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This study has investigated the effects of the selection of the the six independent elements of the symmetric 33 3 diffusion
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iffusion-weighted (DW) gradient directions on the precision of a
iffusion tensor imaging (DTI) experiment. The theoretical analysis
rovided a quantitative framework in which the noise performance of
TI schemes could be assessed objectively and for the development of
ovel DTI schemes, which employ multiple DW gradient directions.
his generic framework was first applied to the examination of two
ommonly used DTI schemes, which employed 6 DW gradient di-
ections and hitherto were used indiscriminately under the sole con-
ition of noncollinearity. It was then used to design and assess a novel
2-DW-gradient-direction DTI protocol, which employed the same
otal number of DW acquisitions as the two conventional schemes
12). This theoretical investigation was then corroborated using rig-
rous simulation and DTI experiments on both an isotropic phantom
nd a healthy human brain. Both the theoretical and the experimen-
al analysis demonstrated that the two conventional schemes showed

significantly different noise performance and that use of the new
ultiple-DW-gradient-direction scheme clearly improved the preci-

ion of the DTI measurements. © 1999 Academic Press

Key Words: magnetic resonance imaging; diffusion; tensor; an-
sotropy; noise; optimization.

INTRODUCTION

Diffusion tensor imaging (DTI) using magnetic resonance
ging (MRI) was recently proposed (1, 2) and has been used f

he in vivo study of cerebral (3, 4), cardiac (5), and other tissue
6, 7), providing complete directional descriptions to be mad
he self-diffusion properties of water through the tissue struc
TI is therefore potentially useful not only for the characteriza
f the architecture of healthy tissues (8, 9) and their function (10),
ut also for diagnosis and assessment of disease conditions
erturb tissue structural coherence (such as acute stroke (11, 12),
erebral ischemia (13), multiple sclerosis (14), schizophrenia (15),
liosis (16), and tumor growth in the brain (17)).
DTI acquisition and processing schemes entail two ov

teps (2): (a) First, a series of diffusion-weighted (DW) sign
re acquired using DW gradients that vary both in magni
nd direction; these signals are used for the determinati

1 To whom correspondence should be addressed. Fax:1144-1223-336748
-mail: tac12@hslmc.cam.ac.uk.
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ensorD. (b) Second, rotationally invariant scalar quanti
hich describe the intrinsic diffusion properties are calcul

rom D. These include the three principal diffusivities (1),
hich are the eigenvalues ofD, the mean value of the trace
, and the anisotropy indices (8, 18). Maps of such rotationall

nvariant scalars are the important “end-results” of DTI.
The precision in the final results of DTI measurements dep

n the noise propagation from the initially acquired DW sig
hrough both these steps. Clearly, an efficient DTI acquisition
rocessing scheme should minimize noise propagation at

ndividual step. However, there has been no systematic
f the error propagation through the DTI acquisition sche

hat were used in step (a). The available published DTI
ave always been acquired from schemes that used sever
3–6) or seven (1, 7, 19)) noncollinear DW directions. Tw
ets of six DW directions have been arbitrarily proposed
sed indiscriminately on the basis of their noncollinearity (3, 4)
lone. Adding one more DW gradient direction to one of th
chemes has yielded a seven-DW-direction scheme (1), which
as also been used in some DTI experiments.
This paper addresses the problem of error propagation

forementioned step (a), as well as the effect of the selecti
pecific DW gradient directions on measurement preci
he analysis begins from the elementary equations char

zing generalized DTI acquisition schemes; it then defin
uantitative index which evaluates the effect of the DW
ient directions of a DTI scheme on the performance of
cheme as reflected in the precision of the measurements
ndex was then used to evaluate two commonly used
chemes and to develop new DTI schemes. Finally, the va
f the index and the performance of the new and the curr
sed schemes were tested using computer simulations an
xperiments in a phantom and in a healthy human brain.

THEORY

efinition of an Index for a DTI Acquisition Scheme

It is well known that the incorporation of a DW gradient p
n a spin-echo experiment makes it possible to extract in
1090-7807/99 $30.00
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mation about the self-diffusion tensorD (1, 2, 20). In the
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68 PAPADAKIS ET AL.
resence of such a DW gradient pair, for which the
radient is described by the vectorGD 5 [GDxGDyGDz]

T 5

Dm[ gDxgDygDz]
T 5 GDgD (GDm is the magnitude of the DW

radient,gD 5 [ gDxgDygDz]
T is the unity vector describing i

irection, andT denotes the transpose), and ignoring the eff
f the imaging gradients, the DW pixel intensityS is

S5 S0exp~2BgD
T z D ? gD!, [1]

hereS0 is the baseline pixel intensity in the absence of
W gradient,D is the (apparent) diffusion tensor,

D 5 F Dxx Dxy Dxz

Dxy Dyy Dyz

Dxz Dyz Dzz

G ,

nd B is the scalarb factor (or b value) (20, 21), which
epends only on the magnitude of the DW gradient (as dis

rom its direction), the duration, the temporal spacing, and
hape of the DW gradient pulses. For example, for rectan
W gradient pulses of durationd and temporal spacingD, B 5
2d 2(D 2 d/3)GDm

2 (g is the gyromagnetic ratio).
Defining the six-dimensional (6D) vectors

d 5 @d1d2d3d4d5d6#
T 5 @DxxDyyDzzDxyDxzDyz#

T,

b 5 @ gDx
2 gDy

2 gDz
2 2gDxgDy2gDxgDz2gDygDz#

T, [2]

e have

S5 S0exp~2Bb Td!, b Td 5
1

B
lnSS0

SD . [3]

Provided that the baseline imageS0 is known from a sepa
ate measurement with the DW gradients set equal to zero
3] is a linear equation whose unknowns are the six elemen
, which are the six independent elements of the diffu

ensorD.
Acquisition of N DW images, with thei th image having

ignal intensitySi , and corresponding to the DW gradie
irection g i 5 [ gi xg i yg i z]

T, the b vector b i 5
bi1bi2bi3bi4bi5bi6]

T and the b value Bi (i 5 1, . . . , N),
roduces the following system ofN linear equations with si
nknowns,

@@d 5 C, [4]

here theN 3 6 matrix @@ of the gradient directions of th
TI acquisition scheme is defined as:@@T 5 [b1 . . . bN], and

heN-dimensional vectorC contains the signals correspond
o theN DW acquisitions,C 5 [1/B1ln(S0/S1) . . . 1/BNln(S0/

N)] T.
ts

y

ct
e

lar

q.
of
n

ents in the presence of noise requires that the numberN of
he acquired DW signals, and therefore the number o
quations of the linear system of Eq. [4], is larger than
umber of the unknowns (i.e., the six elements of the diffu

ensor). Accordingly,N . 6, and the overdetermined syst
f Eq. [4] can be solved by singular value decomposi
SVD) (22) of @@ so that@@ 5 UWVT, whereU is anN 3 6
olumn-orthonormal matrix andV is a 6 3 6 orthonorma
atrix. The matrixW is a 63 6 diagonal matrix with elemen
i , (i 5 1, . . . , 6), which are nonzero, if the linear system
q. [4] contains at least six independent equations. Thi
uires that at least six noncollinear DW gradient direct
ith independentb vectors are employed for the acquisition

he N DW images. Therefore, the pseudo-inverse@@21 is @@21

!! 5 VW21UT, and the elements ofD can be calculated fro
he equation

d 5 @@ 21C 5 !!C.

The errordC of the vectorC of the DW signals is trans
ormed into the errordd of the vectord of the diffusion tenso
lements, as follows:

dd 5 !!dC

dddd T 5 !!dCdC T!! T

E 5 ^dddd T& 5 !!^dCdC T&!! T, [5]

here^ & denotes statistical mean value.
The covariance matrix (23) ^dCdCT& of the errors inC is

ransformed to the covariance matrixE of the errors ind via
he matrix!! and its transpose. However, the matrix^dCdCT&
nd therefore the matrixE depends additionally on theb values
sed by the DTI acquisition scheme and also on the sp

orm of the diffusion tensorD. Because the present analy
nvestigates the effect of the DW gradient directions on
TI schemes, Eq. [5] can reflect only that effect by assum

hat the errors inC are uncorrelated and have equal varian
2, so that̂ dCdCT& 5 s 2I, whereI is theN 3 N unity matrix.
quation [5] then becomes

E 5 s 2!!! T 5 s 2F,

hereF 5 !!!T.
The diagonal elements ofE give the variance of the respe

ive tensor elements ofd (23), while F describes the propag
ion of the uncorrelated errors in the elements ofC to errors in
he tensor elements, and depends exclusively on the emp
W gradient directions. The total variancesD

2 of the measure
ensorD, defined as the sum of the variances of its individ
lements, can be used as a quantitative indicator of the
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69A STUDY OF DIFFUSION TENSOR ACQUISITION SCHEMES
ents of D appear twice in its expression, their varian
ontribute twice insD

2. We then have

s D
2 5 E11 1 E22 1 E33 1 2~E44 1 E55 1 E66! 5 ks 2 [6]

k 5 F11 1 F22 1 F33 1 2~F44 1 F55 1 F66!

5 Tr~F! 1 F44 1 F55 1 F66. [7]

Because the errors inC are uncorrelated and have eq
ariance, we would expect thatsD

2 would not have any depe
ence on the DW gradient directions. That might be the ca
were calculated directly fromC; in fact,D is calculated from

he transformed version!!C of C, which is the solution of th
inear system of Eq. [3]. Noise in the elements of!!C is neither
ncorrelated nor of equal variance and depends on!!. The
calar dimensionless parameterk depends only on the DW
radient directions employed by a DTI acquisition scheme

s the multiplying factor which transforms the equal varianc
he uncorrelated errors in the elements ofC to the total vari
nce of the elements of the diffusion tensorD. Parameterk
rovides a measure of the stability of the linear system o

4] in the presence of noise; equivalently,k quantitatively
stimates the independence of the 6D vectorsb making up the

matrix. We therefore term the scalark the indexof the DTI
cheme.

hysical Meaning of the Index

Definition of the indexk from Eqs. [6] and [7] was based
he assumption that the covariance matrix of the errors inC is
roportional to the unity matrix. We investigate now the ph

cal implications of this assumption, in a validation of
ractical use of the indexk.
The i th elementCi of C is Ci 5 1/Bi ln(S0/Si). The error

Ci in Ci comes from the uncorrelated errorsdS0 anddSi in
0 andSi , respectively, so that

dCi 5
1

Bi

1

S0
dS0 2

1

Bi

1

Si
dSi. [8]

he covariance matrix of the errors inC becomes diagon
hen the errorsdCi are uncorrelated (23) or, equivalently
hen they are determined mainly by the errordSi of the DW
ignal Si and not by the errordS0 of the common baselin
ignalS0. According to Eq. [8], this condition is satisfied ifSi

S0, so that the term containingdS0 can be neglecte
ecauseSi 5 S0exp(2BiADC i), where ADCi is the apparen
iffusion coefficient (ADC) (21, 24, 25) along the i th DW
radient direction, it follows thatBi should be sufficiently hig

n order to achieve the above strong inequality. Under
s

l

if

d
f

q.

-

at

lementCi is

s Ci

2 5
exp~2BiADCi!

Bi
2SNR0

2 ,

here SNR0 is the signal-to-noise ratio (SNR) of the comm
aseline signalS0.
The resultant diagonal covariance matrix of the errorsC

hen becomes proportional to the unity matrix if all thesCi

2 are
qual. A general case which satisfies that condition is whe
ameb valueB is used for all the DW acquisitions (Bi 5 B)
nd the scalar ADC is the same along all the applied
radient directions (ADCi 5 ADC). The latter is the case of a

sotropic medium (2). Thus, all thesCi

2 have the same values2,

s 2 5
exp~2B ADC!

B2SNR0
2 . [9]

The index is therefore proportional to the total varianc
he elements of the measured diffusion tensorD of an isotropic
edium, assuming that the DTI acquisition scheme emp

he same, strongb value for each DW acquisition. The
ccording to Eq. [6], the index can quantify absolutely the
ariance ofD if it is multiplied by the common variance of th
lements ofC given by Eq. [9]. Furthermore, as Eq.

mplies, an experimentally measured value ofk can be derive
rom a DTI experiment on a isotropic medium, if the sa
trongb value is used for all the DW acquisitions: one then
o measuresD

2 and divide the result by thes2 of Eq. [9].

valuation of the Noise Performance of a DTI Scheme

Since the indexk depends only on the DW gradient dire
ions, it cannot discriminate between DW acquisitions
ormed using the same sets of DW gradient directions but
ifferent gradient magnitudes and, therefore, differentb val-
es. Thus, the index treats all the DW acquisitions along
ame DW gradient direction as equivalent, performing a f
f signal averaging. For example, doubling the number of
cquisitions per DW gradient direction will halve the value

he index. Generally, for a given number of DW grad
irections and acquisitions, the smaller the index value
TI scheme, the better its noise behavior.
Evaluation of a DTI scheme according to the prese

heory requires comparison of the index value for the sch
o the optimum (minimum) index value for theN number o
W acquisitions employed by the DTI scheme. Calculatio

hat minimum considers the index as a function of theN free
W gradient directions, each of them being described by
air of spherical coordinates (u, f); the value of the indexk is
inimized relative to these pairs of angular variables v
ultidimensional minimization routine (22).
Table 1 gives the values of this minimum for differ
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70 PAPADAKIS ET AL.
umbers of DW gradient directions and acquisitions. It sh
hat the optimum value of the indexk varies inversely propo
ionally to the total number of DW acquisitions (and D
radient directions). It also provides the value of the index

he three commonly used DTI acquisition schemes. T
mploy six gradient directions which are determined by
airs of spherical angles (u, f), expressed in degrees.
For scheme A (4, 9, 11): (u, f) 5 (45°, 0°) (45°, 180°) (45°

0°) (45°, 270°) (90°, 45°) (90°, 135°). Figures 1a and 1b pro
isualization of the DW gradient directions for scheme A.
cheme B (3, 8): (u, f) 5 (90°, 0°) (90°, 90°) (0°, 0°) (90°, 45
45°, 0°) (45°, 90°). Figures 1c and 1d provide visualization o
W gradient directions for scheme B. Scheme C (1, 2, 18, 19, 26)

s a variant of scheme B, and employs a seventh DW gra
irection: (u, f) 5 (54.74°, 45°). The indices for these th
onventional schemes were calculated considering one DW
uisition per DW gradient direction. In addition to the DW
uisitions, the schemes all involve one additional baseline a
ition without diffusion-weighting.
Schemes A and B have significantly different index values

ndex value of scheme A is 1.11 times the optimum value for six
cquisitions, while that of scheme B is 1.78 times the same opt
alue. As a result, scheme A would be expected to show b
oise performance than scheme B, given that for both schem
ame number of DW acquisitions per DW gradient direction
erformed using the sameb values. In addition, the indexk for
cheme A is only 1.11 times the corresponding minimum; th
ore, for DTI schemes employing six DW gradient directio
cheme A is almost optimum. Adding one DW gradient direc
o scheme B leads to scheme C, which has an index value of
r 1.66 times the corresponding optimum index value for s
W acquisitions. Although the index value for scheme C
lightly improved when compared to that of scheme B, it is
ignificantly worse than that of scheme A, even though sche
mploys one more DW gradient direction than schemes A a
herefore, the present analysis will consider only the two

Value of the Index k for Various DTI Schemesa

DTI acq. scheme Index value

A (6 DW acq.) 7.50
B (6 DW acq.) 12.00
C (7 DW acq.) 9.625

6 6.75
7 5.80
8 5.11
9 4.50

10 4.05
11 3.68
12 3.38

a Minimum value of the indexk for DTI schemes with different number
W gradient directions with one DW acquisition each. The value of the i

or the three conventional schemes A, B, and C with one DW acquisitio
W gradient direction is also shown.
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evelopment of New DTI Acquisition Schemes

The presented theory provides also a novel method fo
evelopment of new DTI acquisition schemes. This study
onsidered a scheme which employsN different DW gradien
irections with one DW acquisition each together with
aseline acquisition without diffusion-weighting. In order to
irectly comparable to the conventional schemes A and B
ew schemes should employ multiple of 6 total numberN of
W acquisitions. We have therefore considered the cas
5 12; this corresponds to 2 DW acquisitions per D

radient direction for schemes A and B.
The DW gradient directions of the new scheme were der

rom minimization of the value of the indexk, for 12 indepen
ent DW gradient directions. Although the minimum value

he index was unique (see Table 1), the set of the DW d
ions which yielded that minimum was not unique because
ndex is rotationally invariant (its value remains the same w
he directions it examines are rotated as a whole), and als
otal number of DW directions (12) exceeds the dimension (6)
f the space ofb vectors. Furthermore, the optimum value

he index k could also be achieved by employing only
iscrete DW gradient directions (those which optimized
alue of the index for 6 independent DW directions) wit
W acquisitions at each one of them. Nevertheless, su
cheme was not considered because it is essentially a
ariation of the two commonly used 6-DW-direction schem
ll of those schemes sample the 6D space of theb vectors in
nly 6 discrete directions.
We have called the proposed scheme scheme 12, as it em

2 DW gradient directions and acquisitions. The pairs of
pherical angles (u, f) which define these DW gradient directio
re (u, f) 5 (53°, 19°) (20°, 274°) (61°, 76°) (59°, 124°) (4
38°) (42°, 157°) (68°, 307°) (73°, 184°) (72°, 335°) (18°, 4
88°, 218°) (82°, 268°). Figures 1e and 1f provide visualizatio
he DW gradient directions for scheme 12.

METHODS

imulations

Simulations were applied to the two conventional schem
nd B and the proposed scheme 12, all of them employing 12
cquisitions. These used four types of cerebral fibers that a

he same mean diffusivityDm (mean value of the trace ofD) of
.7 3 1023 mm2/s, close to experimental findings for the m
iffusivity for healthy cerebral matter (9, 18). The smallest prin
ipal diffusivity for the anisotropic fiber types was 0.153 1023

m2/s, very close to the smallest calculated principal cere
iffusivity (9). Similarly, the highest diffusivity in the simulation
hich corresponded to the highest diffusivity for the cylindr
ber, approximated the largest calculated principal cerebra
usivity in (9). The four types of fibers were

x
er
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(a) cylindrical fibers with diffusivities 1.83 1023 mm2/s,
.153 1023 mm2/s, and 0.153 1023 mm2/s,
(b) disc-shaped fibers with diffusivities 0.9753 1023

m2/s, 0.9753 1023 mm2/s, and 0.153 1023 mm2/s,

FIG. 1. Visualization of the DW gradient directions of the three DTI
ach scheme is shown on the surface of the unity radius semisphere. B
ear, are shown, having an azimuthial angular difference on thegx, gy plane
umbering of the directions corresponds to the order these are defined
ear views for scheme B. (e) and (f) Front and rear views for scheme 1
(c) isotropic fibers with three equal diffusivities 0.73 1023

m2/s, and,
(d) generally anisotropic fibers with diffusivities 1.253

023 mm2/s, 0.73 1023 mm2/s, and 0.153 1023 mm2/s.

uisition schemes A, B, and 12. The position of the tip of the unity vectogi for
use of the equivalence of the6gi for DTI, all gi havegzi $ 0. Two views, front an
80°; hence, the different orientation of thegx, gy axes. For each DTI schem
under Theory. (a) and (b) Front and rear views for scheme A. (c) and (
acq
eca
of 1
in
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72 PAPADAKIS ET AL.
o the maximum sensitivity of a 2-point ADC measurem
27), i.e.,B 5 1.1/(0.73 1023 mm2/s) . 1570 s/mm2, when
pplied to an isotropic fiber with diffusivity equal to the me
iffusivity Dm. Realization of schemes A and B, with two D
cquisitions per DW gradient direction, usedb valuesB 5
570 s/mm2 andB1 5 B/ 2 5 785 s/mm2. In addition, thos

wo conventional schemes were applied using the sameb value
for both the DW acquisitions per DW gradient direction
Each fiber type was aligned with the DW gradient fram

eference to give a diagonal matrixD. The “ideal” DW signa
as calculated from Eq. [1], assuming a constant ideal val

he baseline signalS0 5 100, for each fiber type and DT
cheme. Complex Gaussian noise was then superimposed
he ideal signals to provide the complex noise-contamin
ignals and their magnitude was then obtained. The n
alues were generated using the routinegasdev(22) and scale
o that the SNR0, defined as (idealS0)/(standard deviation o
oise), could be set to any desired level. The six indepen
lements ofD and the ideal baseline signalS0 were fitted
imultaneously to all the generated signals from each sc
sing a nonlinear least-squares fitting routine (22) to the sets o
quations of the form of Eq. [1]. We did not apply the stand

inear least-squares curve-fit to the logarithm of the signa
void additional errors from the logarithmic scaling of nois

ow SNR0 values (8). Having calculated the six independ
lements ofD, the square of the error for each of th
lements was calculated by subtracting the fitted values

he ideal diffusion tensor elements. For each fiber type,
cquisition scheme, and SNR0 value, the above procedu
oise generation3 creation of noisy data3 fitting 3 error
alculations, was repeated 8192 times and the variance
rror for each of the diffusion tensor elements was calcu
s the mean value of the square of the corresponding
herefore, the total variance of the measured diffusion te
as calculated for each type of fiber, DTI acquisition sche
nd SNR level of the baseline signal.

xperiments

DTI experiments were performed in a cylindrical phan
f distilled water (18 cm internal diameter (id)) and the b
f a healthy volunteer, using schemes A, B, and 12, all of t
mploying 12 DW acquisitions.
The experiments were performed at 2 T in an horizontal-

ore, 100-cm-id, superconducting magnet (Oxford Ma
echnology, Oxford, UK) attached to a Bruker MSL 4
onsole, running Tomikon imaging software (version 890
ruker Medizin Technik GmBH., Karlsruhe, Germany). T
radient set was a homebuilt, unshielded set (id5 35 cm)
esigned by a genetic algorithm (28); each coil of the gradien
et was driven by a pair of Techron amplifiers (Model 77
rown International Inc., Elkhart, IN). The radiofrequen

RF) head coil used was a purpose-built (id5 25 cm), 8-stru
uadrature “birdcage” design (29).
t
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,

as implemented by inserting a pair of Stejskal–Tanner
ngular gradient pulses (20) in a homebuilt spin-echo ech
lanar sequence. The durationd of the DW gradient pulses w
8 ms and their temporal spacingD was 66 ms.
For the phantom experiment, scheme 12 employed tb

alueB 5 486 s/mm2, which corresponded to optimum no
erformance for a 2-point ADC measurement, as desc
nder Simulations, assuming an ADC value of water 2.23
023 mm2/s at 25°C (32) (486 s/mm2 5 1.1/(2.26 3 1023

m2/s)). Schemes A and B were implemented using
ifferent b valuesB 5 486 s/mm2 and B1 5 B/ 2 5 243
/mm2 per DW gradient direction. In addition, the scheme
nd B were applied using the sameb valueB 5 486 s/mm2 for
oth the DW acquisitions per DW gradient direction. For thin
ivo experiment, scheme 12 applied theb value B 5 1570
/mm2 while schemes A and B applied theb valuesB 5 1570
/mm2 andB1 5 B/ 2 5 785 s/mm2 per DW gradient direc
ion. Thein vivo implementation of schemes A and B using
air (B1, B), rather than the pair (B, B) of b values per DW
radient direction, is justified in the subsection “Multiple
uisitions per DW gradient direction: The choice ofb values”
nder Results.
Single-slice (for the phantom) and multislice (four conti

us slices, for the human brain) transverse images with fie
iew of 25 cm and slice thickness of 5 mm (for the phant
nd 7 mm (for the human brain) were acquired. Four in

eaves were acquired for each image. This yielded a 1283 128
cquisition matrix, which provided a 2563 256 image, afte
ymmetric zero-padding in both directions and Fourier tr
ormations. Imaging with partial (62.5%)k-space coverag
as performed (31, 33). For the in vivo experiments, ECG
ated acquisitions (34, 35) and the use of a navigator ec
36–38) in the read direction were used in order to minim
otion artifacts between the interleaves. For the phan
xperiment the navigator echo was kept in the pulse sequ
o that both the phantom and thein vivo experiments had a
dentical sequence of imaging gradients. Echo time (TE)
18 ms and the repetition time (TR) was set to 4 RR inter
.4.4 s) for thein vivo experiment, acquiring data from o
lice per RR interval, and to 2 s for the phantom experime
wo “dummy” scans were performed in both the experim

n order to sufficiently bring the signal from the longT1

omponents (cerebrospinal fluid (CSF) for thein vivo experi-
ent and water for the phantom experiment) to the st

tate, thus avoiding ghosting artifacts. The total acquis
ime for the entire dataset of each DTI scheme was ther
.6 min for the phantom experiment and about 5.7 min fo

n vivo experiment. The sequence of the imaging gradients
een designed so that they were rephased as soon as p
fter their application, so that their contribution tob and @@
ould be considered negligible (19, 26), as discussed abov
rior to DW-IEPI acquisitions, automated shimming (39) was
erformed in both the phantom and the brain in order to en
ptimised static field homogeneity over the regions of inte
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73A STUDY OF DIFFUSION TENSOR ACQUISITION SCHEMES
The DW-IEPI data for each experiment were fitted us
he same processing routines as for the simulations an
ix elements of the diffusion tensorD were calculate
ixelwise. For the phantom data, a central homogen
egion comprising 8000 pixels was selected and the m
nd the variance of the diffusion tensor elements and

otal variance of the diffusion tensor were calculated.
he human brain data, maps of the rotationally invar
sotropy index (mean value of the trace Tr(D) of D) and the

FIG. 2. Total variance ofD, normalized by multiplication by the square
he compared DTI schemes employed 12 DW acquisitions. (a) Results
c) Results from the conventional schemes A and B, respectively, using
onventional schemes A and B respectively using the pair (B, B) of b values
g
he

us
an
e
r
t

otationally invariant index volume ratio (1-VR)) (8, 9, 18)
ere calculated.

RESULTS

imulations

Figure 2 shows the results from the simulations. It plots
otal variance of the measuredD normalized by SNR0 (i.e., the

the SNR ofS0, for various SNR values ofS0 and for each of the four fiber type
m the proposed scheme 12 using theb valueB for all the DW acquisitions. (b) an

pair (B/ 2, B) of b values per DW gradient direction. (d) and (e) Results from
DW gradient direction. Note the different scaling of the variance for eac
of
fro
the

per
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74 PAPADAKIS ET AL.
NR0), for various SNR0, for each fiber type, and for each D
cheme (scheme 12, scheme A, and scheme B). The no
zation made the plotted results independent of SNR0 (cf., Eqs.
6] and [9]). As described earlier, we have considered
mplementations of the schemes A and B. In the first, two
cquisitions per DW gradient direction were performed
ifferent b values (Figs. 2b and 2c); in the second, th
cquisitions were performed at the sameb value (Figs. 2d an
e). Note that the scaling of the relative variances for the

n Fig. 2 is different, and that for scheme B, using the samb
alue for all the DW acquisitions (Fig. 2e) gives a very h
elative variance for the cylindrical fiber, which exceeds
ange of values displayed in Fig. 2e.

Validation of the index. Under Theory the indexk was
eveloped, which is proportional to the total variance ofD for
n isotropic medium, when all the DW acquisitions w
btained under the same highb value. Table 1 indicates th

he ratio between the index value for scheme A with 12
cquisitions and that for scheme 12 is (7.50/2)/3.38. 1.11,
hereas the ratio between the index value for scheme B
2 DW acquisitions and that for scheme 12 is (12.00/2)/3.3.
.78. Figures 2a, 2d, and 2e demonstrate a calculated
etween the variance ofD for schemes A and 12 of abo
5.0/13.5. 1.1 that remains well-bounded at that value,

he case of the isotropic fiber. It also demonstrates a calcu
atio between the variance ofD for schemes B and 12 of abo
3.5/13.5. 1.74 that also remains well-bounded at that va
hese results closely agree with the theoretical predict
urthermore, under Theory the conditionSi ! S0 was adopted
hereSi are the DW signals andS0 is the common baselin
ignal, in order to ensure that the errors inC were uncorrelated
et, this condition did not hold for the simulations: for t

sotropic fiber it wasSi 5 S0exp(21.1) . 0.33S0. Therefore
he empirical findings demonstrate that the conditionSi ! S0,
r equivalently the requirement for highb value, can b
elaxed, without compromising the validity of our analysis

Multiple acquisitions per DW gradient direction: The cho
f b values. Because theb value B corresponded to th
ptimum 2-point ADC calculation for the isotropic case,
xpect that the error in the calculation ofD for the isotropic
ase will be smaller for the implementation of schemes A
using twice theb valueB per DW gradient direction than f

he implementation of the respective schemes usingb values
/ 2 andB per DW gradient direction. As a result, the varia
D
2 for the isotropic case is smaller in Figs. 2b and 2c tha
igs. 2d and 2e, respectively. On the other hand, the anis
ic fibers examined had principal diffusivities on either sid

he isotropic diffusivity, and we cannot predict analytica
hich pair ofb values ((B/ 2, B) or (B, B)) per DW gradien
irection will have the best noise performance for schem
nd B. However, the simulations show that applying sche
and B, using (B, B) tends to lead to increasedsD

2, especially
or cases of low SNR0 (,30) and for strongly anisotropic fibe
al-

o

t
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A
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cylindrical fiber). Therefore, for the rest of the analysis,
ave considered the implementation of schemes A and B

he pair (B/ 2, B) of b values per DW gradient direction.

Evaluation of the performance of DTI schemes for aniso
ic fibers. The implementation of schemes A and B using
air (B/ 2, B) of b values per DW gradient direction rend

he presented theoretical analysis of error propagation
pplicable. However, for such cases, the total variance ofD can
e compared with the measurable quantity which corresp

o the physical meaning of the indexk (i.e., the total varianc
f D of an isotropic medium with mean diffusivity equal to
ean diffusivity of the anisotropic case, measured with

ameb value for all the DW acquisitions). Such comparis
as facilitated by monitoring the results of the simulation
igs. 2a–2c for a given value of SNR0. Figure 3 gives th
esults for SNR0 5 25 together with the total variance ofD,
hich physically corresponds to the indexk (derived from
igs. 1a, 1d, and 1e, for schemes 12, A, and B, respect
nd for SNR0 5 25). Therefore, Fig. 3 enables evaluation
oise propagation for schemes 12, A, and B in two ways

(a) Comparisons between schemes: for each individual
ype, the relative variance ofD was smallest for scheme 12 a
argest for scheme B. Furthermore, for each type of fiber
atio of the variance between two schemes, for example
atio between the variance for scheme A and scheme 12
atio between the variance for scheme B and scheme 12,
ecame smaller than the ratio of the variance correspond

he index of the respective schemes.
(b) Comparisons within schemes: the total variance oD
ithin each scheme was smallest for the isotropic fiber

argest for the most anisotropic, cylindrical fiber. Additiona

FIG. 3. Dependence of noise sensitivity of the DTI schemes on
nisotropy. For scheme 12, using theb valueB for all the DW acquisitions
nd for schemes A and B, using the pair (B/ 2, B) of b values per DW gradien
irection, the total normalized variance ofD (Figs. 2a–2c, SNR0 5 25) is
lotted for the four fiber types, classified according to their anisotropy i
2 VR, which is shown in parentheses. Additionally, the respective

ormalised variance ofD corresponding to the indexk (Figs. 2a, 2d, and 2
NR0 5 25) is shown under the label “control.”
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75A STUDY OF DIFFUSION TENSOR ACQUISITION SCHEMES
or either scheme A or B, the variance inD for each fibe
xceeded the “control” variance corresponding to the inde

he respective scheme.

The total variance ofD thus depended on the shape of
ffective diffusion ellipsoid corresponding to the fiber. T
ependence was weakest for scheme 12, in which the var

or the cylindrical fiber was about 16.0/13.5. 1.19 times the
ariance for the isotropic fiber. It was the strongest for sch
, in which the variance for the cylindrical fiber was ab
0.0/27.0. 2.59 times the variance for the isotropic fib
ote also that for scheme A, which has an index value clo

he optimum value of scheme 12, the variance also chan
ittle between the types of fibers. Thus, in this case, the
nce for the cylindrical fiber was about 24.0/18.0. 1.33 times

he variance for the isotropic fiber.
Therefore, for any DTI scheme irrespective of whethe

mploys the same or differentb values for all the DW acqu
itions per DW gradient direction, the relative variance ofD for
nisotropic fibers is always higher than that for the isotr
bers, when the latter is measured using a singleb value for all
he DW acquisitions. Since the variance ofD for the isotropic
ase, using the sameb value for all the DW acquisitions p
W gradient direction is associated with the indexk of the

Mean Values of the Elements

Mean value
(31023 mm2/s) Scheme 12

1

Scheme A

Dxx 2.295 2.263
Dyy 2.242 2.291
Dzz 2.274 2.238
Dxy 0.024 0.035
Dxz 0.036 0.038
Dyz 20.039 20.046

a Mean values of the six independent elements ofD for the isotropic phanto
onsisted of 8000 pixels.

TAB
Variance of the Elements o

Variance
(31024 mm2/s)2 Scheme 12 Scheme A

Dxx 0.17 0.24
Dyy 0.15 0.25
Dzz 0.16 0.22
Dxy 0.08 0.05
Dxz 0.08 0.07
Dyz 0.06 0.07
D 0.92 1.09

a Variances of the elements ofD and total variance ofD for the isotropic p
hich consisted of 8000 pixels.
of

ce

e
t

to
a
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c

cheme, the index provides a lower limit on the noise pr
ation for a DTI scheme: the relative variance ofD will depend
n the diffusion “shape” of the fiber considered and on thb
alues used by the DTI scheme, but it will never be less
he relative index of the scheme. In addition, the smaller
alue of the index for a DTI scheme, or equivalently, the cl
o the optimum its index value, the weaker the dependen
oise propagation on the various levels of the fiber diffu
nisotropy.

hantom Study

Tables 2 and 3 summarize the results from the statis
nalysis of the measuredD over the selected region of inter
8000 pixels) of the water phantom for the examined
chemes. Table 2 gives the mean values of the six indepe
lements ofD, while Table 3 gives their variance and the to
ariance ofD. For each scheme the mean values of the d
nal element ofD varied by less than 2% from the repor
alue of the diffusion coefficientD 0 of pure water at th
emperature of the measurements (D 0 5 2.26 3 1023 mm2/s
t 25°C) (32). Similarly, the magnitude of the mean values

he off-diagonal elements ofD was kept very small, being le
han 3% ofD 0. Obviously, for each scheme, the measureD

D of the Isotropic Phantoma

value 2b values

Scheme B Scheme A Scheme B

2.243 2.247 2.293
2.287 2.271 2.252
2.275 2.279 2.284
0.036 0.010 0.041
0.049 0.044 0.034

20.011 20.028 20.037

using different DTI acquisition schemes calculated over the selected RO

3
of the Isotropic Phantoma

value 2b values

Scheme B Scheme A Scheme B

0.18 0.27 0.19
0.16 0.28 0.19
0.19 0.26 0.17
0.19 0.10 0.21
0.21 0.07 0.20
0.17 0.08 0.21
1.67 1.31 1.79

tom using different DTI acquisition schemes, calculated over the selecte
of

b

m

f D

1 b

han
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as the structure of a diagonal tensor, proportional to the3
unity tensor, corresponding to an isotropic medium. Th

ore, the calculations of the@@ matrix for each scheme, co
idering only the DW gradients and not the imaging gradie
ere valid.
The variances of the elements ofD (Table 3) correspond

tandard deviations which are smaller than 3% ofD 0. In
ommon with the simulations, the phantom study showed
or schemes A and B, the total variance ofD was higher whe
ifferent b values were used for the DW acquisitions p

ormed at the same DW gradient direction than when a s
value was used.
The measured absolute total variances ofD in Table 3 can b

ompared with the respective normalized variances ofD in
able 3 can be compared with the respective normalized
nces ofD for the isotropic fiber in the simulations (Fig.
uch comparison requires appropriate scaling of the abs
alues ofsD

2 listed in Table 3, so that they correspond to
ame isotropic diffusion coefficient andb values as the one
mployed in the simulations. For schemes using a singb
alue, and for both the simulations and the experiments, tb
alue was selected such thatB z ADC . 1.1. It follows from
qs. [6] and [9] that each of thesD

2 of Table 3 was scale
multiplied) by the factor (SNR1 z B1/B2)

2, where SNR1 is the
NR0 for the phantom experiments (equal to 120), andB1 and
2 are theb values for the phantom experiments and
imulations, respectively. Scaling for the implementation
chemes A and B used as a uniqueb value the highest of thos
wo used in each implementation. According to Methods,

value was still given byB z ADC . 1.1, both for the
imulations and for the phantom experiments. Figure 4 c
ares the scaled experimentalsD

2 with the respectivesD
2 from

he simulations of the isotropic case (the normalized valusD
2

FIG. 4. Comparison of the total normalized variance ofD from the
xperiments on the isotropic phantom (Table 3) with that from the simula
Fig. 2, isotropic case, SNR0 5 25). Implementation of schemes A and B us
he pair ofb values (B, B) and (B/ 2, B) is denoted as 1b and 2b, respectiv
s explained in the text, the results from the experiments have been
ppropriately in order to correspond to the sameb values and isotrop
iffusivity as those used in the simulations.
-

s,

at

-
le

ri-

te

t

e
f

t
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n Fig. 2 for the isotropic case). The very good agreeme
he results from the experiments on the isotropic phantom
he results of the simulations (Fig. 4) not only confirms
orrespondence of the indexk to the total variance ofD for an

sotropic medium, when the DTI scheme uses the sameb value
or all the DW acquisitions. It also verifies the difference
oise propagation between the two conventional schem
nd B. Furthermore these results show that the prop
cheme 12 has better noise performance than either of
wo schemes, as predicted by both the theory of the index
he simulations.

etermination of the Indexk from DTI Measurements

The results from the simulations and from the phan
xperiments were also used for practical determinationk
ccording to Eqs. [6] and [9]. Therefore, we considered

mplementation of schemes A and B using the pair (B, B) of
values per DW gradient direction. For the simulations,

alues ofsD
2 were taken from Figs. 2a, 2d, and 2e, for SNR0 5

5 for the isotropic case. Figure 5 plots that calculatedk for
ach DTI scheme, as it was derived from the simulations

he phantom experiments, together with the respective the
cal values ofk, from Table 1.

The very good agreement between the theoretical an
easured values of the indexk for each scheme verifies t

alidity of the direct calculation ofk from experimentally
easurable quantities. Therefore, the consistency of the

etical analysis has been successfully demonstrated not
hrough relative comparisons of the noise performance o
TI schemes for various cases of fiber anisotropy (Figs.
nd 4), but also through the direct calculation of the indek

rom measured quantities (Fig. 5).

FIG. 5. Measured value of the indexk (Eqs. [6] and [9]) for each DT
cheme (12, A, and B), using the results from the simulations (Figs. 2a, 2
e, isotropic case, SNR0 5 25) and from the experiments on the isotro
hantom (Table 3). Additionally, the theoretical value ofk (Table 1) is show

or each scheme.
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77A STUDY OF DIFFUSION TENSOR ACQUISITION SCHEMES
TI Experiments in the Human Brain

Figure 6 shows the anatomicalT1-weighted image of on
epresentative slice selected for the DTI experiments. Figu
nd 8 show the calculated maps of the mean value of the
f D (mean diffusivity), and those of the anisotropy ind
-VR, for each examined DTI scheme (scheme 12, schem
nd scheme B; the last two using two DW acquisitions
ifferent b values per DW gradient direction). The me
iffusivity maps (Fig. 7) have been scaled from 0 to 1.53 1023

m2/s, while the anisotropy maps (Fig. 8) have been sc
rom 0 to 1.

Mean diffusivity maps. The mean diffusivity maps (Fig. 7
howed excellent uniformity over the cerebral matter (gray
hite), for every scheme examined. This uniformity refle
early constant mean diffusivity (.0.7 3 1023 mm2/s), as ha
een reported for healthy cerebral matter (8, 9, 18).
This uniformity of the mean diffusivity maps was partic

arly evident in the cortical regions, which are compose
lmost isotropic gray matter. The intermingling gray and w
atter in deeper cerebral areas which could result in va
egrees of anisotropy caused small variations of the m
iffusivity in the form of hypointense regions in the me
iffusivity maps. Such regions appeared smaller and smo

or the case of the proposed scheme 12; schemes A and B
aps with very similar nonuniformities.
In general, there were relatively small differences in m

iffusivity maps obtained by the three compared DTI sche
his reflects the calculation of the mean diffusivity, which d

FIG. 6. AnatomicalT1-weighted image of one transverse slice selecte
he DTI experiments. Repetition time: 200 ms, echo time: 8.5 ms, and i
atrix: 2563 256.
7
ce

A,
h

d

d
s

f
e
us
an

er
ave

n
s.
s

f D, but rather considers only its three diagonal elements
oise in the mean diffusivity for each scheme consequ
epends not only on the overall noise performance of the
cheme as represented by the indexk and the results from th
imulations, but also on the relative distribution of noise
ween the diagonal and off-diagonal elements ofD. For exam
le, according to their index values (Table 1), scheme A
etter noise behavior than scheme B; however, the resu

he phantom study (Table 3) show that the variance o
iagonal elements for scheme A is higher than that for sch
, in an isotropic medium. These two effects tend to bala
ut, leading to very similar qualities in the maps of the m
iffusivity between schemes A and B. On the other hand
cheme 12, which has the best noise performance for toD
Fig. 2), the variance of the diagonal elements is smaller
hat of the other two schemes for an isotropic medium (T
); these two effects cause the mean diffusivity maps to ap
lightly smoother and more uniform than those derived
chemes A and B.

Treatment of CSF. The mean diffusivity maps obtaine
sing scheme 12 showed some CSF-filled areas with a l

ntensity than did the two other schemes. Such area
luded the ventricular regions, the anterior horns of
ateral ventricles, and various sulci, and they may
ontain contributions from the surrounding gray matter.
ean value of the mean diffusivity over those areas
.745 3 1023 mm2/s for scheme 12, 3.2143 1023 mm2/s

or scheme A, and 3.1723 1023 mm2/s for scheme B
he reduced value of the mean diffusivity for scheme

s because scheme 12 effectively employed 2-point A
easurements, one baseline signal acquisition atb 5 0
nd one DW acquisition atb 5 1570 s/mm2, whereas
oth the conventional schemes A and B effectively
loyed 3-point ADC measurements with one baseline si
cquisition atb 5 0 and two DW acquisitions atb 5 785
nd 1570 s/mm2, respectively. It can be shown that t
-point ADC calculation tends to give lower ADC valu

han the 3-point ADC calculation for signal contain
ontributions from both CSF and gray matter. The e
ifference would be dependent on the relative contribut

o the signal from CSF and gray matter. Furthermore, re
ing to the terminology in (27), while theb value used fo
cheme 12 covers cerebral diffusivities between 0.15
.8 3 1023 mm2/s, with the DW sensitivity never less th
4% of the maximum, the corresponding DW sensitivity
SF is about 9.5% of the maximum (assuming a C
iffusion coefficient.3.2 3 1023 mm2/s (9)). In contrast
chemes A and B use the additionalb value, 785 s/mm2, and
he respective DW sensitivity for CSF is about 58% of
aximum; this leads to more precise CSF measurem
owever, cerebral DTI is primarily concerned with
erebral matter rather than CSF.
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78 PAPADAKIS ET AL.
The anisotropy maps (Fig. 8) for each scheme disting
he main strongly anisotropic cerebral structures (genu
plenium of the corpus callosum, forceps frontalis and
ipitalis, centrum semiovale, optic radiations, and var
hite matter radiations towards the cortex) from th
howing low anisotropy (cortical gray matter and caud
ucleus).
Although some differences in the maps can be attribute

lightly different slice positions used during application of
hree schemes (as is the case for some variations in the a
nce of the thin and short white matter radiations projec

rom the cortex), the maps from the three schemes s
ignificant differences in the appearance of noise, which re
he different noise performance of the three compa
chemes.
Between the two schemes A and B, scheme B yie

enerally noisier anisotropy maps. Most of the anisotr
tructures (for example, parts of the centrum semioval
oth hemispheres and many thin white matter radiati
uffered a grainy appearance with strong and discontin
ntensity variations. Furthermore the 1-VR map of schem
elineated many white matter radiations poorly at co
esolution or gave a blurred and diffuse representatio
tructures, such as the splenium of the corpus callo
ther adverse features of the map of scheme B include
resence of high-intensity pixels close to the interface

ween low- and high-anisotropy structures (for example
nterface between the splenium of the corpus callosum
he lateral ventricles). For many high-intensity pixels wh
aused discontinuous appearance, the signal intensit
eeded the theoretical maximum unity value of 1-VR. T
s the result of poor estimation ofD: the smallest principa
iffusivity for those pixels was negative. In contrast, sche
yielded maps of significantly better quality that show

onsiderably less evidence of the noise-induced resol
roblems described above. Most of the anisotropic s

ures were clearly defined and the intensities within m
ndividual structures stayed reasonably uniform and smo
owever, some high anisotropy structures in the map
cheme A showed still a noisy and grainy appearance
nstance, regions within the centrum semiovale). Fina
cheme 12 gave the smoothest anisotropy map havin
ost uniform intensity distribution within anisotropic stru

ures.
Therefore, the anisotropy maps of the two conventio

chemes A and B exhibited differences in noise pe
ance, in qualitative agreement with the differences in

espective index values of the schemes. However, the i
alue for scheme A was very close to the optimum in
alue, and so the maps from schemes A and 12 could
very similar quality with respect to noise appearance.
ight be the case, if scheme A was compared with a sch
hich optimized the index value using the same numbe
FIG. 7. Mean diffusivity maps of the slice of Fig. 6 calculated by the th
ompared DTI schemes.
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2 employs 12 DW gradient directions, sampling the sp
f the effective diffusion ellipsoid more densely and m
niformly than scheme A. This is the main qualitat
ifference between the schemes A and 12, and, in fac
ause of the differences between the maps of the
chemes.

DISCUSSION AND CONCLUSIONS

This study investigated the effect of the DW gradi
irections of a DTI scheme on the noise in the meas
iffusion tensorD. In the absence of significant contrib

ions from the imaging gradients, the DW gradient dir
ions effectively determine the distribution of the scalab
alue B between the elements ofD, or equivalently, th
actors which weight the contribution of the elements oD
n the argument of the exponential term describing
W-induced signal attenuation (Eq. [1]). Treating the

ermination ofD as a linear system of equations (Eq. [4
e introduced the quantitative indexk, which evaluates th
oise behavior of the linear system by examining the
ility of the characteristic matrix@@ of this linear system
he index is rotationally invariant, depending only on
W gradient directions, and it physically corresponds to

otal variance of the measuredD for an isotropic medium
sing the sameb value for all the DW acquisitions. Oth
uantities can also evaluate the stability of Eq. [4] in no

hey include the ratio between the maximum and minim
lements of the diagonal matrixW, following SVD of the@@
atrix (22) and the total variance of the six independ
lements ofD. However, such measures either lack
orrespondence to physically measured quantities o
otationally variant. The indexk provided an objectiv
ssessment of the noise performance of a DTI scheme
alculated and then compared with the minimum in
alue which can be achieved with the same total numb
W acquisitions.
A second novel contribution of this work is that it compa

he noise performance of the two widely used DTI acquis
chemes (scheme A and scheme B), which in the publ
TI literature have been used indiscriminately, because bo

hem employ six noncollinear DW gradient directions. Th
ndex values are significantly different: for scheme A it is
imes the minimum, while for scheme B it is 1.78 times
inimum. Based on this information one would expect sch
to yield less noisy and more accurate measurementsD

han scheme B.
A third novel aspect of this study is the use of the in

s a means to develop new DTI schemes. For a g
umberN (N $ 6) of DW gradient directions with one DW
cquisition each, the DW directions of the scheme
hosen to minimize the value of the index. These sche
re different in concept from those currently used, bec

hey use the redundantN 2 6 DW acquisitions in order t
e
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ensely. In addition, the use of a single DW acquisition
W gradient direction is validated because the mean d
ivity in gray and white matter of healthy human br
aries little between each other. Accordingly, the singb
alue B for each DW acquisition can be calculated as
ne which gives the optimum performance for a 2-p
one baseline and one DW) measurement of that m
iffusivity, i.e., B . 1.1/̂ D&, where ^D& is the mean
iffusivity. As shown in (27), although that optimumb
alue corresponds exactly to a single ADC, it can still co

wide range of ADC values with reasonable accur
onsequently, when such a scheme is compared with

wo schemes A and B (with the same total number of
cquisitions), one would expect that it will have not o
etter noise performance (its index value is smaller
ither A or B), but also it will be able to delineate ani

ropic structures with orientational variability (as it is t
ase in brain) more efficiently than either scheme A or B
he published DTI literature, DTI measurement using m
iple DW gradient directions (more than the commonly u
ix or seven) has been reported only once (40) (using 12 DW
radient directions), but no further details were given ab

he definition of the applied scheme.
The theoretical analysis and the experiments in this s
ade two simplifying assumptions:

(a) They neglected the effect of the imaging gradients o
matrix. The DW pulse sequence for the experiments

esigned so as to refocus the imaging gradients as so
ossible after their application (19, 26). The very good approx

mation of the measured isotropic tensor for each sch
erived by the phantom experiments, verified that the ima
radients exerted negligible effect on@@.
(b) They assumed the SNR of the common baseline

al (SNR0) was identical in the different DTI schemes, a
herefore, they ignored the effect of the distribution o
iven DW gradient strength among the three Cartesian
ient directions on the noise performance of the
chemes. For example, in order to achieve a DW grad
agnitudeGm, scheme A required 0.707 times the ma
um gradient magnitudeGm at each Cartesian gradie
irection, while scheme B required the full maximum g
ient magnitudeGm. Treating both implementations
quivalent obviously leads to a suboptimal use of the
ient capabilities for scheme A, since it uses only 70.7%

he gradient output used by either scheme B or 12.

The results from the simulations and the phantom ex
ments established that the indexk was proportional to th
otal variance ofD of an isotropic medium, when all the D
cquisitions use the sameb value. It was shown that impl
entation of the two schemes A and B using a singb

alue for multiple DW acquisitions per DW gradie
irection leads generally to increased error in the estima
f D for anisotropic cases, when compared to the im
r
-

e
t
an

r
y.
he

n

n
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d
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y
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s
as
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g
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nt
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ultiple DW acquisitions per DW gradient direction. F
hermore the simulations showed that for each DTI sche
he total variance ofD is always higher for anisotropic fibe
han for isotropic ones. Nevertheless, scheme 12 showe
eakest noise dependence on the degree of aniso
hile scheme B showed the strongest. In addition,

elative differences in noise performance of the th
chemes became more pronounced when the degree
sotropy increased.

Both those results lead to the conclusion that the phy
uantity corresponding to the indexk evaluates the nois
erformance of a DTI scheme under the most favor
onditions. Consequently, for schemes with an index v
elatively far from the optimum, such as scheme B,
ould expect the effect of noise for increased levels
nisotropy to become increasingly more prominent

he one for DTI schemes with an index value relatively c
o the optimum, such as scheme A. In any case, the
osed scheme 12 gave the smallest errors and showe
mallest dependence of noise on the degree of diffu
nisotropy.
Although the mean diffusivity maps derived from the D

uman brain experiments had predominantly similar app
nces for the three compared schemes, the respective a
opy maps revealed significant differences in the noise ap
nce, in qualitative agreement with the difference in the in
alues of the schemes. Consequently, schemes A and
nder no circumstances be treated as equivalent: sche
ields better quality DTI measurements than scheme B
ddition, scheme 12, derived from the index optimization
2 DW acquisitions, yielded measurements of the best qu
mong the compared schemes.
We thus conclude that we have developed a system
ethod for the evaluation of the effect of the DW grad
irections employed by a DTI acquisition schemes on the n
erformance of the scheme. The method leads also t
efinition of new schemes, which can sample the space o
ffective diffusion ellipsoid densely and uniformly, improvi

hus the noise performance of the final results of the
easurements.
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