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We experimentally verified a recently proposed technique for
the excitation of a complicated three-dimensional profile
(CARVE, completely arbitrary regional volume excitation).
CARVE is based on a generalized DANTE RF pulse sequence and
a synchronous string of gradient steps. Provided there is no limi-
tation in the number of pulses, CARVE can generate an excitation
profile of any shape with any resolution. However, hardware
limitations and sample properties restrict the number of RF pulses
and gradient steps and, thus, limit attainable resolution of the
excitation profile. We theoretically and experimentally showed
that spatial resolution can be increased by distributing a long
sequence among several CARVE experiments and summing up
their signals. This is particularly important for three-dimensional
excitation profiles where an n-fold increase in resolution requires
an n3-fold increase of the number of events in the sequence. The
potential use of three-dimensional CARVE might be in spectro-
scopic imaging where the excitation profile can be tailored to
match the shape of a selected organ or body part.
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INTRODUCTION

The ultimate goal of spectroscopic imaging is to reveal trM
spatial distribution of chemical species, i.e., to record NMET
spectrum as a function of spatial coordinates. For distributi

by use of a generalized DANTE RF pulse sequent® (
interleaved with gradient step§¥-13.

In this article, we present a theory and implementation of
CARVE for on-resonance spins in three dimensions. We focu
on experiments with a large number of events typical for 3D
and show that in such cases CARVE can be distributed int
several experiments with shorter sequences. Each short s
guence excites the NMR signal in a way different from the
desired profile, but their sum generates the excitation profil
with the required resolution. Special care also is taken in th
design of the CARVE sequence, with a minimal gradient load

THEORY

Basic Relations

Under the influence of RF field,(t) (B, = By, + iB;,)
and magnetic field gradiet@(t), spatially distributed magne-
tization My(r) rotates from its initial equilibrium position
(along thez axis) and acquires a certain orientation in the
rotating frame of reference that is a function of spatial coor-
dinatesr and the timeT elapsed. Such magnetization can be
conveniently represented over the transverse compone
*(r, T), and the longitudinal componeM(r, T). In the
all tip-angle approximation, the complex transverse magne

élﬁation,MWr, T) (M™ = M, + iM,), can be represented as

7,14, 15

in n dimensions, one must record ant+ 1-dimensional image
where information about chemical shifts is stored in an addi-
tional dimension. For three-dimensional (3D) space, spectro-
scopic imaging requires a 4D image, which is usually time
consuming to record. Fast techniques for volume localization
provide spectroscopic information only from a single-shaped
region, usually a cube or sphere-g). Thus, fast techniques
for spectroscopic imaging that can excite complicated profildéiere k(t) is proportional to the integral of magnetic field
are desirable and have been proposgdd( We also have gradient over time

proposed a technique for completely arbitrary regional volume
excitation (CARVE) in which spatial localization is achieved

M*(r, T) = iyMy(r) j B.(t)exd +ik(t)r]dt, [1]

0

k(t) = —yJ G(t")dt'. 2]

1 To whom correspondence should be addressed. Fax: (507) 284-8433.

1090-7807/98 $25.00 466

Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.



EXCITATION OF COMPLICATED SHAPES IN 3D 467

For the discrete case where an RF field is applied as a series / /+1
of short DANTE pulses and gradient as square steps with step
length equal to the RF pulse separation, integrals in Eqgs. [1]
and [2] can be converted into corresponding sum$l #qui- p
distant pulses are delivered during the inter¥althen the 4]
spacing between the successive RF pulséd is T/N and the
total time till Ith pulse is

\

t, = IAt. [3] ¢ @,

\/

Then, the integral in Eq. [2] can be replaced by the sum

N-1 e hmmeme

k= k(t) = —yAt 2 G; [4] G T ! GyAm,

=t X T e

\)

with1 = 0,...,N — 1. G v Godmy
If the RF pulses are rectangular and their widthmuch ~ ° -==---

shorter than the pulse separatign< At, then the amplitude

B,, can be expressed by a complex an@le= 6,exp(i¢,) by GZ

which magnetization is tipped from tieaxis

\

\

G,A m,, !

& [At<t<IAt+ T, «— At —>

Bi() =) 77 T, <At [5]
0, elsewhere. FIG. 1. A single CARVE event consists of short RF pulse and a gradient
step. A short RF pulse with flip anglg; phasep, and durationr, is applied

The relationship between the gradient and RF pulses and tH#fultaneously with the gradient step (with compondB{s G,, G, equal to
timing in a single event is illustrated in Fig. 1. By substitutin@1e integer multiples of the gradient unit magnitu@g) of duration At.

h | RE magnetic fiijl(t) inE [1] with the DANTE ecauser, < At effects of the gradient during the RF pulse can be neglected
t ggenera g ) q. I . and the CARVE event may be considered as an RF pulse followed by th
train of short RF pulses as introduced in Eq. [5] the followingradient pulse, as required by Egs. [6] and [7].
excitation profile is obtained:

Mi(r)y N profile Py(r,,) is the discrete inverse Fourier transform of the
Pu(r) = |I\/Tw = > On(kp)exp(+irk,). [6] discrete profile in real space
0 1=0
1 N—-1
Due to the infinitely short RF pulses the vectkrsre discrete, On(k) = N > Pu(roexp(—ir k). [8]
but the real space spanned by vectors continuous. To ease n=0

the calculation of Eq. [6] we considered a special case where

an ideal profileP(r) is defined in eD-dimensional cube with Equation [8] shows that for excitation profif(r,,) defined
sideL, on a matrix ofN = M® equidistant points,, that span with N spatial points one need#$RF pulse®), andN gradient

a rectangular grid. The modulation vectégsare also equidis- steps k-space coordinates).

tant within aD-dimensional cube with side2M/L. For such  The discrete nature of CARVE also introduces periodicity of
vectorsr,, andk, Eq. [6] represents the discrete Fourier tranghe profile. The profilePy(r,) periodically repeats with a
form, and the CARVE excitation profile becomes the discreferiodL in all D perpendicular spatial directions.

Fourier transform of the short RF puls€g(k;) (12):
Distributivity of the Sequence

N-1 Because of limited gradient strength, finite gradient slew-
Pu(rn) = > On(k)exp(+irk)). [7] rate, and transverse and longitudinal relaxation times, the nun
1=0 ber of pulses in a single CARVE excitation is limited. This

may restrict the use of Eq. [8] to simple shapes. However
Conversely, the CARVE sequence that excites the desidgtkarity of the CARVE sequence enables the excitation of
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arbitrary shape by distributing the pulses of a long DANTE 1) is obtained by taking\’, the largest coefficient®),.
sequence into several shorter ones, repeating the experimedexes of selected coefficient also determine a subset of
with each of these shorter sequences, and accumulating ttiek-space points that need to be traversed.

complex signals obtained from all these experiments. We can

rewrite Eq. [7] as Determination of k-Space Walk

Neel Neo1 Ne—1 The order in which selecteld-space points are visited is
_ : _ irrelevant for the quality of the excitation profile because the
= + =
Pure) = 2 2 Onlkg)exp(+irks) = 2 Pralr), ordering influences merely the sequence of summation of dif
ferent terms in Eqgs. [7] and [9]. However, the ordekegpace
oints determines the strength of individual gradient step:

where summation oveX coefficients is distributed amorige  (E4S- [4] and [13]). The longer thlespace distance between

experiments each witNg pulses (elements); partial sums ma?uccessive pointa\k,, the larger the gradient necessary to

have an arbitrary number of elements, and the only conditionjgverse that distance within a given interved (Eq. [13]).
Because the maximum gradient strength and the slew-rate a

s=0 [|=0 s=0

Ne-1 the limiting factors, it is desirable to find a walk through
S Ng=N. [10] k-space points that minimizes gradient load.
—o Intentionally, we try to avoid using the term “trajectory,”

because in CARVEk-space is discrete and points are visited in

Thus, the excitation profil@,(r,) defined byN elements can leaps rather than .contlnuous paths. This offers an advantag
ompared to continuous-space because the problem of tra-

be fully reconstructed by summation of all nonoverlappinijé L ; ! .
subprofilesPy_(r,), irespective of their number, size, andectory crossing is nonexistent. The direct consequence is th

distribution in k-space. Distributivity of CARVE stems from the hops between the selectedpace points can be optimized

— D H H
its linearity and provides a means to excite a complicaté]aore flreely(.j I s"N _IkNlla points fk:om a g|verj<-§pace cubgl
profile with any resolution. It also provides a basis for th@re selected, the walk between them can mimic sequential

excitation profile approximation when the total number OSfp[raI tr.ajectory. However, if a subset B points (C.JUt ofN
experiments is limited points) is selected, other walks may be more effective. Becaus

there is no trajectory, hops between the points in discret
Approximation of Excitation Profile k-space can be optimized to minimize gradient load vyithoui

any restrictions. Because the subset of selected pdigts

If the total number of available coefficien€,. is smaller depends on the number of poit$ and on the actual shape of

than the number of coefficients in the original excitation prahe profile, the walk is custom designed for each case. We ha
file, N' < N (N = MP), then the actual profilPy.(r,) chosen to use a simulated annealing protods) to find a
represents only an approximation of the original profilgalk with the desired properties. The penalty function in the
Pn(rn). A subset ofN' coefficients out oN can be chosen in simulated annealing depends on the property that should &
many ways using different criteria. According to Parsevalgptimized. An obvious choice is to minimize the total walk

theorem, the squared norm of ideal excitation prdfg(r,)II>  length. Then the penalty functidthat needs to be minimized
is equal to the complete sum of squared projections of hag-

monic functions on the ideal profile. Obviously, the partial sum
over selectedN’ harmonic functions gives a norfiPy (r,,)||>

lower than the squared norm of the ideal profile. However, i )
maximizing ||Py(r,,)|I* by selectingN’ harmonic functions E o 2 (ki) [12]
with the highest projection on the ideal excitation profile gives -0
a profile approximation that has the volume closest to the
volume of the original. To quantify the fidelity of this approx-With
imation, we introduce the resemblance faaja@s a ratio of the
squared norms of the approximdg. and the original profile Ak, =k, — ki1 = —yAtG, [13]
Pn

forl =0, ...,N — 1, whereky. = 0. This is equivalent to

AP rlI? ZET 62 11{he minimization of squared gradient load,
=PIl T SO -
N'—1

where the last ratio is derived by taking the squared norm of Ex > G2 [14]

Eq. [7]. Apparently the maximal resemblance factof0 = 7 1=0
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Such a penalty function is also justified by the proportionalityhen, according to Eq. [8]
of the accumulated phase during gradient rise/fall period to the

square of the gradient amplitude. (The accumulated phase is 1 M/2-1

proportional to thek-space position; thus, an error in accumu- ©(my, m,, m;) = 3 >> > P(u,uy,uy)

lated phase propagates as an errok-gpace position.) This U, Uy, Uz = — M/ 2

proportionality is based on the assumption that the gradient o

increases (decreases) linearly with time during the rise/fall X exp[ —i v (meu, + myu, + myu,) | .

period. Thus, penalty function expressed by Egs. [12] and [14]
generates a walk that minimizes distortions caused by the finite [17]
gradl_ent’s time consta_nt. P_enalty functions _that ell_mlnate 0th§§/nthesis of Actual Profile,Rr )
possible sources of distortions can be easily designed. Even’a
coarse minimization of the penalty function is sufficient for The original profile defined by® data points can be ap-
most practical purposes. This allows less stringent impleme@roximated withN" points (' < M?), by zeroing all but the
tation of a simulated annealing protocol. For example, simbl’ largest O-coefficients, say®’(m,, m,, m,). Then the
lated annealing with fast cooling does not find the deepediscrete representation of the excitation profile (actual experi
minimum but quickly finds others that generate sufficientlnental profile) is obtained by
efficient walks.

M/2-1
Definition of Excitation Profile R(r,,) P'(U, U, U) = >>> ©O'(m, m,m,)

. . . . . my, My, m;=—M/2
An excitation profile is defined as a real sptex M X M

cube with lengthL (Fig. 2a). Here we constructed profiles as
phantoms, but in real situations the profile is derived from the
prerecorded image of the studied object. Then the profile is [18]
constructed as one-bit image of the object where all the data

outside the region of interest are zeroed. To eliminate oscillphus, the actual experimental profile is the discrete Fourie
tions at the edges (Gibbs’ phenomenon), the profile can fansform of®’(m,, m,, m,) a matrix with sizeM? (the same
renormalized to an 8-bit image and smoothed. Then, the exgs the original matrix© (m,, m,, m,)) and which contains the
tation profilePys(r,,) is a 3D matrix defined in the (discrete)N’ largestO-coefficients preserved and zeros everywhere els
pointsr, = (L/M)(u,, u,, u,) with coordinatesu (—M/2 = (Fig. 2a). An ideal profile without internal structure has the
u= M/2 — 1) relative to the matrix size and centered withitargestO-coefficients clustered around tkespace origin. Af-

2
X exp[ +i o (myu, + mu, + myu,) | .

the cube ter selecting thé\’ largestO-coefficients, most of the zeroed
coefficients are far from the origin which makes the approxi-
L L L mated profileP’ look like the low-pass filtered ideal profile.
Pus(ry) = PMB(M Uo 31 Y M uz> = P(uy, Uy, U,).

Optimization of k-Space Walk

15

[ The real space and thespace are the Fourier transform
The profile is defined withM® data points. To faithfully conjugate pair spaces, and their unit vectors are relate?k8s
reproduce the profile from the prerecorded image, CARVE 2/\v, where|r9 = L/M and|k%| = 2/L. An arbitrary
needs the same number of evers= M>. vector ink-spacek,, expressed over the integer coordinates

i (-M/2=m= M/2 - 1),is
Calculation ofOy(k))
According to Eq. [8]9 (k) is an inverse Fourier transform

of the excitation profile (Fig. 2a). Because the excitation profile
is defined in a real space within a cube wth X M X M
elements and size, the complex RF sequené®is defined in than
theM X M X M k-space cube with the lengthm®/L in
discrete pointk, = (2w/L)(m,, m,, m,) and discrete coor-
dinatesm (—-M/2 = m = M/2 — 1) Ak, =

T [19]

k| = mxy|k3 + my'|k)(,) + mzv|kg = L

2
TAm|
Amp=m; —my,

Amy_p =My,

l=0,...,N—2, [20]

Ovs(k)) = ew( my, —— m,, T

2 2 2
L L m;

= O(m,, my, m,). [16] where Am’s are new integers that describe the difference
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between the coordinates of successive points inkdspace it may produce a distorted profile because of too large ¢
walk. Substitution from Eq. [20] into Eq. [13] indicates thegradient load 13). To minimize the load on the gradient
gradient step magnitud&, necessary to reach arktspace system, individual events are reshuffled until the chosen per

point alty function is minimized (Fig. 2c). This generates a sequenc
of events that produces an excitation profile with minimal
21 distortions.
G| = _m Am| = _GoAm|, [21]
RESULTS
where the smallest gradient step depends on the size of exci- . . . N
tation windowL and the gradient step duratidrt We present computer simulations and experimental verifi
cation of the distributive character of the CARVE sequence
20 and its feasibility in three dimensions.
GO = m . [22]

High Definition 2D CARVE

Then the penalty function that minimizes gradient load accord-To demonstrate the distributive character of the CARVE

ing to Egs. [12] and [14] is sequence we generated a complicated 2D excitation profil
c,*ve that requires a large number of events to be reproduce
N1 faithfully. The original profile is depicted in Fig. 3b and its
Eox S [(Am )2+ (Am, )2 + (Am,)?]. [23]approximation with 1000 coefficients in Figs. 3c and 3e. A
—o ' ’ ’ sequence with 1000 events would last 0.5 s, and in practice ni

much magnetization would be detected afterward. Instead c

Similarly, if the pulse sequence is distributed amdvg ex- running a 1000-pulse experiment it is better to distribute the

periments withNs pulses, the penalty function becomes sequence among several experiments with a smaller number
pulses. To push it to the end we distributed the sequenc

Ne—1 Ne—1 among 1000 independent one-pulse experiments. The resultir

Ex > > G2 profile is obtained as a sum of 1000 individual subprofiles

s=0 1=0 (Figs. 3d, 3f). A comparison of Figs. 3c, 3e and 3d, 3f clearly

Ne—1 Ns—1 shows high fidelity of reproduction of a rather complicated

«> S [(Am,g)? + (Am, )2 + (Am,)7]. [24§hape by a ang CARVE sequence that is distributed amon
w0 1o Several experiments.

The main difference between Eqs. [23] and [24] is that in ﬂBistributivity of 3D CARVE Excitation

latter constraints between the individual segmentar(ds + The only difference between 2D and 3D CARVE experi-
1) are removed. Because they belong to different experimenigents is that in 3D the number of necessary coefficients i
successive gradient steps are unrelated. always too large for the sequence to be executed in a sing

Once the set o' coefficients©, is selected, actual tip experiment. Thus, a distribution of the sequence among sever
anglesf, (measured from the axis), and phases, (measured experiments is inevitable. To demonstrate this, we performed
from thex’ axis of the receiver) are calculated by use of Egeries of simulations using a cubic box frame as an idez
[17]: profile. Besides the ideal profilN(= =), Fig. 4a shows the
same profile approximated with a different number of Fourier

O, = g explig). [25] coefficientsN’. For a given profile, a fair approximation is
obtained only with a few hundred coefficients. To visualize
If the O, coefficients are selected using a squared norm (Btpw additional coefficients improve the actual profile, Fig. 4a
[11]), then the events are already sorted by the tilt angle (Fghows the profile defined with 500 coefficients separated int
2b). five profiles of 100 coefficients. Profiles are sorted according t

A sequence whose events are sorted according to the siz¢éhef magnitude of the coefficients. Thus, the first profile in Fig.
the tip angle in theory is as good as any other, but in practiedy is the same as that in Fig. 4a witH = 100. Theother

FIG. 2. The CARVE sequence pulse design. (a) The sampled original pRyfils Fourier transformed (FT), and the setMf coefficients is selected.
Fourier transform frormk-space into real space generates an approximative pRyilevhich represents the best one could obtain with a given number o
coefficients. (b) Selectddspace coefficients yield radio frequency tip angles and phases. (&) djece coordinates of selected coefficients yield corresponding
gradient steps. To minimize gradient loddspace walk is optimized by simulated annealing (SA).



472 SERS\ AND MACURA




EXCITATION OF COMPLICATED SHAPES IN 3D 473

profiles, as sets of the coefficients with smaller magnitude, aybtained by summing the effects of short RF pulses (genera
just small corrections of the one with the largest coefficientzed DANTE sequence) fired at particulasspace points. The
Their sum gives the profile from Fig. 4a witN’ = 500. only restriction is the pairwise correspondence between th
Finally, Fig. 4c shows the same 500-coefficient profile districomplex RF angle® andk-space coordinates; the sequence of
uted again among five 100-coefficient profiles. This time, hoviRF pulses and correspondikespace points can be executed in
ever, coefficients sets were grouped by khgpace walk opti- any order and in any combination. This means that the expel
mization (by simulated annealing) that distributed the largestental profile obtained with any subset &3,(k) pairs can be
coefficients evenly among different subprofiles. Neither subirther improved by adding subprofiles from unuséd k)
profile resembles the 500 approximation, but their supairs. Again, the order in which pairs are added and thei
matches it exactly as does the sum of the subprofiles in Fig. flamber can vary without restriction.

Thus, the distributive character of the CARVE excitation en- Extreme cases are the profile excitation in a single exper
ables improvement of the profile approximation by co-addition @ihent with N events Q, k) or in a series olN experiments
the result of several independent experiments. When many scaash with a single®, k) event. These cases are equivalent
need to be collected, for example because of low sensitivitheoretically, but practically thus are quite different. A
improvement in the excitation profile approximation can bgingle experiment has an advantage of exciting the profile

achieved without prolonging the total experimental time. quickly but a disadvantage is sensitivity to the hardware ant
the sample limitations. On the other hand, in a series o

Experimental Verification of Distributed 3D CARVE experiments with the singled( k) event, neither the prop-
Excitation erties of the sample nor the properties of the hardware ar

For a 500-coefficient approximation of the original cubi€hallenged, but the experiment is prohibitively time con-
frame profile (Fig. 4a), RF pulse tilt angles and phases ardMing. (For simplicity, we consider only on-resonance
calculated from the largest coefficients as depicted in Fig. magnetization and neglect_the effects of th_e excitation banc
The k-space coordinates of the largest 500 coefficients afédth.) Apparently, the suitable compromise could always
shown in Fig. 5a. The total time of 250 ms to visit kispace be found; the number of experiments and the number and tf
points is prohibitively long; thus, the sequence is split into 28/Stribution of the O, k) events can be tailored to %Lé‘:'t a
experiments with 20 pulses each. With use of the penaR@rticular application. For example, recording of t |
function expressed by Eq. [24], Sspace walks that minimize spectrum in natural abundanpe usual_ly_ requires sever
the gradient load are constructed (Fig. 5b); Fig. 5¢c showstféPusand scans. Then the spatial selectivity can be incorpc
walks on an expanded scale. These determine the order of /@fed Without compromising the basic experiment, by re-
pulses and gradient steps, which are shown in Fig. 5d.  Placing a single excitation pulse with a singl@, (k) event

Figure 6 shows the ideal (6a), simulated (6b), and expefind Dy launching a new event in every scan. On the othe
mental (6c) cubic frame profiles. A good match is evideftand: if one wants to record a frequency-selective protol
between the simulated and experimental profiles, which defignal that might be acquired in a few scans, then ar
onstrates the feasibility of complicated shape excitation [§Citation pulse is replaced by a sequence@fK) events

distributing long CARVE sequences among several indepefilich can be the same or different for each scan. Th
dent experiments. number of events depends on the required selectivity and o

the hardware properties.

DISCUSSION
CONCLUSION
The CARVE sequence is based on the Fourier transform
relationship between the real space excitation profile and itsWe have demonstrated experimentally the feasibility of exciting ¢
excitation pulse sequence (Egs. [7] and [8]); therefore, CARMBmplicated 3D profile by a CARVE sequence with arbitrarily high
is also linear. Here we focus on experimental verification of thresolution. The method uses the distributive character of the CARVI
distributive character of CARVE; we analyzed other propertiegquence. The desired excitation profile is obtained as a superposit
elsewhere 13). The distributive character of CARVE follows of several subprofiles obtained in independent experiments. Tt
from Eqg. [7], which states that the profile in real space isumber and properties of the subprofiles can be customized f

FIG. 3. Excitation of a complicated profile in two-dimensions with 1000 one-event CARVE experiments. (a) Experimental cross section of a 5-mm |
tube filled with water and recorded with uniform spatial excitation. (b) Synthetic piefjledefined as a one-bit image in a 256256 matrix;N = 65,536.
(c) Approximate profileP, obtained by 2D inverse Fourier transform of the 1000 largest coefficients frork-¢hace image of the original profile. (d)
Experimental excitation of profile (c). (e) Stacked plot of the 1000 coefficients profile from (c). Background noise and character distortions are due to |
number of coefficients used. (f) Stacked plot of experimental profile (d). It is evident that the experimental profile faithfully reproduces most of the disto
due to the limited number of coefficients.
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FIG. 5. The pulse sequence design for the box frame excitation profile of 500 events. (k)sp@@e points with the largeét-coefficients. (bk-space
trajectories. (c) Six (of 25§-space trajectories distributed into groups with 20 points each. (d) Radiofrequency pulse tilttaplesesp, and gradients. Actual
events are distributed into 25 experiments with 20 events each.
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FIG. 6. (a) Ideal f..), simulated Pg,o), and experimentalRs,o) box frame excitation profiles. Skewed projection and two cross-sections are shown f
each. Time domain data from 25 different experiments are coadded in place during data acquisition. Dashed lines indicate positions at which di
cross-sections are taken. Cross-sections in (b) and (c) resemble the low-pass filtered cross-sections in (a) due to the low-pass filtering imposed by the
for approximation of the profile (Eq. [11]).

particular applications. An approximation by which the desired pro- EXPERIMENTAL

file is excited can be improved by successive addition of higher order

corrections recorded in subsequent experiments. The distributiv&Experiments were performed on a Bruker AMX 300 wide-
character of the CARVE sequence increases its versatility for divebsme high-resolution spectrometer equipped with microimag
experiments with volume-selective excitation of arbitrarily compling accessories and in a 5-mm tube filled with water. Experi
cated shapes. mental profiles were visualized by standard 2D or 3D spin
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echo imaging sequences in which the first excitation pulse has SPACE, a new technique for volume-selected NMR spectroscopy,
been replaced by the CARVE sequence. Time duration per J- Magn. Reson. 68, 367-372 (1986).

single event (small tip angle RF pulse plus gradient step) 7-
was kept to 50Qus to eliminate the effects of finite gradient

slew rates. This also kept gradient load within 30% of the
maximal gradient, 150 vs 500 mT/m. 8.
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