross term
sents the gradienb factor due to the diffusion-sensitizingMay be calculated for three cases; (i) using the optimal s
gradients by, is the diffusion and background gradient crosguence parameters for maximal precision in the estimate of t
term, & is the duration of the diffusion sensitising pulsasis Water diffusion coefficient, (ii) using the optimal sequenc
the separation between the leading edges of the diffusiparameters for maximal precision in the estimate of brain whi
sensitising pulseg, is the time between the center of the 9oMatter ADC, and (iii) using parameters utilized for an exper
pulse and the start of the first diffusion pulse, anib the time imental investigation of background gradient effects on th
from the end of the second diffusion pulse to the center of t§gtimated ADGn vivo.
spin echo. Maximal precision in the ADC estimated from two NMR
It can be seen from Eq. [1] that components of the bacRignals collected with diffusion weightingy,, = 0 andby,,
ground gradient in the same direction as the diffusion-sen8iay be achieved by minimizing
tizing gradients contribute to the cross teby. If this cross
term is not accounted for, then an under- or overestimation of( oapc)\’ [ 0s\*[1 + exp(2bya + ADC) 2TE
the ADC results, depending on whether the background gradi-\ ADC/ ~ \ S, (Dymax © ADC)? T, )
ent is antiparallel or parallel to the diffusion-sensitizing gradi- [5]
ent, respectively. Equation [1] can be used to determine the
relative error in the ADC determined from two NMR signals aaccording to Prasad and Nalciogl@0f, where o is the
a function of the background gradient amplitude (which istandard deviation in the ADC arnxf, is the standard deviation
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FIG. 2. Relative error in estimated ADC as a function of the component of the background gradient strength along the direction of the diffusion-sen
gradients in the PGSE sequence with (i) optirbalactor and echo time for measurement of white matter ADC, (ii) optim#&hctor and echo time for
measurement of the water diffusion coefficient, and iifpctor and echo time used for investigation of background gradient effects on measurement of v
matter ADC (Table 1).

in the NMR signal in the absence of diffusion and relaxatio®DC (8 = 27 ms,A = 33 ms, TE= 117 msb = 606 s mm?)
Assuming a signal-to-noise ratio (SNR) equal to 142 anday be calculated in the same manner; in this ¢ase t, =
maximal diffusion-sensitizing gradient strength of 22 mT'm 28.5 ms.Figure 2 shows the relative error in ADC as a
the optimal sequence parameters for estimation of water diinction of background gradient strength in the direction o
fusion © = 2.2 X 10> mm* s+ (21), T, = 2500 ms) and diffusion sensitization calculated using the optimal paramete
white matter diffusion (ADC= 0.71 X 10° mm’ s™* (22), for the estimation of the water diffusion coefficient, white
T, = 72 ms @3)) using the PGSE sequence are (to the nearesatter ADC, and using sequence parameters for the investic
ms) & = 25 ms,A = 31 ms, TE= 67 ms,b = 491 s mm? tion of background gradient effects on measured brain AD
andd = 34 ms,A = 40 ms, TE= 85 ms,b = 1148 s mm?®, (see Table 1).
respectively 24). Posse 25) estimated the magnitude of macroscopic susce|
The relative error in the estimated ADC due to the noniribility gradients in the brain at 1.5 T by measuring the time
clusion of the background and diffusion gradient cross tershift of the echoes obtained in a gradient echo sequence &
can be evaluated using Eg. [1] and the optimal sequenaeserved gradients of up to 0.16 mT if these gradients are
parameters for the estimation of water and white matter ADgarallel or antiparallel to the direction of the diffusion-sensi
using the PGSE sequence. In this case the additional parati@ng gradients, then the relative error in the ADC based o
ters required aré, andt,. Assuming that the diffusion-sensi-Eqs. [1], [2], and [4] and the optimal diffusion gradient param
tizing gradients are placed symmetrically about the 180° pulsters for white matter is 1.8% in those regions. Repeating th
and neglecting the time required for the imaging gradiewcalculation for a maximal gradient strength of 10 and 40 m
pulses, then, = t, = 5.5 ms for water and white matter. Them™*, one obtains 3.5 and 1.1%, respectively, for the relativ
relative error in the estimated ADC using sequence parametersor. For the sequence parameters used for investigation
for the investigation of background gradient effects on tHeackground gradient effects (Table 1), the relative error i
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Imaging Parameters for Estimation of Apple Flesh and White
Matter ADC (Genu of Corpus Callosum and Interface between

Petrous Bone and Brain Parenchyma)
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where ¢’ represents the variance of the internal gradient:
Zhong et al. showed that the measured ADC* may be de
scribed as a weighted sum of ADCs from individual isochro
mats. ADC* for an individual isochromat may be either large
or smaller than the real ADC depending on whether the intern

Apple White matter gradient is parallel or antiparallel to the diffusion-sensitizing

PGSE BGP PGSE BePp  gradients. For internal gradients symmetrically distributed wit

zero mean as described by a Gaussian distribution, the iso

8 (ms) 19 15 27 18 romats with reduced ADC have a larger signal than those wi

(AA(niszs/s) (ms) ﬁ . 212 32‘2 ‘237 increased ADC. The higher weighting of the attenuated sign

b (s mm?) 183 249 606 606 for isochromats with reduced ADC results in a reduction of th

TE (ms) a7 95 117 117 overall ADC. This reduction in ADC was experimentally ver-

TR (ms) 5 5 2 2 ified by Zhonget al.in solutions containing superparamagnetic
Matrix 128 X 256 128 X 256 128 X 256 128 X 256

iron oxide particles. It is important to recognize from Eq. [6]

Number of acquisitions 16 16 1 1 that the reduction of the apparent ADC depends\and thus
Field of view (cm) 16 16 24 24 . . . . .
Slice thickness (mm) 5 5 5 5 the diffusion time, defined asA(— &/3). In this respect the

behavior of the ADC in the presence of microscopic suscep!
bility gradients is similar to that caused by restricted or hin

ADC is 3.5%. It is expected, however, that the relative error ﬁi1ered diffusion. Furthermore, if the presence of significar
ADC is smaller in areas of the brain where susceptibilit cal gradients cannot be ruled out, interpretation of diffusio

gradients are less than 0.16 mT frand/or not along the ime studies in terms of membrane separation and permeabil
direction of the diﬁusion—sénsitizing gradients is not possible. More recently Does al. demonstrated that a

similar reduction of the ADC is expected if the diffusing
molecules experience a changing gradient during the course

the pulse sequenc@g). In this case, however, the cross term

Zhonget al. (26, 27 considered the effect of microscopicyjj pe reduced due to so-called motional averaging of th
susceptibility variations (such as those arising from particles Qfadients 29).

different magnetic susceptibility) on measurements of diffu-

sion using the PGSE method. Internal gradients were consijisceptibility-Induced Gradients in Human Brain

ered that are not uniform, but slowly varying with positionand ) ) .

modeled as a Gaussian distribution. This distribution was as-Piffusion anisotropy observed in white matter tracts ha
sumed to be a symmetric function, so that for each postiye generally been attributed to the presence of cell membran
there is a negative,. A further assumption was made that thavhich may restrict or hinder diffusion in particular directions.
distance traveled by the diffusing molecules is small comparktpwever, it has also been suggested that the presence
to the range of the gradient (the spin experiences the saffiisotropic susceptibility-induced gradients may contribute |
gradient throughout the TE period), then the ADC measured(i%G' 27), or be wholly responsible foB(), diffusion anisotropy

the presence of susceptibility variations, ADC*, was written i{! White matter tracts. Beaulieu and Alle81) suggested that
terms of the true ADC, in a collection of perfectly aligned fibers, gradients may b

induced through the susceptibility difference of longitudina
fiber surfaces which may be maximized by orientating th
fibers perpendicularly to thB, field. Susceptibility gradients

Microscopic Susceptibility-Induced Gradients

1
ADC* = ADC| 1 — E’YZAO'ZADC(TE - A/2) 2], [6]

180°

echo

A
-+

FIG. 3. The bipolar gradient pair (BGP) sequence proposed by Hong and D8&pfof the elimination of the diffusion and background gradient cross tern
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FIG. 4. Typical positioning of ROl on an ADC map for estimation of corpus callosum ADC. In this image diffusion sensitization is along the directic
the white matter fibers (right—left direction) so that the corpus callosum appears bright.

are also known to exist at interfaces between bone and tissuded the diffusion time and thus restricted and hindered di
The presence of a significant cross term in either case nfagion effects are the same for both sequences.

result in a systematic error in the calculation of tissue ADC. A number of pulse sequences have been developed to red
or remove the effect of internal gradients. These methods &
based upon the utilization of multiple refocusing RF pulses ar
gradient reversals in spin ech82 33 and stimulated echo

The aims of this study were to (i) investigate the influence §£duences3é, 39. In this study bipolar diffusion-sensitizing
local microscopic susceptibility gradients on the ADC (angradlents were positioned antisymmetrically about the 18(
thus diffusion anisotropy) observed in white matter tracts afgfocusing pulse, as shown in Fig. 3, in order to eliminate th
(ii) to investigate the effect of known macroscopic suscepfiiffusion and background gradient cross term as describy
bility variations at the interface between bone and tissue 8f¢Viously by Hong and Dixon3g). In common with the
calculated ADC maps of the human braim vivo using a terminology utilized by Hong and Dixon, we shall refer to this
standard clinical MRI system at 1.5 T. This can be achieved §¢quence as the bipolar gradient pair (BGP) sequence.
practice by estimation of brain ADC using a pulse sequencetitough we do not assume that the cross term is complete
which the background and diffusion gradient cross term @iminated in the BGP sequence when the susceptibility gr.
eliminated. Comparison of results obtained where this condiient is varying sufficiently rapidly in space such that a dif
tion is satisfied, with results obtained using the PGSE sequeffigeing spin experiences a changing gradient during TE, w
(where the presence of the cross term may lead to an apieall assume that modification of the ADC under these conc
ciable change in measured ADC), facilitates an evaluation tdns is not significant due to motional averaging of the grad
the role of susceptibility-induced gradients on the ADC, prent 29).

Rationale
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TABLE 2 Cardiac gating was used and image acquisition was trigger
ADC,» and ADCg_ Corresponding to Diffusion Sensitization  from every secondR-wave monitored using a pulse oximiter
Perpendicular and Parallel to the Fibers of the Genu of the Corpus  on the finger. Subjects were restrained using a standard cl

Callosum for Each of the Volunteers strap and padding.
—3 2 o1

Volunteer X10°mm®s PGSE BGP AADC Apple Flesh

1 ADgRL é-;z x 8-82 é-gz + 8-8‘2‘ 83’23 In order to investigate the effect of susceptibility variation:
+ + — P .

L ADCyp 340 o : on ADC measurements at 1.5 T, a preliminary experiment wi
2 ADCx, 1.76 + 0.05 1.71+ 0.06 0.05 S )
2 ADC, 057 + 0.04 058+ 003 -o0o01 Performed on apple flesh (known to have significant locz
3 ADChg, 174 + 005 179+ 0.05 -005 susceptibility gradients caused by small air caviti@®). The
3 ADCy» 054 = 0.03 055+ 005 —0.01 imaging parameters are given in Table 1. The apple w:

scanned with the PGSE and BGP sequences in turn (with a

Note. The error quoted is the standard error of the mean obtained in each . . T
ROI. AADC is the difference between ADCs measured with the PGSE eﬁﬂl‘thout diffusion sensitization) and ADC maps were calculate

d . . . . .
BGP sequences and represents an estimate of the effect of the susceptigﬁwn the Images on a plxel-by-plxel basis by evaluatmg

gradients on the ADC. For each volunteer and direction of diffusion sensiti-

zation, AADC does not exceed the standard error of the mean of the ADC IN[S(0)/S(b)]

measurements. Thus, the effect of the susceptibility gradients on the ADC is = bi [7]
considered to be not significant. d

Corpus Callosum

In order to investigate the effect of possible microscopi

study the excised spinal cord of the pig at 1.537)(and by susceptibility gradients generated in white matter tracts c
Beaulieu and Allen31) to investigate various excised nerve4:DC measurements, the corpus callosum, orientated perpe
of the garfish and frog at 2.35 T. In each case it was concluddgularly to theB, field, was investigated. Three healthy vol-
that the background susceptibility-induced gradients did ngfteers were scanned using the PGSE and BGP sequences.
contribute to the observed anisotropy. In order to conduct™@29ing parameters are given in Table 1. Axial slices throug
study in vivo, however, it is necessary to circumvent th&€ genu of the corpus callosum were acquired with the difft
additional problem of signal modulation caused by subjegion-sensitizing gradients applied along the anterior—posteri
motion. The navigator echo technique, which removes tlfaP) axis and right-left axis (RL) corresponding to direction:

phase error due to motion in each of the image ech@@s39, a_lpproximately_perpendicular an_d parallel t(_) _the White mat_te
was employed to minimize motion artifacts in the diffusion{lP€rS, respectively, each following an acquisition without dif
weighted images. fusion sensitization. Diffusion-weighted images were motiol

artifact corrected off-line39) and ADC maps were calculated
as described above. Regions of interest (ROIs) were placed
the genu of the corpus callosum and mean APQwith

The PGSE and BGP sequences were implemented oifSgsitization along the AP axis) and mean ARQwith sen-
whole-body 1.5 T MRI system (Signa, General Electric Medpitisation along the RL axis) over the ROl were determined fc
ical Systems, Milwaukee, WI) equipped with actively shielde@2Ch volunteer. The values of ARQCand ADG, obtained
magnetic field gradients of up to 22 mT fn A quadrature With €ach of the sequences were then compared using |
head coil was used both for RF transmission and for receptiflgn-Whitney U test. Typical placement of the ROI for
of the NMR signal. Both sequences were modified for colle&Stimation of ADC in the corpus callosum is shown in Fig. 4

tion of a navigator echo as described previou8) but with
the image echo collected prior to the navigator echo in order
maximize SNR in the image. All the experiments were per- An investigation of the effects of known macroscopic sus
formed with the diffusion-sensitizing gradients applied alongeptibility variations at the interface between the petrous bor
the phase encode direction. This ensures that phase errorand brain parenchyma on ADC measurements was performe
the echoes due to rigid body translation and rotation are cdmis was achieved by comparii} values in the brain, which
rectable 89). Shimming was performed prior to imaging andare a measure of local field homogeneity, wiiADC, the
the diffusion-sensitizing gradient parameters were chosen ditference in the estimated ADC with and without the presenc
that the diffusion time was approximately the same for each of the diffusion and background gradient cross term. If bacl
the sequences. For experiments performed on the human bgaimund gradients significantly alter the estimation of the AD(
in vivo the same gradieritt factor and echo time were used forusing the PGSE, one would expect a correlation of these tv
each of the sequences to ensure that the same SNR wasameters to result. Three healthy volunteers were scann
obtained in the diffusion-weighted images for each sequen&al gradient echo and spin echo images were obtained wi

The BGP sequence was used previously by Trudail to

METHOD

I{(n)terface between Petrous Bone and Brain Parenchyma
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FIG. 5. R’ map in the axial plane through the interface between the petrous bone and brain tissue. Regions of Rérgassediated with the interface)
are arrowed.

slices positioned through the petrous bone. These images wagéned and positioned to sample evenly the randg®,ofalues
used to estimat&* and T, maps, respectively, and combinedn the slice. The values &fADC in corresponding ROIs were
to produceR’, maps according to Eq. [8] in order to highlightobtained and the relationship betwe®) and AADC was
regions of field inhomogeneity, examined by evaluating the Spearman rank correlation coef
cient for each volunteer.
R 1 1 1 8]
2 . .

T2 T2 T RESULTS
_ Diffusion—we_ighted i_n_1ages were acql_Jired_ in the a_xial plang,pme Flesh
in the same slice position used for estimationRjf with the
PGSE and BGP sequences utilized in an identical manner tdarhe ADCs of apple flesh estimated using the PGSE and BC
that described for the corpus callosum (see Table 1). ADsgquences were (1.08 0.01) X 10~° mnm?’ s™* and (1.52+
maps were calculated following navigator echo correction afid01) X 10> mm* s, respectively (error quoted is the stan-
then subtracted from one another to produo&DC maps, dard error of the mean) and found to be in good agreement wi
highlighting differences in ADC caused by background sufhe results of Beaulieu and Aller8l). Using the PGSE se-
ceptibility gradients. For each volunteer seven ROIs werggience the ADC of apple flesh is underestimated by appro»
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FIG. 6. AADC map in the axial plane through the interface between the petrous bone and brain tissue (same slice as that shown in Fig. 5).

mately 30%. Qualitatively, this underestimation is in accote highlight possible internal features on t@eADC map.

dance with the theory of Zhonet al. (26). However, asAADC appeared uniform across the brain, nc
internal features were visible. The rangeRifin the ROIs was
Corpus Callosum 1.0-34.2 s" and the range aAADC in the ROIs was+0.2 X

The ADCs estimated in the genu of the corpus callosuff? *mm’s ™. The largest values cfADC were observed at
using the PGSE and BGP sequences for each volunteer @ €dge of the brain, one or two pixels wide. No apparel
shown in Table 2. No significant difference in ADCs obtainegerrelation was foundR > 0.05) betweenR; and AADC in
with the PGSE and BGP sequences in the corpus callosum J#2!S for each of the three volunteers.
found; P > 0.05.

. DISCUSSION
Interface between Petrous Bone and Brain Parenchyma

Typical R, and AADC maps through the petrous bone are The use of the navigated PGSE and BGP sequences allo
shown in Figs. 5 and 6, respectively. The region of the petroascomparison of ADCs in the presence and absence of
bone (arrowed in Fig. 5) appeared bright on tRé map diffusion and background gradient cross term to be made
corresponding to elevated values Rf compared to those in vivo. The results show that at 1.5 T background gradients c
the remaining white matter. A small gray level width was useabt make a significant contribution to the estimated ADC an
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therefore, diffusion anisotropy observed in the white matte?. D. Le Bihan and E. Breton, Imagerie de diffusion in vivo par reso-
tracts of human brain. It is likely that at such field strengths the nance magnetique nucleaire, C. R. Acad. Sci. Paris 301, 1109~
background gradients are too small to produce a measurable:!? (1985) _ _ _
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. . . diffusion coefficients by the NMR imaging technique, Phys. Med.
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trace of the ADT) is relatively uniform across the bra#o) 4. K. D. Merboldt, W. Hanicke, and J. Frahm, Self-diffusion NMR
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