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The effect of possible susceptibility-induced gradients on mea- referred to as an apparent diffusion coefficient (ADC) to re
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urements of water diffusion along the transverse and longitudinal
xes of white matter fibers in the brain was investigated in vivo at
.5 T. Measurements obtained with sequences sensitive and insen-
itive, respectively, to susceptibility-induced gradients indicated
hat these gradients do not contribute significantly to diffusion
nisotropy in brain white matter. Furthermore, diffusion measure-
ents were unaffected by the presence of known susceptibility-

nduced gradients at the interface between the petrous bone and
rain parenchyma. These results agree with those obtained on in
itro samples and appear to support the hypothesis that interac-
ions between the diffusing water molecules and the cellular envi-
onment constitute the principal mechanism for diffusion anisot-
opy in brain white matter at 1.5 T. This, in turn, simplifies the
nterpretation of diffusion time-dependent measurements in terms
f membrane separation and permeability. © 1999 Academic Press
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INTRODUCTION

The diffusion of water molecules in central nervous sys
issue may be monitored noninvasively using pulsed field
ient sensitized NMR techniques (1–4). Incoherent motion o
roton spins along the direction of applied field gradients l

o imperfect refocussing of transverse magnetization and
equent attenuation of the NMR signal. Quantification of
iffusion coefficient is possible by performing a series
xperiments in which the sensitivity to diffusion (gradienb

actor) is altered by modification of the pulsed gradient am
udes and the NMR signals collected. The diffusion coeffic
ay be determined from a semilogarithmic plot of the atte
ted NMR signal against the gradientb factor.
In brain white matter, water diffusion is anisotropic;

iffusion coefficient is dependent on the direction of the
lied field gradient relative to the brain (5–8). Diffusion is
ore rapid along the direction of fiber tracts than across t
lthough the exact mechanism for this phenomenon is

ully understood, the presence of cellular structures w
ifferentially impede the progress of diffusing water molec

n certain directions is widely held to be an important cont
tory factor. The diffusion coefficient measured in tissu
52090-7807/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
a-

s
b-
e
f

i-
t
-

-

.
ot
h
s
-
s

his modification of Einsteinian free diffusion as well as
ffects of microcirculation (9, 10) and other physiological fa

ors. More recently, the apparent diffusion tensor (ADT)
een used to describe tissue water diffusion, which emb
iffusion anisotropy in a single mathematical entity (11, 12).
owever, a more complete description may be provided
series of diffusion time-dependent tensors. In this cas

iffusion time, which is well defined in the pulsed field gra
nt sequence (1), is treated as a variable (13–16). In the shor
iffusion time regime few diffusing molecules interact with
urrounding cellular structures, diffusion anisotropy dis
ears, and the ADT is reduced to a scalar quantity. As
iffusion time increases so does the number of diffusing
cules that interact with the surrounding cellular struct
ausing the ADC to be reduced relative to the free diffu
alue in any particular direction. The rate of this reductio
function of the diffusion time is considered to be reflectiv

he separation of the cellular structures and their permea
o water in a given direction (17, 18). In practice, this descrip
ion of tissue water diffusion is limited by the resolution of
RI technique available and the presence of additional s
odulation due to motion- and susceptibility-induced gr
nts. The effect of the latter phenomenon on measured
ater diffusionin vivo and the implications of any such effe
n the interpretation of white matter tissue structure form
ain focus of this paper. The current theory regarding
ffect of macroscopic and microscopic susceptibility-indu
radients on the measured ADC is briefly reviewed, follo
y a description of experiments designed to detect the ef

f any, arising from these gradients in human brain.

THEORY

acroscopic Susceptibility-Induced Gradients

Background gradients may arise from susceptibility va
ions in the sample or from poor magnetic field homogen
he use of a static, one-dimensional, macroscopic gra
uring the collection of multiple spin echoes formed the b
f the first measurements of self-diffusion using NMR (19).
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53SUSCEPTIBILITY AND BRAIN WATER DIFFUSION
tejskal and Tanner (1) considered the effect of a unifor
ackground gradient on echo attenuation in a pulsed gra
pin echo (PGSE) experiment (as shown in Fig. 1) and
cribed the echo attenuation in terms of the amplitude o
pplied field gradient for diffusion sensitizationG and the
ackground gradientG0;

lnFS~b!

S~0!G 5 2 ~bd 1 bdb!ADC

here

bd 5 g 2d 2SD 2
d

3DG2

bdb 5 2 g 2dF ~t 1
2 1 t 2

2! 1 d~t1 1 t2!

1
2d 2

3
2

~TE! 2

2 GG ? G0 [1]

nd whereS(b) andS(0) are the NMR signals in the presen
nd absence of diffusion sensitization, respectively,bd repre-
ents the gradientb factor due to the diffusion-sensitizin
radients,bdb is the diffusion and background gradient cr

erm,d is the duration of the diffusion sensitising pulses,D is
he separation between the leading edges of the diffu
ensitising pulses,t 1 is the time between the center of the
ulse and the start of the first diffusion pulse, andt 2 is the time

rom the end of the second diffusion pulse to the center o
pin echo.
It can be seen from Eq. [1] that components of the b

round gradient in the same direction as the diffusion-s
izing gradients contribute to the cross termbdb. If this cross
erm is not accounted for, then an under- or overestimatio
he ADC results, depending on whether the background g
nt is antiparallel or parallel to the diffusion-sensitizing gr
nt, respectively. Equation [1] can be used to determine
elative error in the ADC determined from two NMR signals

function of the background gradient amplitude (which

FIG. 1. The standard pulsed gradient spin ech
nt
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sually unaccounted for). The ADC can be calculated from
2] in which the denominator can be written (ignoring
maging gradients), in terms ofbd andbdb,

ADC 5
ln@S~0!/S~b!#

bd 1 bdb
. [2]

he relative error in the gradientb factor due to the noninclu
ion of the diffusion and background gradient cross term,bdb,
ay be defined as

Db

b
5

bdb

bd 1 bdb
3 100%. [3]

he relative error inb can be related to the relative error in
DC using propagation of errors

DADC

ADC
5 2

Db

b
. [4]

Equation [1] also indicates that the cross term is depen
n d, D, G, TE, t 1, and t 2. The magnitude of the cross te
ay be calculated for three cases; (i) using the optima
uence parameters for maximal precision in the estimate o
ater diffusion coefficient, (ii) using the optimal seque
arameters for maximal precision in the estimate of brain w
atter ADC, and (iii) using parameters utilized for an exp

mental investigation of background gradient effects on
stimated ADCin vivo.
Maximal precision in the ADC estimated from two NM

ignals collected with diffusion weightingbmin 5 0 andbmax

ay be achieved by minimizing

S sADC

ADCD
2

5 SsS0

S0
D2 F1 1 exp~2bmax z ADC!

~bmax z ADC! 2 GexpS2TE

T2
D ,

[5]

ccording to Prasad and Nalcioglu (20), where sADC
2 is the

tandard deviation in the ADC andsS0

2 is the standard deviatio

PGSE) sequence proposed by Stejskal and Tanner (1).
o (
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54 CLARK, BARKER, AND TOFTS
n the NMR signal in the absence of diffusion and relaxat
ssuming a signal-to-noise ratio (SNR) equal to 142
aximal diffusion-sensitizing gradient strength of 22 mT m21,

he optimal sequence parameters for estimation of wate
usion (D 5 2.2 3 1023 mm2 s21 (21), T2 5 2500 ms) an
hite matter diffusion (ADC5 0.71 3 1023 mm2 s21 (22),
2 5 72 ms (23)) using the PGSE sequence are (to the ne
s) d 5 25 ms,D 5 31 ms, TE5 67 ms,b 5 491 s mm22;
ndd 5 34 ms,D 5 40 ms, TE5 85 ms,b 5 1148 s mm22,
espectively (24).

The relative error in the estimated ADC due to the no
lusion of the background and diffusion gradient cross
an be evaluated using Eq. [1] and the optimal sequ
arameters for the estimation of water and white matter A
sing the PGSE sequence. In this case the additional pa

ers required aret 1 and t 2. Assuming that the diffusion-sen
izing gradients are placed symmetrically about the 180° p
nd neglecting the time required for the imaging grad
ulses, thent 1 5 t 2 5 5.5 ms for water and white matter. T
elative error in the estimated ADC using sequence param
or the investigation of background gradient effects on

FIG. 2. Relative error in estimated ADC as a function of the compon
radients in the PGSE sequence with (i) optimalb factor and echo time
easurement of the water diffusion coefficient, and (iii)b factor and echo ti
atter ADC (Table 1).
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DC (d 5 27 ms,D 5 33 ms, TE5 117 ms,b 5 606 s mm22)
ay be calculated in the same manner; in this caset 1 5 t 2 5
8.5 ms. Figure 2 shows the relative error in ADC as

unction of background gradient strength in the direction
iffusion sensitization calculated using the optimal param

or the estimation of the water diffusion coefficient, wh
atter ADC, and using sequence parameters for the inve

ion of background gradient effects on measured brain A
see Table 1).

Posse (25) estimated the magnitude of macroscopic sus
ibility gradients in the brain at 1.5 T by measuring the t
hift of the echoes obtained in a gradient echo sequenc
bserved gradients of up to 0.16 mT m21. If these gradients a
arallel or antiparallel to the direction of the diffusion-se

izing gradients, then the relative error in the ADC based
qs. [1], [2], and [4] and the optimal diffusion gradient para
ters for white matter is 1.8% in those regions. Repeating
alculation for a maximal gradient strength of 10 and 40

21, one obtains 3.5 and 1.1%, respectively, for the rela
rror. For the sequence parameters used for investigati
ackground gradient effects (Table 1), the relative erro

of the background gradient strength along the direction of the diffusion-
measurement of white matter ADC, (ii) optimalb factor and echo time fo
used for investigation of background gradient effects on measurement
ent
for
me
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DC is 3.5%. It is expected, however, that the relative erro
DC is smaller in areas of the brain where susceptib
radients are less than 0.16 mT m21 and/or not along th
irection of the diffusion-sensitizing gradients.

icroscopic Susceptibility-Induced Gradients

Zhong et al. (26, 27) considered the effect of microscop
usceptibility variations (such as those arising from particle
ifferent magnetic susceptibility) on measurements of d
ion using the PGSE method. Internal gradients were co
red that are not uniform, but slowly varying with position a
odeled as a Gaussian distribution. This distribution wa

umed to be a symmetric function, so that for each positiveG0,
here is a negativeG0. A further assumption was made that
istance traveled by the diffusing molecules is small comp

o the range of the gradient (the spin experiences the
radient throughout the TE period), then the ADC measur

he presence of susceptibility variations, ADC*, was writte
erms of the true ADC,

ADC* 5 ADCF1 2
1

2
g 2Ds 2ADC~TE 2 D/ 2! 2G , [6]

FIG. 3. The bipolar gradient pair (BGP) sequence proposed by Hong

Imaging Parameters for Estimation of Apple Flesh and White
atter ADC (Genu of Corpus Callosum and Interface between

etrous Bone and Brain Parenchyma)

Apple White matter

PGSE BGP PGSE BGP

(ms) 19 15 27 18
(ms) 21 21 33 33

D 2 d/3) (ms) 14.7 16 24 27
(s mm22) 183 249 606 606
E (ms) 47 95 117 117
R (ms) 5 5 2 2
atrix 128 3 256 128 3 256 128 3 256 128 3 256
umber of acquisitions 16 16 1 1
ield of view (cm) 16 16 24 24
lice thickness (mm) 5 5 5 5
n

of
-
id-

s-

d
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hong et al. showed that the measured ADC* may be
cribed as a weighted sum of ADCs from individual isoch
ats. ADC* for an individual isochromat may be either lar
r smaller than the real ADC depending on whether the inte
radient is parallel or antiparallel to the diffusion-sensitiz
radients. For internal gradients symmetrically distributed
ero mean as described by a Gaussian distribution, the i
omats with reduced ADC have a larger signal than those
ncreased ADC. The higher weighting of the attenuated s
or isochromats with reduced ADC results in a reduction o
verall ADC. This reduction in ADC was experimentally v

fied by Zhonget al. in solutions containing superparamagn
ron oxide particles. It is important to recognize from Eq.
hat the reduction of the apparent ADC depends onD and thus
he diffusion time, defined as (D 2 d/3). In this respect th
ehavior of the ADC in the presence of microscopic susc
ility gradients is similar to that caused by restricted or
ered diffusion. Furthermore, if the presence of signifi

ocal gradients cannot be ruled out, interpretation of diffu
ime studies in terms of membrane separation and permea
s not possible. More recently Doeset al. demonstrated that
imilar reduction of the ADC is expected if the diffusi
olecules experience a changing gradient during the cou

he pulse sequence (28). In this case, however, the cross te
ill be reduced due to so-called motional averaging of
radients (29).

usceptibility-Induced Gradients in Human Brain

Diffusion anisotropy observed in white matter tracts
enerally been attributed to the presence of cell memb
hich may restrict or hinder diffusion in particular directio
owever, it has also been suggested that the presen
nisotropic susceptibility-induced gradients may contribu
26, 27), or be wholly responsible for (30), diffusion anisotropy
n white matter tracts. Beaulieu and Allen (31) suggested tha
n a collection of perfectly aligned fibers, gradients may
nduced through the susceptibility difference of longitud
ber surfaces which may be maximized by orientating
bers perpendicularly to theB0 field. Susceptibility gradien

Dixon (36) for the elimination of the diffusion and background gradient cross t
and
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56 CLARK, BARKER, AND TOFTS
re also known to exist at interfaces between bone and t
he presence of a significant cross term in either case
esult in a systematic error in the calculation of tissue AD

ationale

The aims of this study were to (i) investigate the influenc
ocal microscopic susceptibility gradients on the ADC (
hus diffusion anisotropy) observed in white matter tracts
ii) to investigate the effect of known macroscopic susce
ility variations at the interface between bone and tissu
alculated ADC maps of the human brainin vivo using a
tandard clinical MRI system at 1.5 T. This can be achieve
ractice by estimation of brain ADC using a pulse sequen
hich the background and diffusion gradient cross term
liminated. Comparison of results obtained where this co

ion is satisfied, with results obtained using the PGSE sequ
where the presence of the cross term may lead to an a
iable change in measured ADC), facilitates an evaluatio
he role of susceptibility-induced gradients on the ADC, p

FIG. 4. Typical positioning of ROI on an ADC map for estimation of
he white matter fibers (right–left direction) so that the corpus callosum
ue.
ay

f

d
i-
n

in
in
is
i-
ce
re-
of
-

ided the diffusion time and thus restricted and hindered
usion effects are the same for both sequences.

A number of pulse sequences have been developed to r
r remove the effect of internal gradients. These method
ased upon the utilization of multiple refocusing RF pulses
radient reversals in spin echo (32, 33) and stimulated ech
equences (34, 35). In this study bipolar diffusion-sensitizin
radients were positioned antisymmetrically about the
efocusing pulse, as shown in Fig. 3, in order to eliminate
iffusion and background gradient cross term as desc
reviously by Hong and Dixon (36). In common with the

erminology utilized by Hong and Dixon, we shall refer to t
equence as the bipolar gradient pair (BGP) sequence
hough we do not assume that the cross term is comp
liminated in the BGP sequence when the susceptibility
ient is varying sufficiently rapidly in space such that a

using spin experiences a changing gradient during TE
hall assume that modification of the ADC under these co
ions is not significant due to motional averaging of the gr
nt (29).

pus callosum ADC. In this image diffusion sensitization is along the dire
pears bright.
cor
ap
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The BGP sequence was used previously by Trudeauet al. to
tudy the excised spinal cord of the pig at 1.5 T (37) and by
eaulieu and Allen (31) to investigate various excised nerv
f the garfish and frog at 2.35 T. In each case it was concl

hat the background susceptibility-induced gradients did
ontribute to the observed anisotropy. In order to condu
tudy in vivo, however, it is necessary to circumvent
dditional problem of signal modulation caused by sub
otion. The navigator echo technique, which removes
hase error due to motion in each of the image echoes (38, 39),
as employed to minimize motion artifacts in the diffusi
eighted images.

METHOD

The PGSE and BGP sequences were implemented
hole-body 1.5 T MRI system (Signa, General Electric M

cal Systems, Milwaukee, WI) equipped with actively shiel
agnetic field gradients of up to 22 mT m21. A quadrature
ead coil was used both for RF transmission and for rece
f the NMR signal. Both sequences were modified for co

ion of a navigator echo as described previously (39) but with
he image echo collected prior to the navigator echo in ord
aximize SNR in the image. All the experiments were

ormed with the diffusion-sensitizing gradients applied al
he phase encode direction. This ensures that phase err
he echoes due to rigid body translation and rotation are
ectable (39). Shimming was performed prior to imaging a
he diffusion-sensitizing gradient parameters were chose
hat the diffusion time was approximately the same for eac
he sequences. For experiments performed on the human
n vivo the same gradientb factor and echo time were used
ach of the sequences to ensure that the same SNR
btained in the diffusion-weighted images for each seque

ADCAP and ADCRL Corresponding to Diffusion Sensitization
erpendicular and Parallel to the Fibers of the Genu of the Corpus
allosum for Each of the Volunteers

Volunteer 31023 mm2 s21 PGSE BGP DADC

1 ADCRL 1.72 6 0.03 1.69 6 0.04 0.03
1 ADCAP 0.34 6 0.02 0.36 6 0.02 20.02
2 ADCRL 1.76 6 0.05 1.71 6 0.06 0.05
2 ADCAP 0.57 6 0.04 0.58 6 0.03 20.01
3 ADCRL 1.74 6 0.05 1.79 6 0.05 20.05
3 ADCAP 0.54 6 0.03 0.55 6 0.05 20.01

Note.The error quoted is the standard error of the mean obtained in
OI. DADC is the difference between ADCs measured with the PGSE
GP sequences and represents an estimate of the effect of the susce
radients on the ADC. For each volunteer and direction of diffusion se
ation, DADC does not exceed the standard error of the mean of the
easurements. Thus, the effect of the susceptibility gradients on the A

onsidered to be not significant.
ed
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rom every secondR-wave monitored using a pulse oximi
n the finger. Subjects were restrained using a standard
trap and padding.

pple Flesh

In order to investigate the effect of susceptibility variati
n ADC measurements at 1.5 T, a preliminary experiment
erformed on apple flesh (known to have significant l
usceptibility gradients caused by small air cavities (36)). The
maging parameters are given in Table 1. The apple
canned with the PGSE and BGP sequences in turn (with
ithout diffusion sensitization) and ADC maps were calcula

rom the images on a pixel-by-pixel basis by evaluating

ADC 5
ln@S~0!/S~b!#

bd
. [7]

orpus Callosum

In order to investigate the effect of possible microsco
usceptibility gradients generated in white matter tract
DC measurements, the corpus callosum, orientated pe
icularly to theB0 field, was investigated. Three healthy v
nteers were scanned using the PGSE and BGP sequence

maging parameters are given in Table 1. Axial slices thro
he genu of the corpus callosum were acquired with the d
ion-sensitizing gradients applied along the anterior–pos
AP) axis and right–left axis (RL) corresponding to directi
pproximately perpendicular and parallel to the white m
bers, respectively, each following an acquisition without
usion sensitization. Diffusion-weighted images were mo
rtifact corrected off-line (39) and ADC maps were calculat
s described above. Regions of interest (ROIs) were plac

he genu of the corpus callosum and mean ADCAP (with
ensitization along the AP axis) and mean ADCRL (with sen-
itisation along the RL axis) over the ROI were determined
ach volunteer. The values of ADCAP and ADCRL obtained
ith each of the sequences were then compared usin
ann–Whitney U test. Typical placement of the ROI f
stimation of ADC in the corpus callosum is shown in Fig

nterface between Petrous Bone and Brain Parenchyma

An investigation of the effects of known macroscopic s
eptibility variations at the interface between the petrous
nd brain parenchyma on ADC measurements was perfo
his was achieved by comparingR92 values in the brain, whic
re a measure of local field homogeneity, withDADC, the
ifference in the estimated ADC with and without the prese
f the diffusion and background gradient cross term. If b
round gradients significantly alter the estimation of the A
sing the PGSE, one would expect a correlation of these
arameters to result. Three healthy volunteers were sca
ual gradient echo and spin echo images were obtained

ch
d
ility
i-
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58 CLARK, BARKER, AND TOFTS
lices positioned through the petrous bone. These images
sed to estimateT*2 andT2 maps, respectively, and combin

o produceR92 maps according to Eq. [8] in order to highlig
egions of field inhomogeneity,

R92 5
1

T92
5

1

T*2
2

1

T2
. [8]

Diffusion-weighted images were acquired in the axial pla
n the same slice position used for estimation ofR92, with the
GSE and BGP sequences utilized in an identical mann

hat described for the corpus callosum (see Table 1). A
aps were calculated following navigator echo correction

hen subtracted from one another to produceDADC maps
ighlighting differences in ADC caused by background
eptibility gradients. For each volunteer seven ROIs w

FIG. 5. R92 map in the axial plane through the interface between the
re arrowed.
ere

,

to
C
d

-
e

efined and positioned to sample evenly the range ofR92 values
n the slice. The values ofDADC in corresponding ROIs we
btained and the relationship betweenR92 and DADC was
xamined by evaluating the Spearman rank correlation c
ient for each volunteer.

RESULTS

pple Flesh

The ADCs of apple flesh estimated using the PGSE and
equences were (1.036 0.01) 3 1023 mm2 s21 and (1.526
.01) 3 1023 mm2 s21, respectively (error quoted is the sta
ard error of the mean) and found to be in good agreemen

he results of Beaulieu and Allen (31). Using the PGSE se
uence the ADC of apple flesh is underestimated by app

rous bone and brain tissue. Regions of increasedR92 (associated with the interfac
pet
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59SUSCEPTIBILITY AND BRAIN WATER DIFFUSION
ately 30%. Qualitatively, this underestimation is in ac
ance with the theory of Zhonget al. (26).

orpus Callosum

The ADCs estimated in the genu of the corpus callo
sing the PGSE and BGP sequences for each voluntee
hown in Table 2. No significant difference in ADCs obtai
ith the PGSE and BGP sequences in the corpus callosum

ound; P . 0.05.

nterface between Petrous Bone and Brain Parenchyma

Typical R92 andDADC maps through the petrous bone
hown in Figs. 5 and 6, respectively. The region of the pet
one (arrowed in Fig. 5) appeared bright on theR92 map
orresponding to elevated values ofR92 compared to those
he remaining white matter. A small gray level width was u

FIG. 6. DADC map in the axial plane through the interface bet
-

are

as

s

d

o highlight possible internal features on theDADC map.
owever, asDADC appeared uniform across the brain,

nternal features were visible. The range ofR92 in the ROIs wa
.0–34.2 s21 and the range ofDADC in the ROIs was60.23
023 mm2 s21. The largest values ofDADC were observed a

he edge of the brain, one or two pixels wide. No appa
orrelation was found (P . 0.05) betweenR92 andDADC in
OIs for each of the three volunteers.

DISCUSSION

The use of the navigated PGSE and BGP sequences a
comparison of ADCs in the presence and absence

iffusion and background gradient cross term to be madin
ivo. The results show that at 1.5 T background gradient
ot make a significant contribution to the estimated ADC

n the petrous bone and brain tissue (same slice as that shown in Fig.
wee
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racts of human brain. It is likely that at such field strengths
ackground gradients are too small to produce a measu
ffect on the estimated ADC. This finding is compatible w

he observation that the directionally averaged ADC (or m
race of the ADT) is relatively uniform across the brain (40).
or example, there appears to be no modification of the A

n iron-rich regions of the brain such as the globus pallidu
n the vicinity of the sinuses, the latter of which would
xpected to produce similar susceptibility gradient strengt

hose encountered at the petrous bone. Indeed, theo
alculations based on the Stejskal–Tanner formula Eq. [1
he largest internal gradients observed by Posse (25) predict
hat the relative error in the ADC would be no greater t
.8% when utilizing the optimal gradientb factor and ech

ime for estimation of white matter ADC. The magnitude
his error increases with decreasing maximum grad
trength. However, with a maximum gradient strength o
T m21, commonly available on clinical MRI systems, t
rror is no greater than 3.5%. Studies of diffusion in w
atter as a function of diffusion time (41, 42), coupled with

hese results, consolidate the hypothesis that restricted o
ered diffusion caused by interaction of the diffusing w
olecules with the local cellular environment constitutes
ajor mechanism responsible for anisotropic diffusion in
an brain white matterin vivo. The results also suggest th
uantitative diffusion measurements obtained using the P
equence are relatively unaffected in areas of spatially
hanging susceptibility typically encountered in the hum
rain.

CONCLUSION

At 1.5 T susceptibility-induced background gradients do
ake a significant contribution to human brain ADCs e
atedin vivo using the PGSE sequence. These findings a
ith those obtained onin vitro samples and would appear
upport the hypothesis that interactions between the diffu
ater molecules and the cellular environment constitute
rincipal mechanism for diffusion anisotropy in brain wh
atter at 1.5 T. This, in turn, simplifies the interpretation
iffusion time-dependent measurements in terms of memb
eparation and permeability.
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