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This study has investigated the effects of the selection of the
diffusion-weighted (DW) gradient directions on the precision of a
diffusion tensor imaging (DTI) experiment. The theoretical analysis
provided a quantitative framework in which the noise performance of
DT schemes could be assessed objectively and for the development of
novel DTI schemes, which employ multiple DW gradient directions.
This generic framework was first applied to the examination of two
commonly used DTI schemes, which employed 6 DW gradient di-
rections and hitherto were used indiscriminately under the sole con-
dition of noncollinearity. It was then used to design and assess a novel
12-DW-gradient-direction DTI protocol, which employed the same
total number of DW acquisitions as the two conventional schemes
(12). This theoretical investigation was then corroborated using rig-
orous simulation and DTI experiments on both an isotropic phantom
and a healthy human brain. Both the theoretical and the experimen-
tal analysis demonstrated that the two conventional schemes showed
a significantly different noise performance and that use of the new
multiple-DW-gradient-direction scheme clearly improved the preci-
sion of the DTI measurements. © 1999 Academic Press
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INTRODUCTION

the six independent elements of the symmetric 3 diffusion
tensorD. (b) Second, rotationally invariant scalar quantities
which describe the intrinsic diffusion properties are calculate
from D. These include the three principal diffusivitie$),(
which are the eigenvalues Bf, the mean value of the trace of
D, and the anisotropy indice8,(18. Maps of such rotationally
invariant scalars are the important “end-results” of DTI.

The precision in the final results of DTI measurements depent
on the noise propagation from the initially acquired DW signals
through both these steps. Clearly, an efficient DTI acquisition an
processing scheme should minimize noise propagation at ea
individual step. However, there has been no systematic stu
of the error propagation through the DTI acquisition scheme
that were used in step (a). The available published DTI dat
have always been acquired from schemes that used several (
(3—6) or seven {, 7,19) noncollinear DW directions. Two
sets of six DW directions have been arbitrarily proposed an
used indiscriminately on the basis of their noncollinear®y4)
alone. Adding one more DW gradient direction to one of thos
schemes has yielded a seven-DW-direction schemenvhich
has also been used in some DTI experiments.

This paper addresses the problem of error propagation in tl
aforementioned step (a), as well as the effect of the selection

Diffusion tensor imaging (DTI) using magnetic resonance inspecific DW gradient directions on measurement precisior

aging (MRI) was recently proposed, (@ and has been used forThe analysis begins from the elementary equations charactt
thein vivo study of cerebral3, 4), cardiac §), and other tissues izing generalized DTI acquisition schemes; it then defines

(6, 7), providing complete directional descriptions to be made guantitative index which evaluates the effect of the DW gra
the self-diffusion properties of water through the tissue structudient directions of a DTI scheme on the performance of th
DTl is therefore potentially useful not only for the characterizatioscheme as reflected in the precision of the measurements. T

of the architecture of healthy tissuek §) and their function10),

index was then used to evaluate two commonly used DT

but also for diagnosis and assessment of disease conditions whkicemes and to develop new DTI schemes. Finally, the validi

perturb tissue structural coherence (such as acute sttaké3,
cerebral ischemid@), multiple sclerosis¥4), schizophrenial(5),
gliosis (16), and tumor growth in the brairl()).

of the index and the performance of the new and the current|
used schemes were tested using computer simulations and C
experiments in a phantom and in a healthy human brain.

DTI acquisition and processing schemes entail two overall
steps B): (a) First, a series of diffusion-weighted (DW) signals
are acquired using DW gradients that vary both in magnitude
and direction; these signals are used for the determinationfinition of an Index for a DTI Acquisition Scheme

THEORY

Itis well known that the incorporation of a DW gradient pair
in a spin-echo experiment makes it possible to extract infol
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mation about the self-diffusion tens® (1, 2, 20. In the Stable and robust determination of the diffusion tensor ele
presence of such a DW gradient pair, for which the DWhents in the presence of noise requires that the nuiNbefr

gradient is described by the vect@, = [G,,Gp,Gp,]' = the acquired DW signals, and therefore the number of th
Gom[ 90xI0,002] ' = GoUo (Gom is the magnitude of the DW equations of the linear system of Eq. [4], is larger than th
gradient,go = [ 9o.dn,do.] | is the unity vector describing its number of the unknowns (i.e., the six elements of the diffusiol
direction, and’ denotes the transpose), and ignoring the effedisnsor). AccordinglyN > 6, and the overdetermined system

of the imaging gradients, the DW pixel intensiByis of Eq. [4] can be solved by singular value decompositior
(SVD) (22 of B so that® = UWV', whereU is anN X 6
S= Sexp(—Bgl-D - gp), [1] column-orthonormal matrix an is a 6 X 6 orthonormal
matrix. The matriXV is a 6 X 6 diagonal matrix with elements
w;, (i =1, ..., 6), which are nonzero, if the linear system of

whereS,; is the baseline pixel intensity in the absence of a

DW gradient,D is the (apparent) diffusion tensor, r\%’q. [4] contains at least six independent equations. This re

quires that at least six noncollinear DW gradient direction:
with independenb vectors are employed for the acquisition of

Dyx Dy D the N DW images. Therefore, the pseudo-inve#ae' is B*
D=| Dy Dy Dy, |, = o = VW U, and the elements & can be calculated from
Dx. Dy, Dz the equation

and B is the scalarb factor (or b value) @O, 21, which
depends only on the magnitude of the DW gradient (as distinct
from its direction), the duration, the temporal spacing, and the
shape of the DW gradient pulses. For example, for rectangularThe errordC of the vectorC of the DW signals is trans-
DW gradient pulses of duratiohand temporal spacingg, B = formed into the errobd of the vectord of the diffusion tensor
v?8%(A — 8/3)G}, (v is the gyromagnetic ratio). elements, as follows:

Defining the six-dimensional (6D) vectors

d=%"'C=4dC.

6d = A8C
d = [d1d2d3d4d5d6]T = [DxnyyDzsznyszJTr . -
6déd' = ASC6C'A
b=[9g39 2Dyg %ZZQDXgDyZQngDzngygDL-lTl [2]
E=(6d6dT) = A(8CSCT)AT, [5]
we have

where( ) denotes statistical mean value.

. . S The covariance matrix2@) (8C8C") of the errors inC is
S=Sexp(—Bb'd), bid=g I”(g) ' [3]  transformed to the covariance matgxof the errors ind via
the matrixsd and its transpose. However, the mat&CsC")
and therefore the matrix depends additionally on thevalues

Provided that the baseline ima&g is known from a sepa-
% P agd by the DTI acquisition scheme and also on the specif

rate measurement with the DW gradients set equal to zero, =

[3]is a linear equation whose unknowns are the six elements 8™ Of the diffusion tensoD. Because the present analysis

d, which are the six independent elements of the diﬁusidﬂvestigates the effect of the DW gradient directions on th
tensorD. DTI schemes, Eq. [5] can reflect only that effect by assumin

Acquisition of N DW images, with theith image having thzat th?he&r§é58?>aie %TCV?IES:::?S,[EZ?\I h;\"\? uer?itua:nva{ﬁ:ince
signal intensityS, and corresponding to the DW gradienf’ » SO & - ol y :

direction g, = [g.0,0.]", the b vector b, = Equation[5]then becomes
[0,10,,b,3biubisbie] T and theb value B, (i = 1,..., N),
produces the following system &f linear equations with six E=0%AdAT = o,
unknowns,
whereF = s{s{’.
Rd = C, [4]  The diagonal elements & give the variance of the respec-

tive tensor elements af (23), while F describes the propaga-
where theN X 6 matrix B of the gradient directions of the tion of the uncorrelated errors in the element€£adb errors in
DTI acquisition scheme is defined @8 = [b, ...b,], and the tensor elements, and depends exclusively on the employ
theN-dimensional vecto€ contains the signals correspondindW gradient directions. The total varianeg of the measured
to theN DW acquisitionsC = [1/B,In(S,/S,) . .. 1B\In(S,/ tensorD, defined as the sum of the variances of its individua
SVl elements, can be used as a quantitative indicator of the tot
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error in the measurement &f. Because the off-diagonal ele-condition, it is easy to show that the varianog, of the
ments of D appear twice in its expression, their varianceslementC, is
contribute twice ino3. We then have

05 =Ey+ Ep+ Egz+ 2(Egy + Ess + Ege) = ko [6] :

Kk =Fy1+ Fy+ Fag+ 2(Fus + Fss + Feg) where SNRis the signal-to-noise ratio (SNR) of the common
_ baseline signas,.
= Tr(F) + Fag + Fos + Fec. [7] The resultant diagonal covariance matrix of the error€in
then becomes proportional to the unity matrix if all #g are

Because the errors i are uncorrelated and have equaqequaI.AgeneraI case which satisfies that condition is when tt

variance, we would expect thaf would not have any depen- Sameb valueB is used for all the DW acquisitions( = B)

dence on the DW gradient directions. That might be the caséfd the scalar ADC is ihe same along all the applied DV
D were calculated directly frorg; in fact, D is calculated from 9radientdirections (ADC= ADC). The latter is the case of an

. . : 2
the transformed versio®C of C, which is the solution of the 1SCtropic medium2). Thus, all theoc, have the same valug,

linear system of Eq. [3]. Noise in the elements4 is neither

uncorrelated nor of equal variance and dependssorilrhe , exp(2B ADC)

scalar dimensionless parameterdepends only on the DW o= ~ B®SNR? [0l
gradient directions employed by a DTI acquisition scheme and

is the multiplying factor which transforms the equal variance of The index is therefore proportional to the total variance o

the unc;orr:elatled errors |fn kt]hedgflfem_entstto the total vari- ¢ elements of the measured diffusion terBaf an isotropic
ance of the elements of the diffusion tenddr Parametek o 4iym  assuming that the DTI acquisition scheme employ

provides a measure of the stability of the linear system of EgL <, e strong value for each DW acquisition. Then

[4] in the presence of noise; equivalently, quantitatively ,..qding to Eq. [6], the index can quantify absolutely the totz
estimates the independence of the 6D vedbonsaking up the - jance ofD if it is multiplied by the common variance of the
B matrix. We therefore term the scalatheindexof the DTI elements ofC given by Eq. [9]. Furthermore, as Eq. [6]

scheme. implies, an experimentally measured valuecafan be derived
from a DTI experiment on a isotropic medium, if the same
Physical Meaning of the Index strongb value is used for all the DW acquisitions: one then ha:
to measurer; and divide the result by the® of Eq. [9].
Definition of the index< from Eqgs. [6] and [7] was based on
the assumption that the covariance matrix of the erroSis8  gygjuation of the Noise Performance of a DTI Scheme
proportional to the unity matrix. We investigate now the phys-

ical implications of this assumption, in a validation of the Since the indexx depends only on the DW gradient direc-
practical use of the index. tions, it cannot discriminate between DW acquisitions per

Theith elementC; of C is C; = 1/B,In(S,/S). The error formed using the same sets of DW gradient directions but wit
8C, in C, comes from the uncorrelated errdis, and S, in  different gradient magnitudes and, therefore, differental-

S, and S, respectively, so that ues. Thus, the index treats all the DW acquisitions along th
same DW gradient direction as equivalent, performing a forn
of signal averaging. For example, doubling the number of DW

11 11 acquisitions per DW gradient direction will halve the value of
= B'S 0S — B'S 8S;. 8] the index. Generally, for a given number of DW gradient
directions and acquisitions, the smaller the index value for

DTI scheme, the better its noise behavior.

The covariance matrix of the errors @ becomes diagonal Evaluation of a DTl scheme according to the presente

when the errors5C; are uncorrelated2@) or, equivalently, theory requires comparison of the index value for the schern

when they are determined mainly by the er8& of the DW to the optimum (minimum) index value for thé number of

signal S, and not by the errobS, of the common baseline DW acquisitions employed by the DTI scheme. Calculation o

signalS,. According to Eq. [8], this condition is satisfied$f that minimum considers the index as a function of théee

< Sy, so that the term containingS, can be neglected. DW gradient directions, each of them being described by th

Because5, = S,exp(—B;ADC,), where ADG is the apparent pair of spherical coordinate®,(¢); the value of the index is

diffusion coefficient (ADC) 21, 24, 2% along theith DW minimized relative to these pairs of angular variables via :

gradient direction, it follows thaB; should be sufficiently high multidimensional minimization routine2p).

in order to achieve the above strong inequality. Under thatTable 1 gives the values of this minimum for different

6C,
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TABLE 1 ventional schemes A and B employing the same-multiple-of-si
Value of the Index « for Various DTI Schemes® number of DW acquisitions, omitting scheme C.
DT acq. scheme Index value Development of New DTI Acquisition Schemes
A (6 DW acq.) 7.50 The presented theory provides also a novel method for tt
B (6 DW acq.) 12.00 development of new DTI acquisition schemes. This study he
C (7 DW acq.) 9.625 ) : ) ;
6 6.75 considered a scheme which empldyglifferent DW gradient
7 5.80 directions with one DW acquisition each together with one
8 5.11 baseline acquisition without diffusion-weighting. In order to be
9 4.50 directly comparable to the conventional schemes A and B, th
10 4.05 new schemes should employ multiple of 6 total numiKeof
11 3.68 L .
12 338 DW acquisitions. We have therefore considered the case f

N = 12; this corresponds to 2 DW acquisitions per DW
 Minimum value of the index for DTI schemes with different number of gradient direction for schemes A and B.
DW gradient directions with one DW acquisition each. The value of the index The DW gradient directions of the new scheme were derive
for the three conventional schemes A, B, and C with one DW acquisition P&om minimization of the value of the index for 12 indepen-
DW gradient direction is also shown. . . . -
dent DW gradient directions. Although the minimum value of
the index was unique (see Table 1), the set of the DW direc

numbers of DW aradient directions and isitions. It sh V}Iions which yielded that minimum was not unique because th
UMmBbers ot gradie ections and acquisitions. Tt ShoWzyq, o rotationally invariant (its value remains the same whe
that the optimum value of the indexvaries inversely propor-

. L he directions it examines are rotated as a whole), and also, t
tionally to the total number of DW acquisitions (and DV\{otal number of DW directionsl@) exceeds the dimensioB)(

gradient directions). It also provides the value of the index f%rf the space ob vectors. Furthermore, the optimum value of

the three commonly used DTI acquisition schemes. The index « could also be achieved by employing only 6

employ six gradient directions which are determined by Stfiscrete DW gradient directions (those which optimized the

pairs of spherical angle®,(¢), expressed in degrees. value of the index for 6 inde C )
) _ (qE0 (° 0 0 o pendent DW directions) with 2
For scheme A4, 9, 19 (6, ¢) = (457, 0%) (45°, 180°) (45°, W acquisitions at each one of them. Nevertheless, such

90%) (45°, 270°) (907, 45°) (30°, 135°). Figures 1a and 1b provide,, . 110" \yas not considered because it is essentially a me

visualization of the DW gradient directions for scheme A. Far_ . .. NN At
scheme B3, 8): (6, &) = (90°, 0°) (90°, 90°) (0°, 0°) (90°, 450)({/ar|at|on of the two commonly used 6-DW-direction schemes

(45°, 0°) (45°, 90°). Figures 1c and 1d provide visualization of tha}aII of those schemes sample the 6D space ofthectors in

: e ohly 6 discrete directions.
pW graqhent directions for scheme B. Schemd (X, 18, 19, 2p . We have called the proposed scheme scheme 12, as it empl
is a variant of scheme B, and employs a seventh DW gradi

direction: @, ¢) — (54.74°, 45°). The indices for these threeﬂ DW gradient directions and acquisitions. The pairs of th

. T %pherical angled( ¢) which define these DW gradient directions
conventional schemes were calculated considering one DW ac 6, ¢) = (53°, 19°) (20°, 274°) (61°, 76°) (59°, 124°) (48°
quisition per DW gradient direction. In addition to the DW ac-238°)'( 40 1570)' (68° 3072,) (73°, 18 4;) (72° 33’50) (18° 423,)

quisitions, the schemes all involve one additional baseline acq B°, 218°) (82°, 268°). Figures 1e and 1f provide visualization o

sition without diffusion-weighting. . L
Schemes A and B have significantly different index values: tﬁre]:e DW gradient directions for scheme 12.

index value of scheme Ais 1.11 times the optimum value for six DW
acquisitions, while that of scheme B is 1.78 times the same optimum
value. As a result, scheme A would be expected to show be%e;n ulations
noise performance than scheme B, given that for both schemes i

METHODS

e

same number of DW acquisitions per DW gradient direction are Simulations were applied to the two conventional schemes .
performed using the samevalues. In addition, the index for and B and the proposed scheme 12, all of them employing 12 D!
scheme A is only 1.11 times the corresponding minimum; ther@aequisitions. These used four types of cerebral fibers that all h:
fore, for DTI schemes employing six DW gradient directionghe same mean diffusivitp,, (mean value of the trace &) of
scheme A is aimost optimum. Adding one DW gradient directioh7 X 10~ mn/s, close to experimental findings for the mean
to scheme B leads to scheme C, which has an index value of 9.@#tusivity for healthy cerebral matte®(18. The smallest prin-
or 1.66 times the corresponding optimum index value for seveipal diffusivity for the anisotropic fiber types was 0.3510°°
DW acquisitions. Although the index value for scheme C isin/s, very close to the smallest calculated principal cerebr:
slightly improved when compared to that of scheme B, it is stifliffusivity (9). Similarly, the highest diffusivity in the simulations,
significantly worse than that of scheme A, even though schemenBich corresponded to the highest diffusivity for the cylindrical
employs one more DW gradient direction than schemes A andfBer, approximated the largest calculated principal cerebral di
Therefore, the present analysis will consider only the two cofusivity in (9). The four types of fibers were
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FIG. 1. Visualization of the DW gradient directions of the three DTI acquisition schemes A, B, and 12. The position of the tip of the unitygydators
each scheme is shown on the surface of the unity radius semisphere. Because of the equivalencg;dbtHaTl, all g; haveg,; = 0. Two views, front and
rear, are shown, having an azimuthial angular difference owythg, plane of 180°; hence, the different orientation of theg, axes. For each DTI scheme,
numbering of the directions corresponds to the order these are defined in under Theory. (a) and (b) Front and rear views for scheme A. (c) and (d) F
rear views for scheme B. (e) and (f) Front and rear views for scheme 12.

(@) cylindrical fibers with diffusivities 1.8< 10~° mm?/s, (c) isotropic fibers with three equal diffusivities 0:7 10~
0.15 X 10°° mm?/s, and 0.15x 10 mm/s, mm?/s, and,

(b) disc-shaped fibers with diffusivites 0.97% 10°° (d) generally anisotropic fibers with diffusivities 1.28
mm?/s, 0.975X 10~° mm?/s, and 0.15x 10~° mm?/s, 107 mm?/s, 0.7 X 10~° mm?/s, and 0.15x 10™° mm/s.
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Theb valueB used in scheme 12 was chosen to correspondDW interleaved echo-planar imaging (DW-IEPBQ; 3]
to the maximum sensitivity of a 2-point ADC measuremenwas implemented by inserting a pair of Stejskal-Tanner rec
(27),i.e.,B = 1.1/(0.7x 107> mm?s) = 1570 s/mm, when angular gradient pulse2@) in a homebuilt spin-echo echo-
applied to an isotropic fiber with diffusivity equal to the meamplanar sequence. The duratidof the DW gradient pulses was
diffusivity D,. Realization of schemes A and B, with two DW28 ms and their temporal spacidgwas 66 ms.
acquisitions per DW gradient direction, usbdvaluesB = For the phantom experiment, scheme 12 employedbthe
1570s/mntf andB, = B/2 = 785 s/mm. In addition, those valueB = 486 s/mm, which corresponded to optimum noise
two conventional schemes were applied using the dawadue performance for a 2-point ADC measurement, as describe
B for both the DW acquisitions per DW gradient direction. under Simulations, assuming an ADC value of water 226
Each fiber type was aligned with the DW gradient frame dfo—®> mm?/s at 25°C 82) (486 s/mni = 1.1/(2.26 X 10°
reference to give a diagonal matiix The “ideal” DW signal mm?/s)). Schemes A and B were implemented using twe
was calculated from Eq. [1], assuming a constant ideal valuedifferent b valuesB = 486 s/mni andB, = B/2 = 243
the baseline signa®, = 100, for each fiber type and DTI s/mnt per DW gradient direction. In addition, the schemes A
scheme. Complex Gaussian noise was then superimposed uguah B were applied using the saimealueB = 486 s/mnj for
the ideal signals to provide the complex noise-contaminatbdth the DW acquisitions per DW gradient direction. Forithe
signals and their magnitude was then obtained. The noiggo experiment, scheme 12 applied thevalue B = 1570
values were generated using the routiasdey(22) and scaled s/mnt while schemes A and B applied thevaluesB = 1570
so that the SNR defined as (ideab,)/(standard deviation of s/mnf andB, = B/2 = 785 s/mni per DW gradient direc-
noise), could be set to any desired level. The six independdinh. Thein vivoimplementation of schemes A and B using the
elements ofD and the ideal baseline sign8&, were fitted pair (B,, B), rather than the pairg, B) of b values per DW
simultaneously to all the generated signals from each schegradient direction, is justified in the subsection “Multiple ac-
using a nonlinear least-squares fitting routi®) ¢o the sets of quisitions per DW gradient direction: The choicelpfalues”
equations of the form of Eq. [1]. We did not apply the standarchder Results.
linear least-squares curve-fit to the logarithm of the signals toSingle-slice (for the phantom) and multislice (four contigu-
avoid additional errors from the logarithmic scaling of noise &us slices, for the human brain) transverse images with field ¢
low SNR, values B). Having calculated the six independenview of 25 cm and slice thickness of 5 mm (for the phantom
elements ofD, the square of the error for each of thesand 7 mm (for the human brain) were acquired. Four inter
elements was calculated by subtracting the fitted values frdeaves were acquired for each image. This yielded aX4228
the ideal diffusion tensor elements. For each fiber type, Datquisition matrix, which provided a 258 256 image, after
acquisition scheme, and ShRalue, the above procedure,symmetric zero-padding in both directions and Fourier trans
noise generation~ creation of noisy data— fitting — error formations. Imaging with partial (62.5%-space coverage
calculations, was repeated 8192 times and the variance of thes performed 31, 33. For thein vivo experiments, ECG-
error for each of the diffusion tensor elements was calculatgdted acquisitions3@, 35 and the use of a navigator echo
as the mean value of the square of the corresponding er{@6—-39 in the read direction were used in order to minimize
Therefore, the total variance of the measured diffusion tensoption artifacts between the interleaves. For the phantor
was calculated for each type of fiber, DTI acquisition schemexperiment the navigator echo was kept in the pulse sequen
and SNR level of the baseline signal. so that both the phantom and threvivo experiments had an
identical sequence of imaging gradients. Echo time (TE) wa
118 ms and the repetition time (TR) was set to 4 RR interval
(=4.4 s) for thein vivo experiment, acquiring data from one
DTI experiments were performed in a cylindrical phantorslice per RR interval, andt2 s for the phantom experiment.
of distilled water (18 cm internal diameter (id)) and the braifwo “dummy” scans were performed in both the experiment:
of a healthy volunteer, using schemes A, B, and 12, all of theim order to sufficiently bring the signal from the lonp,
employing 12 DW acquisitions. components (cerebrospinal fluid (CSF) for ihevivo experi-
The experiments were performetl 2T in anhorizontal- ment and water for the phantom experiment) to the steac
bore, 100-cm-id, superconducting magnet (Oxford Magnstate, thus avoiding ghosting artifacts. The total acquisitio
Technology, Oxford, UK) attached to a Bruker MSL 40Qime for the entire dataset of each DTl scheme was therefol
console, running Tomikon imaging software (version 890602,6 min for the phantom experiment and about 5.7 min for th
Bruker Medizin Technik GmBH., Karlsruhe, Germany). Thén vivo experiment. The sequence of the imaging gradients he
gradient set was a homebuilt, unshielded set=id35 cm) been designed so that they were rephased as soon as poss
designed by a genetic algorithiag); each coil of the gradient after their application, so that their contribution boand %
set was driven by a pair of Techron amplifiers (Model 777@ould be considered negligibld g, 26, as discussed above.
Crown International Inc., Elkhart, IN). The radiofrequencyrior to DW-IEPI acquisitions, automated shimmirg9) was
(RF) head coil used was a purpose-built £d25 cm), 8-strut performed in both the phantom and the brain in order to ensul
qguadrature “birdcage” desigr29). optimised static field homogeneity over the regions of interes

Experiments
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FIG. 2. Total variance oD, normalized by multiplication by the square of the SNRSgf for various SNR values d§, and for each of the four fiber types.
The compared DTI schemes employed 12 DW acquisitions. (a) Results from the proposed scheme 12 bsiatuét for all the DW acquisitions. (b) and
(c) Results from the conventional schemes A and B, respectively, using theBpairg) of b values per DW gradient direction. (d) and (e) Results from the
conventional schemes A and B respectively using the @iB{ of b values per DW gradient direction. Note the different scaling of the variance for each plc

The DW-IEPI data for each experiment were fitted usingptationally invariant index volume ratio (1-VR)B(9, 18
the same processing routines as for the simulations and there calculated.
six elements of the diffusion tensdd were calculated
pixelwise. For the phantom data, a central homogeneous
region comprising 8000 pixels was selected and the mean
and the variance of th.e dlffusmn tensor elements and tg?mulations
total variance of the diffusion tensor were calculated. For
the human brain data, maps of the rotationally invariant Figure 2 shows the results from the simulations. It plots th
isotropy index (mean value of the trace Dj(of D) and the total variance of the measur&@normalized by SNR(i.e., the

RESULTS
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absolute variance dd has been multiplied by the square of “@ soof Soheais — |
SNRy), for various SNR, for each fiber type, and for each DTl ~¢ Sl
scheme (scheme 12, scheme A, and scheme B). The normal- € 70| s
ization made the plotted results independent of SR, Egs. ""‘D_ 60.0 |

[6] and [9]). As described earlier, we have considered two  x |

implementations of the schemes A and B. In the first, tiwo DW ]

acquisitions per DW gradient direction were performed at & 4o0f

different b values (Figs. 2b and 2c); in the second, these & 3001 B
acquisitions were performed at the samealue (Figs. 2d and g L1 1

2e). Note that the scaling of the relative variances for the plots § 200y O o N I O

in Fig. 2 is different, and that for scheme B, using the shme & 100 H || H | H i H b H
value for all the DW acquisitions (Fig. 2e) gives a very high | & L L

relative variance for the cylindrical fiber, which exceeds the control iso disc aniso cyl
range of values displayed in Fig. 2e. (0) (0.59) (0.66) (0.91)

Validation of the index. Under Theory the index was FIG. 3. Dependence of noise sensitivity of the DTl schemes on fibel
developed, which is proportional to the total variancédbr anisotropy. For scheme 12, _using thevalue B for all the DW acquisitio_ns|
an isotropic medium, when all the DW acquisitions wer@d forschemes Aand B, using the p#/g, B) of b values per DW gradient

. . L irection, the total normalized variance Bf (Figs. 2a—2c, SNR= 25) is
obtained under the same highvalue. Table 1 indicates thatplotted for the four fiber types, classified according to their anisotropy inde;
the ratio between the index value for scheme A with 12 DW — vR, which is shown in parentheses. Additionally, the respective tota
acquisitions and that for scheme 12 is (7.50/2)/3:38.11, normalised variance db corresponding to the index (Figs. 2a, 2d, and 2e,
whereas the ratio between the index value for scheme B withRo = 25) is shown under the label “control.”

12 DW acquisitions and that for scheme 12 is (12.00/2)/3:38

1.78. Figures 2a, 2d, and 2e demonstrate a calculated ratio

between the variance dd for schemes A and 12 of about(Cy|indrica| fiber). Therefore, for the rest of the analysis, WE
15.0/13.5= 1.1 that remains well-bounded at that value, fdpave considered the implementation of schemes A and B usil
the case of the isotropic fiber. It also demonstrates a calculate@ pair 8/2, B) of b values per DW gradient direction.

ratio between the variance Bffor schemes B and 12 of about Evaluation of the performance of DTI schemes for anisotro
23.5/13.5= 1.74 that also remains well-bounded at that valugic fibers. The implementation of schemes A and B using the
These results closely agree with the theoretical predictionmir (B/2, B) of b values per DW gradient direction renders
Furthermore, under Theory the conditin< S, was adopted, the presented theoretical analysis of error propagation n
where S, are the DW signals an8, is the common baseline applicable. However, for such cases, the total varianéadn
signal, in order to ensure that the error€invere uncorrelated. be compared with the measurable quantity which correspont
Yet, this condition did not hold for the simulations: for thgo the physical meaning of the index(i.e., the total variance
isotropic fiber it wasS, = Syexp(—1.1) = 0.33S,. Therefore, of D of an isotropic medium with mean diffusivity equal to the
the empirical findings demonstrate that the condit®re S,, mean diffusivity of the anisotropic case, measured with th
or equivalently the requirement for high value, can be sameb value for all the DW acquisitions). Such comparison
relaxed, without compromising the validity of our analysis. was facilitated by monitoring the results of the simulations o
é:igs. 2a—2c for a given value of SNRFigure 3 gives the
of b values. Because theb value B corresponded to the res-ults for S.NR = 25 together with th? total var.iance ot
optimum 2-point ADC calculation for the isotropic case, w .h'Ch physically corresponds to the index(derived from

expect that the error in the calculation Dffor the isotropic igs. 1a, 1d, and 1e, for schemes 12, A, and B, respgctwel
case will be smaller for the implementation of schemes A aﬁcﬁ]q for SNR ~ 25). Therefore, Fig. 3 enable_s evaluation of
B using twice theb valueB per DW gradient direction than for noise propagation for schemes 12, A, and B in two ways.
the implementation of the respective schemes ubinglues  (a) Comparisons between schemes: for each individual fib
B/2 andB per DW gradient direction. As a result, the variancgype, the relative variance & was smallest for scheme 12 and
a5 for the isotropic case is smaller in Figs. 2b and 2c than largest for scheme B. Furthermore, for each type of fiber, th
Figs. 2d and 2e, respectively. On the other hand, the anisotratio of the variance between two schemes, for example, tt
pic fibers examined had principal diffusivities on either side ohtio between the variance for scheme A and scheme 12 or t
the isotropic diffusivity, and we cannot predict analyticallyatio between the variance for scheme B and scheme 12, ne\
which pair ofb values (B/2, B) or (B, B)) per DW gradient became smaller than the ratio of the variance corresponding
direction will have the best noise performance for schemestiAe index of the respective schemes.

and B. However, the simulations show that applying schemegb) Comparisons within schemes: the total varianceDof
A and B, using B, B) tends to lead to increased, especially within each scheme was smallest for the isotropic fiber an
for cases of low SNR(<30) and for strongly anisotropic fiberslargest for the most anisotropic, cylindrical fiber. Additionally,

Multiple acquisitions per DW gradient direction: The choic
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TABLE 2
Mean Values of the Elements of D of the Isotropic Phantom®
1 b value 2b values
Mean value
(X10°* mm?/s) Scheme 12 Scheme A Scheme B Scheme A Scheme B
D 2.295 2.263 2.243 2.247 2.293
Dy, 2.242 2.291 2.287 2.271 2.252
D, 2.274 2.238 2.275 2.279 2.284
D,y 0.024 0.035 0.036 0.010 0.041
D,, 0.036 0.038 0.049 0.044 0.034
Dy, —0.039 —0.046 —0.011 —0.028 —0.037

* Mean values of the six independent element® éor the isotropic phantom using different DTI acquisition schemes calculated over the selected ROI, wt
consisted of 8000 pixels.

for either scheme A or B, the variance b for each fiber scheme, the index provides a lower limit on the noise prope
exceeded the “control” variance corresponding to the index gétion for a DTI scheme: the relative variancebofvill depend
the respective scheme. on the diffusion “shape” of the fiber considered and ontihe

The total variance ob thus depended on the shape of thvalues u_sed_ by the DTI scheme, but it W!”. never be less tha
: e . . . .the relative index of the scheme. In addition, the smaller th
effective diffusion ellipsoid corresponding to the fiber. This

: . ._Vvalue of the index for a DTI scheme, or equivalently, the close
dependence was weakest for scheme 12, in which the variafice . imum its index value. the weaker the dependence
for the cylindrical fiber was about 16.0/13:51.19 times the P ' P

variance for the isotropic fiber. It was the strongest for scheme ¢ propagation on the various levels of the fiber diffusior
B, in which the variance for the cylindrical fiber was abou?mSOtrOpy'
70.0/27.0= 2.59 times the variance for the isotropic fiber
Note also that for scheme A, which has an index value close
the optimum value of scheme 12, the variance also changed dables 2 and 3 summarize the results from the statistic:
little between the types of fibers. Thus, in this case, the vadnalysis of the measurdd over the selected region of interest
ance for the cylindrical fiber was about 24.0/18:@..33 times (8000 pixels) of the water phantom for the examined DT
the variance for the isotropic fiber. schemes. Table 2 gives the mean values of the six independ:
Therefore, for any DTl scheme irrespective of whether @lements oD, while Table 3 gives their variance and the total
employs the same or differebtvalues for all the DW acqui- variance ofD. For each scheme the mean values of the diac
sitions per DW gradient direction, the relative varianc®dbr onal element oD varied by less than 2% from the reported
anisotropic fibers is always higher than that for the isotropi@lue of the diffusion coefficienD, of pure water at the
fibers, when the latter is measured using a sibglalue for all temperature of the measuremeridg, (= 2.26 X 10> mm’/s
the DW acquisitions. Since the variancefor the isotropic at 25°C) 82). Similarly, the magnitude of the mean values of
case, using the santevalue for all the DW acquisitions per the off-diagonal elements @ was kept very small, being less
DW gradient direction is associated with the indeof the than 3% ofD,. Obviously, for each scheme, the measued

Ft’gantom Study

TABLE 3
Variance of the Elements of D of the Isotropic Phantom?
1 b value 2b values
Variance
(X10™* mm/s) Scheme 12 Scheme A Scheme B Scheme A Scheme B
D 0.17 0.24 0.18 0.27 0.19
Dy, 0.15 0.25 0.16 0.28 0.19
D,, 0.16 0.22 0.19 0.26 0.17
D,y 0.08 0.05 0.19 0.10 0.21
D.. 0.08 0.07 0.21 0.07 0.20
Dy, 0.06 0.07 0.17 0.08 0.21
D 0.92 1.09 1.67 131 1.79

#Variances of the elements Bfand total variance db for the isotropic phantom using different DTI acquisition schemes, calculated over the selected R
which consisted of 8000 pixels.
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2

of the simulated results was taken from the point SNR25

o 300 } Simulation ] ) . ) )
N“é Experiment —— in Fig. 2 for the isotropic case). The very good agreement ¢
€ %0 ]l ] the results from the experiments on the isotropic phantom wit
"o - the results of the simulations (Fig. 4) not only confirms the
% 500k ] correspondence of the indexto the total variance db for an
al — | isotropic medium, when the DTI scheme uses the saraiue
S 150} 1 for all the DW acquisitions. It also verifies the difference in
2 noise propagation between the two conventional schemes
& 100¢ T and B. Furthermore these results show that the propos
§ | ’ scheme 12 has better noise performance than either of thc
- 220 two schemes, as predicted by both the theory of the index ar
o the simulations.

12 A B A B

(1b) (1b) (2b) (2b)
Determination of the Index from DTl Measurements
FIG. 4. Comparison of the total normalized variance Bf from the

experiments on the isotropic phantom (Table 3) with that from the simulations-rhe results from the simulations and from the phanton

(Fig. 2, isotropic case, SNR= 25). Implementation of schemes A and B using

the pair ofb values B, B) and B/2, B) is denoted as 1b and 2b, respectively.experlments were also used for practlcal determinatiom of

As explained in the text, the results from the experiments have been sca®@cording to Egs. [6] and [9]. Therefore, we considered th
appropriately in order to correspond to the samevalues and isotropic implementation of schemes A and B using the p8&iy B) of

diffusivity as those used in the simulations. b values per DW gradient direction. For the simulations, the
values ofa were taken from Figs. 2a, 2d, and 2e, for SNR

has the structure of a diagonal tensor, proportional to the 32° for the isotropic case. Figure 5 plots that calculateir
3 unity tensor, corresponding to an isotropic medium. Therg2ch DTl scheme, as it was derived from the simulations ar
fore, the calculations of th@® matrix for each scheme, con-the phantom experiments, together with the respective theort

sidering only the DW gradients and not the imaging gradien{§2 values ofk, from Table 1. ,
were valid. The very good agreement between the theoretical and tl

The variances of the elements Df(Table 3) correspond to Meéasured values of the indaxfor each scheme verifies the
standard deviations which are smaller than 3%0Dof In validity of the direct calculation ofc from experimentally
common with the simulations, the phantom study showed tHReasurable quantities. Therefore, the consistency of the the
for schemes A and B, the total variancefvas higher when retical analysis has been successfully demonstrated not or
different b values were used for the DW acquisitions perthrough relative comparisons of the noise performance of th
formed at the same DW gradient direction than when a sindfd | schemes for various cases of fiber anisotropy (Figs. 2, :
b value was used. and 4), but also through the direct calculation of the ingex

The measured absolute total varianceBan Table 3 can be from measured quantities (Fig. 5).
compared with the respective normalized variance®ah
Table 3 can be compared with the respective normalized vari-

ances ofD for the isotropic fiber in the simulations (Fig. 2). ~ Theory ——
Such comparison requires appropriate scaling of the absolute 7.0 f Ei'p“é‘i.-'%‘?nr{ p—

values ofco} listed in Table 3, so that they correspond tothe |

same isotropic diffusion coefficient arimlvalues as the ones 201 [ ]
employed in the simulations. For schemes using a sibgle « 50

value, and for both the simulations and the experimentshthat % R

value was selected such tiat ADC = 1.1. It follows from § | oy

Egs. [6] and [9] that each of the} of Table 3 was scaled 30t
(multiplied) by the factor (SNR- B,/B,)?, where SNR s the
SNR, for the phantom experiments (equal to 120), &dnd
B, are theb values for the phantom experiments and the 10}
simulations, respectively. Scaling for the implementations of :
schemes A and B used as a uniduealue the highest of those A B

two used in each implementation. According to Methods, that

b value was still given byB - ADC = 1.1, both for the FIG. 5. Measured value of the index (Egs. [6] and [9]) for each DTI

imulation nd for th hantom experiments. Figure 4 scheme (12, A, and B), using the results from the simulations (Figs. 2a, 2d, a
Simulations a 0 € phantom experiments. Figure CO%, isotropic case, SNR= 25) and from the experiments on the isotropic

. : L2
pares the Slcaled eXpe.”memf.ﬁ with the reSPetheTD from  phantom (Table 3). Additionally, the theoretical valuexfTable 1) is shown
the simulations of the isotropic case (the normalized valgie for each scheme.
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not use the full information from the six independent element
of D, but rather considers only its three diagonal elements. Tt
noise in the mean diffusivity for each scheme consequentl
depends not only on the overall noise performance of the D1
scheme as represented by the indeand the results from the
simulations, but also on the relative distribution of noise be
tween the diagonal and off-diagonal element®ofor exam-
ple, according to their index values (Table 1), scheme A hg
better noise behavior than scheme B; however, the results
the phantom study (Table 3) show that the variance of th
diagonal elements for scheme A is higher than that for schen
B, in an isotropic medium. These two effects tend to balanc
out, leading to very similar qualities in the maps of the meat
diffusivity between schemes A and B. On the other hand, fo
scheme 12, which has the best noise performance for botal
(Fig. 2), the variance of the diagonal elements is smaller tha
that of the other two schemes for an isotropic medium (Tabl
3); these two effects cause the mean diffusivity maps to appe
slightly smoother and more uniform than those derived b
schemes A and B.

. : . _ Treatment of CSF. The mean diffusivity maps obtained
FIG. 6. AnatomicalT,;-weighted image of one transverse slice selected for . . .
the DTI experiments. Repetition time: 200 ms, echo time: 8.5 ms, and imaH@mg _SCheme 12_ showed some CSF-filled areas with a |OVY‘
matrix: 256X 256. intensity than did the two other schemes. Such areas il
cluded the ventricular regions, the anterior horns of the
lateral ventricles, and various sulci, and they may als
DTI Experiments in the Human Brain contain contributions from the surrounding gray matter. The

Ei 6 sh h - iahted i ; mean value of the mean diffusivity over those areas wa
igure 6 shows the anatomic@k-weighted image of one 2.745 % 10" mm¥s for scheme 12, 3.21& 10 mm¥s

representative slice selected for the DTI experiments. Figure%sOr scheme A and 3.17% 10-° mm?/s for scheme B
and 8 show the calculated maps of the mean value of the trarr:hee reduced \}alue of.the mean diffusivity for scheme.l’
. - . . £
of D (mean diffusivity), and those of the anisotropy |nde>|< because scheme 12 effectively employed 2-point AD(
1-VR, for each examined DTI scheme (scheme 12, scheme ié ¢ baseli : | isitio at 0
and scheme B; the last two using two DW acquisitions with! dasurem[()a\;lvs, one base |r;)e _S|glr15a70ac?mrsn|2|o h
different b values per DW gradient direction). The mea@;‘th ?Eg con Sr?EUISIror;hZ e_ A andslgnef,fewt' eerleasem
diffusivity maps (Fig. 7) have been scaled from 0 to %.30° ventional schemes ctively

mm?/s, while the anisotropy maps (Fig. 8) have been scal@ifyed 3-point ADC measurements with one baseline sign:
from O to 1. acquisition atb = 0 and two DW acquisitions d = 785

Mean diffusivity maps. The mean diffusivity maps (Fig. 7) and .1570 s/mr respectlvely. It Ca.n be shown that the
. , 2-point ADC calculation tends to give lower ADC values

showed excellent uniformity over the cerebral matter (gray and the 3-point ADC calculation f anal taini
white), for every scheme examined. This uniformity reflectt an the -s-poin calculation for sighal containing

nearly constant mean diffusivity<0.7 X 10" mm?/s), as has contributions from both CSF and gray matter. The exac
been reported for healthy cerebral mati@rd, 19. ’ difference would be dependent on the relative contribution

This uniformity of the mean diffusivity maps was particu-to the signal from CSF and gray matter. Furthermore, refel

larly evident in the cortical regions, which are composed &9 t0 the terminology in27), while theb value used for
almost isotropic gray matter. The intermingling gray and whitgcheéme 12 covers cerebral diffusivities between 0.15 ar
matter in deeper cerebral areas which could result in varioh$ X 10> mm?/s, with the DW sensitivity never less than
degrees of anisotropy caused small variations of the meh?0 of the maximum, the corresponding DW sensitivity for
diffusivity in the form of hypointense regions in the mea°SF is about 9.5% of the maximum (assuming a CSI
diffusivity maps. Such regions appeared smaller and smootl§éifusion coefficient=3.2 X 10* mm?/s (9)). In contrast,
for the case of the proposed scheme 12; schemes A and B gs&eemes A and B use the additiomatalue, 785 s/mr and
maps with very similar nonuniformities. the respective DW sensitivity for CSF is about 58% of the

In general, there were relatively small differences in meanaximum; this leads to more precise CSF measurement
diffusivity maps obtained by the three compared DTl schemdsowever, cerebral DTI is primarily concerned with the
This reflects the calculation of the mean diffusivity, which doeserebral matter rather than CSF.
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Anisotropy Maps

The anisotropy maps (Fig. 8) for each scheme distinguis
the main strongly anisotropic cerebral structures (genu ar
splenium of the corpus callosum, forceps frontalis and oc
cipitalis, centrum semiovale, optic radiations, and variou:
white matter radiations towards the cortex) from those
showing low anisotropy (cortical gray matter and caudat:
nucleus).

Although some differences in the maps can be attributed 1
slightly different slice positions used during application of the
three schemes (as is the case for some variations in the appe
ance of the thin and short white matter radiations projectini
from the cortex), the maps from the three schemes sho
significant differences in the appearance of noise, which refle
the different noise performance of the three compare
schemes.

Between the two schemes A and B, scheme B yielde
generally noisier anisotropy maps. Most of the anisotropi
structures (for example, parts of the centrum semiovale o
both hemispheres and many thin white matter radiation:s
suffered a grainy appearance with strong and discontinuol
intensity variations. Furthermore the 1-VR map of scheme |
delineated many white matter radiations poorly at coars
resolution or gave a blurred and diffuse representation c
structures, such as the splenium of the corpus callosur
Other adverse features of the map of scheme B included tl
presence of high-intensity pixels close to the interface be
tween low- and high-anisotropy structures (for example, th
interface between the splenium of the corpus callosum ar
the lateral ventricles). For many high-intensity pixels which
caused discontinuous appearance, the signal intensity e
ceeded the theoretical maximum unity value of 1-VR. Tha
is the result of poor estimation @: the smallest principal
diffusivity for those pixels was negative. In contrast, schemt
A yielded maps of significantly better quality that showed
considerably less evidence of the noise-induced resolutic
problems described above. Most of the anisotropic struc
tures were clearly defined and the intensities within man
individual structures stayed reasonably uniform and smootl
However, some high anisotropy structures in the maps ¢
scheme A showed still a noisy and grainy appearance (fc
instance, regions within the centrum semiovale). Finally
scheme 12 gave the smoothest anisotropy map having tl
most uniform intensity distribution within anisotropic struc-
tures.

Therefore, the anisotropy maps of the two conventione
schemes A and B exhibited differences in noise perfor
mance, in qualitative agreement with the differences in th
respective index values of the schemes. However, the inde
value for scheme A was very close to the optimum inde:
value, and so the maps from schemes A and 12 could ha
: . a very similar quality with respect to noise appearance. Thi

FIG. 7. Mean diffusivity maps of the slice of Fig. 6 calculated by the threfNight be the case, if scheme A was compared with a schen
compared DTI schemes. which optimized the index value using the same number c
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DW gradient directionsq) as scheme A. However, scheme
12 employs 12 DW gradient directions, sampling the space
of the effective diffusion ellipsoid more densely and more
uniformly than scheme A. This is the main qualitative
difference between the schemes A and 12, and, in fact, the
cause of the differences between the maps of the two
schemes.

DISCUSSION AND CONCLUSIONS

This study investigated the effect of the DW gradient
directions of a DTl scheme on the noise in the measured
diffusion tensorD. In the absence of significant contribu-
tions from the imaging gradients, the DW gradient direc-
tions effectively determine the distribution of the scalar
value B between the elements @, or equivalently, the
factors which weight the contribution of the elementsibf
in the argument of the exponential term describing the
DW-induced signal attenuation (Eq. [1]). Treating the de-
termination ofD as a linear system of equations (Eq. [4]),
we introduced the quantitative index which evaluates the
noise behavior of the linear system by examining the sta-
bility of the characteristic matri¥8 of this linear system.
The index is rotationally invariant, depending only on the
DW gradient directions, and it physically corresponds to the
total variance of the measurdal for an isotropic medium,
using the samé value for all the DW acquisitions. Other
qguantities can also evaluate the stability of Eq. [4] in noise:
they include the ratio between the maximum and minimum
elements of the diagonal matri%, following SVD of the®
matrix (22) and the total variance of the six independent
elements ofD. However, such measures either lack the
correspondence to physically measured quantities or are
rotationally variant. The index< provided an objective
assessment of the noise performance of a DTI scheme: it is
calculated and then compared with the minimum index
value which can be achieved with the same total number of
DW acquisitions.

A second novel contribution of this work is that it compared
the noise performance of the two widely used DTI acquisition
schemes (scheme A and scheme B), which in the published
DTl literature have been used indiscriminately, because both of
them employ six noncollinear DW gradient directions. Their
index values are significantly different: for scheme A itis 1.1
times the minimum, while for scheme B it is 1.78 times the
minimum. Based on this information one would expect scheme
A to yield less noisy and more accurate measuremenfs of
than scheme B.

A third novel aspect of this study is the use of the index
as a means to develop new DTl schemes. For a given
numberN (N = 6) of DW gradient directions with one DW
acquisition each, the DW directions of the scheme are wai:Xa% Ko ! P L
chosen to minimize the value of the index. These schemes -, a:5 =", W Win R T
are different in concept from those currently used, becausgic.s. volume ratio (1-VR) maps of the slice of Fig. 6 calculated by the
they use the redundai — 6 DW acquisitions in order to three compared DTI schemes.
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sample the space of the effective diffusion ellipsoid momaentation of the schemes, using differelmtvalues for
densely. In addition, the use of a single DW acquisition penultiple DW acquisitions per DW gradient direction. Fur-
DW gradient direction is validated because the mean diffthermore the simulations showed that for each DTI schem
sivity in gray and white matter of healthy human brairthe total variance ob is always higher for anisotropic fibers
varies little between each other. Accordingly, the sinigle than for isotropic ones. Nevertheless, scheme 12 showed t
value B for each DW acquisition can be calculated as theeakest noise dependence on the degree of anisotroy
one which gives the optimum performance for a 2-poinhile scheme B showed the strongest. In addition, thi
(one baseline and one DW) measurement of that meslative differences in noise performance of the three
diffusivity, i.e., B = 1.1KD), where (D) is the mean schemes became more pronounced when the degree of :
diffusivity. As shown in @7), although that optimumb isotropy increased.

value corresponds exactly to a single ADC, it can still cover Both those results lead to the conclusion that the physic:
a wide range of ADC values with reasonable accuracguantity corresponding to the index evaluates the noise
Consequently, when such a scheme is compared with therformance of a DTI scheme under the most favorabl
two schemes A and B (with the same total number of DWonditions. Consequently, for schemes with an index valu
acquisitions), one would expect that it will have not onlyelatively far from the optimum, such as scheme B, we
better noise performance (its index value is smaller thavould expect the effect of noise for increased levels o
either A or B), but also it will be able to delineate anisoanisotropy to become increasingly more prominent thal
tropic structures with orientational variability (as it is thehe one for DTl schemes with an index value relatively close
case in brain) more efficiently than either scheme A or B. lto the optimum, such as scheme A. In any case, the pre
the published DTI literature, DTI measurement using muposed scheme 12 gave the smallest errors and showed f
tiple DW gradient directions (more than the commonly usesimallest dependence of noise on the degree of diffusic
six or seven) has been reported only ong@) (using 12 DW anisotropy.

gradient directions), but no further details were given about Although the mean diffusivity maps derived from the DTI

the definition of the applied scheme. human brain experiments had predominantly similar appea
The theoretical analysis and the experiments in this studpces for the three compared schemes, the respective anis
made two simplifying assumptions: ropy maps revealed significant differences in the noise appes

(2) They neglected the effect of the imaging gradients on {gace, in qualitative agreement with the difference in the inde
P matrix. The DW pulse sequence for the experiments nglues of the schemes. Consequently, schgmes A and B
. . . ; under no circumstances be treated as equivalent: scheme
designed so as to refocus the imaging gradients as soon ¥4 better uality DTI measurements than scheme B. |
possible after their applicatioi9, 2. The very good approx- yletas q . . ST .
imation of the measured isotropic tensor for each sche addition, SCh.eT“.e 12, Qer|ved from the index optimization W't.r
derived by the phantom experiments, verified that the imagiré%]gr\]/v ;ceqLél::]log?één;lieec:nrgsasurements of the best qual
gradients exerted negligible effect &b g P .
(b) They assumed the SNR of the common baseline si _We thus conclude that we have developed a systemat
nal (SNR)) was identical in the different DTI schemes ancri%.e'(h(.)d for the evaluation of the 'eff'ect of the DW gradlenl
therefore, they ignored the effect of the distribution, of glrectmns employed by a DTI acquisition schemes on the nois

. . : Iperformance of the scheme. The method leads also to t
given DW gradient strength among the three Cartesian gra-,. .. .
dient directions on the noise performance of the D efinition of new schemes, which can sample the space of tf

ef{ective diffusion ellipsoid densely and uniformly, improving

schemes. For example, in order to achieve a DW gradi ; .
magnitudeG,, scheme A required 0.707 times the max’ist- us the noise performance of the final results of the DT

mum gradient magnitudé&, at each Cartesian gradientmeasurements.
direction, while scheme B required the full maximum gra-
dient magnitudeG,,. Treating both implementations as
equivalent obviously leads to a suboptimal use of the gra-The authors thank Dr. Herchel Smith for the endowment which has provide
dient capabilities for scheme A, since it uses only 70.7% ofe laboratory facilities, a studentship for N.G.P., and a postdoctoral fellowshi

the gradient output used by either scheme B or 12. for D.X. We also thank the Biotechnology and Biological Sciences Researc
Council and the Medical Research Council Joint Research Equipment Initi:

The results from the simulations and the phantom expeire in the UK for funding support (grant titles: “Topographic mapping of
iments established that the indexwas proportiona| to the principal water diffusivities and perfusion in healthy human brain by magnetic
total variance oD of an isotropic medium. when all the D ésonance imaging” and “Functional brain imaging of the critically ill patient

L ' . with acute brain injury,” respectively).
acquisitions use the sanevalue. It was shown that imple-
mentation of the two schemes A and B using a single
value for multiple DW acquisitions per DW gradient
direction Iegds ger!erally to increased error in the estimatiop_ P. J. Basser, J. Mattiello, and D. Le Bihan, MR diffusion tensor
of D for anisotropic cases, when compared to the imple- spectroscopy and imaging. Biophys. J. 66, 259-267 (1994).
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