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An w-space adaptive acquisition technique for MRI from pro-
jections is presented. It is based on the evaluation of the informa-
tion content of a set composed of four initial projections, measured
at angles 0°, 45°, 90°, and 135°, followed by the selection of new
angles where the information content is maximum. An entropy
function is defined on the power spectrum of the projections that
is useful for evaluating the information content of each projection.
The method makes it possible to reduce the total acquisition time
with little degradation of the reconstructed image and it adapts to
the arbitrary shape of the sample. For this reason, it can be

15) can be convenient because the acquisition time is reduc
by eliminating the phase-encoding step. The motion artifac
are also reduced, when using RP, by the fact that the center
the w-space of the image is oversampled. This fact implies ¢
increase of th&/N ratio of the image when compared with that
obtained by FT methods. Moreover, the center of dhgpace

is obtained at the start of the reading time, thus eliminatin
from the central zone motion artifacts affecting the last peric
of the reading interval. Another advantage of RP methods

particularly useful in those applications where acquisition from
projections is strongly recommended to save acquisition time, such
as functional MRI, imaging of species having very short T,, or
angiography. The method has been tested both on simulated data

the possibility of collecting just half of the data required tc
reconstruct an imagel 6, 17; in this way the acquisition time
can be further reduced.

For these reasons, RP methods are widely used to perfo

and on experimental data collected by a commercial MRI appa-
ratus. The method has also been compared to the regular acqui-
sition method, that is, the standard acquisition method in MRI
from projections.  © 2000 Academic Press

imaging of species having very shdrf (18, 19 or in angiog
raphy where it is important to reduce the artifacts due to bloc
flow (20, 2). Thanks to these important qualities, a gree
number of acquisition sequences support acquisition from pr
jections (6, 21-23. Some sequences have taken advantage
the reduction of acquisition time to perform dynamic func
tional studies of some parts of the human body, such as joir
Although reconstruction from projections, RP),(was the (23). In these applications, the reduction of acquisition time i
first technique employed in magnetic resonance imagingry important and the gain in the reconstructed image
(MR, it has been substituted by the so-called Fourier trangroportional to the time saved. Nevertheless, there are so
form methods, FTZ—-6). Nevertheless, RP has been recentfemporal limits, both instrumental and physical, that are in
revaluated because of some of its important properties. passible to overcome further by means of any acquisitic
particular, it is less sensitive to the effects of movement tha@chnique, whether based on FT or RP methods. In fact, the
the FT methods. The artifacts due to movement can be vésya lower limit to the acquisition time per projection and to th
misleading when MRI is used to perform imaging of abdomminimum number of projections to reconstruct an image ¢
inal regions, being essentially due to breathing. In these apgiven dimensions24). This is true if nothing is known about
cations, acquisition techniques based on FT methods or tHbie sample or if the sample does not contain internal symm
variations produce artifacts and distortions principally alorigies. However, it is possible to reduce the number of proje
the direction of phase-encoding. Possible solutions are Rions if intrinsic properties of the sample can be used.
based sequences, such as fast spin-echajpiral-scan§), or In the context of continuous wave electron paramagnet
particular applications of echo-plana®)( which allow the resonance imaging, an adaptive RP acquisition technique ¥
collection of image data in a short time with respect to phybeen presente@¥) that, without any a priori knowledge of the
iological movements. However, their use can preclude tlsample, is able to obtain a near optimal set of projections
utilization of contrast enhancement techniques when the relageonstruct an image without loss of information. This is don
ation times are shorter than the acquisition times. Moreoverpiy evaluating the information content of the acquired projec
results in loss of resolution and signal to noise ra8\). In tions using a function called the entropy of the projections. TF
these cases, acquisition sequences based on RP metffeds following projections are collected where the difference i
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information content is greatest. The process ends when the w

greatest difference is less than an estimated value. This adap- = f P,(r) s 2mrdr

tive technique considerably reduces the total number of pro- .

jections required if the sample contains some structural regu-

larity or symmetry 24). Because of the continuous wave = py(@). [3]

acquisition mode, this technique evaluated the information _ o _ _
content of the projections in the signal space and not in th&R imaging from projections consists of the following steps

w-space. Its extension to the reconstruction from projectiorkSquire the real and imaginary parts of the Fourier transform
whose Fourier coefficients are given, would be trivial if wé limited set of radial projections; position them at the righ
consider the evaluation of the Fourier transform of each pr8hdle positions in the-plane, according to Eq. [3]; interpolate
jection before the calculation of the entropy function. But, ifP OPtain a cartesian grid of Fourier coefficients; calculate tt
this case, the whole frequency spectrum of the measured p?cp inverse Fourier transform to obtain the final image.
jections is required and the advantage resulting from the re-BY calling S; the sum off(x, y), at any anglep, we have
duction of the total acquisition time by using just a few parts of
the frequency spectrum is lost.

In the present work, we extend the concept of the entropy of & = f f(x,y)dxdy= J p(r)dr = py(wo),  [4]
a projection by defining it directly in Fourier space. In this way, D r
the reduction of the total acquisition time by collecting part of
the Fourier space is maintained and a further time reductiamhere w, is the central frequency (the DC component). Ir
resulting from the use of adaptive acquisition, is obtained. practical applicationd(x,y) is evaluated at a finite number of
what follows, a full theoretical description of the method ipixels, n*n, from experimental data measured at a limite
given and the tests of the new technique, both on simulated andmber of projections, each sampled at a fixed number
on experimental data, are reported. Moreover, a compariguoints,n. In this case, the integral of Eq. [4] can be replaced b
between the regular and optimatspace adaptive acquisitiona sum and, without any loss of generality, the valu&ofan

techniques is also made. be normalized to 1.
THEORY AND METHOD The Entropy Function
o _ o Due to the properties df x,y) and to the previous assump-
Projection Reconstruction Technique: Background tion, the DC value of each projection is exactlynldnd the

We suppose that the functidiix, y), defined in a limited @mplitude of any other frequency component of each proje
two-dimensional (2-D) domaib, represents an image and thalion is less than, or equal to,rL/This is an important condition
f(x, y) = M for all (x, y) €D, whereM is a real constant. The and its use vinI b_e cler_alr later, when the information content
projectionp,(r) of f(x, y) along ther direction is given by ~ach projection is defined.

Let Pw,(w) be the power spectrum qf,(r), expressed by
the relation

Pe(r) = Jw f(r,s)ds, (1]

PWw(w) = Ri(w) + Ii(w), [5]

wherer = x cos(e) + y sin(g) ands = x sin(¢) — y cos(). where R,((_u) a_nd l,(w) represent the re_al and imaginary part:
Let of the projection at the angle, respectively. To evaluate the

information content of different projections by evaluating tha
of its power spectrum, we introduce the “entrofPw, of the
power spectrum of a projection as

Po(w) = f p.(r) ¢ dr [2]

: 1
EPw, = 2 Pw,log| 5~/ [6]
i=1

be the Fourier transform of the projection taken at an aggle o.i

The Fourier terms of the imadgé€x, y), in polar coordinates,

are described by where Pw;log(1/Pw,;) = 0 for Pw,; = 0 and for Pw; = 1.
If, as the base of the logarithm, we take the square of tt
© (e _ number of points sampled for each projecti@®w, assumes
Folow) = f J f(r,s).*"*'drds values between bf and 1h. EPw, = 1/n” corresponds to the
o e case in which the power spectrum of the projection is zel
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FIG. 1. Example of the application of the regular acquisition sequence (A) and of the adaptive acquisition sequence (B).
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FIG. 2. Digital 256*256 image (A) of an ideal phantom. In (B) the reference image, reconstructed using the whole set (1000) of simulated project
reported. The images reconstructed by using 120 projections collected by the adaptive method and 125 and 201 projections collected by theagguéar r
shown in (C), (D), and (E), respectively.

everywhere with the exception of the DC component at whidignificant when it gives more details of the distribution o
its value is 1h°. In this case, the projection has constant valugx,y) and, as seen before, this occurs for greater values of t
everywhere and it has the minimum information content. Whemtropy of the power spectrum of the projection or, equive
all the points of the power spectrum of the projection have thently, for lower values of the entropy of the projectidzb).
same value, equal to 47, thenEPw, = 1/n and the projection The functionEPw, gives an estimate of the information con
has the maximum information content. In fact, the projectiaent that is independent of the observer: it only depends on t
corresponds to a Dirag function (maximum information con- shape of the object to be observed.

tent). The definition given above represents the dual of theWhen data are obtained by sampling a physical proce:
definition of entropy of a projection reported in Re25]. In  noise is always present. We suppose that the two signals,
fact, both assume that a projection is considered to be moeal and imaginary parts of the FT of the projection, have be
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of projections that, without an a priori knowledge fgi,y),
has the maximum information content. This can allow a sic
nificant reduction of acquisition time. The choice of the pro
jections is made during the acquisition process, taking in
account the information content of the previous projection:
The process starts by measuring the projections at four orie
tations: 0°, 45°, 90°, and 135°. Then the entropy of the pow
spectrum of each of these projections is evaluated and the n
projection is measured between the two that present the m:
imum difference in the entropy function. The procedure enc
when the difference irEPw, is below a given value: that
represents a terminating parameter. The paramei®evalu-
ated by collecting a fifth projection at an angle ofndrad
(which represents the theoretical minimum angular distanc
from the projection of the four initial projections, which has the
maximum entropy of the power spectrum. The details of it
derivation will be explained in the next section. This algorithn
is very similar to that discussed i2%), but the functions
calculated to apply the procedure are quite different, as is t
format of the data set they used.

In practice, the function used to select the new projectic
from theith and { + 1)th is
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FIG. 2—Continued

corrupted by the presence of white noise of varianteand

zero mean value. In this case, the power spectiifw, ;(w) is
defined as Alnf; = AEPW - Ag; - K;, (8]

NPw, (w) = RZ; + ng  + 2R,;" g, where AEPw, = |[EPwg;., — EPwgp;|, K; = maxEPwe,,;,
EPwe,) andAe; = [¢i1 — ¢
The factor K; guarantees that at parity of difference in
= Pw,; + Pn,; + g(Pw,;,n,,), [7] entropy, the algorithm selects angles corresponding to a gree
entropy, namely, to more information. The tethp; guaran

wheren,_ andn, , are the noise contained in the real anéees that the angular difference between acquisitions is not t
imaginary parts of the measured projection respectively; Priigh, reducing the chance that important projections a
is the power spectrum of the noise (taking into account ttfissed. This could otherwise occur in the proximity of th
noise affecting both real and imaginary parts) agi@w,;, Minima and maxima of the entropy.

n,,) is a function including the products between the noise An example of the application of the regular acquisitior
terms and the signal terms. To include the effect of noise in tAeethod and of the adaptive method is reported in Fig. 1. |
definition of the entropy of the power spectrum, we can assur@rticular, Fig. 1A shows the timing diagrams for the gradient
thatNPw,,;log(1/NPw,,) = 0 for NPw,; =< 2(m,, + o,,) and the radiofrequency signal, and the acquisition sequence whe

el =

for NPw,, = 1/n° — 2(M,,, + 0,), wherem,, anda,, are the regular acquisition sequence is used. Only the gradient valt
mean value and the standard deviation of the noise (definedB{pted to the values @y/4, /2, and 3r/4 are shown. The total

the square of the gaussian noise present in the measured tefgber of selected projections is chosen at the beginning of t
real and imaginary), respectively. The factor 2 is due to tR¥Ocess, at uniform angular distances. Moreover, the proje
sum of two noise terms, one for the real part and the other fépns are collected for increasing values of the direction ang|
the imaginary part, having the same power value and char&égure 1B shows the timing diagrams for the gradients, tr
teristics. It can be shown that,, and o, are related to the radiofrequency signal, and the acquisition sequence when 1
standard deviation of the original noises by the followingdaptive selection method is used. The gradient values repor
relationshipsm,,, = o® and o, = o* \V3I2/7 — 1. In this in Fig. 1B refer to some projections that depend on the sha

way, the terms exclusively due to the noise can be compéifthe sample, have not been chosen a priori, and have not b
sated for but not those due gfPw,, n,,). acquired for increasing values of the direction angle.

+ Ii,i + n|2¢vi + 2|<Pxi * n|w

The Adaptive Method Thee Parameter

The properties of the entropy functidéPw,, can be usedto  The minimum differences, at which the process of se-
build an adaptive criterion that allows the acquisition of a sétction of the projections ends, is determined experimental
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FIG. 3. Difference images from Fig. 2C-Fig. 2B (A), Fig. 2D-Fig. 2B (B), Fig. 2E-Fig. 2B (C) are shown in an expanded grayscale.

by minimizing AInf;, evaluated between the projection that n

hag thg maximum entropy, of the ﬁrst fqur: and thg fifth  AEPW = |E{[pw%+]’j +Pn, +9(Pw, ,,Pn, ]
projection measured at A/rad from it. This is done just =1

before the adaptive acquisition starts. For this purpose, we _

have to consider that the functidrnf; is proportional to the X 10g(Ti) = [PW,; + P,
sum of three terms, one accounting for the difference in + g(Pw, j, Pn, )1 log(T; )}|

information between two projections, another being princi- CA+B+C 9
pally due to the noise, and one which is a mixture of signal = r [°]
and noise. In fact, when noise is considered, the expression
for AEPw; becomes where Pw;, Pn,; andg(Pw,;,Pn,;) are defined as in Eq. [7],
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we take into account both the minimum angular distance b
tween projections and the minimum difference of entrop
between projections. To reduce the noise level in the proje
tions affecting the choice af, we subtract from the estimated
value of AEPw;, an estimated value oB. This is done by
substituting in Eq. [11] the level of noise given byn2{, +
o). The termC, as in the case of Eq. [7], cannot be estimate
being a function both of signal and of noise.

The previous definition ofe ensures that the minimum
number of projections does not change for differ8ftl val-
ues. In the case of images of complex structure, it approximat
to the estimated minimum number of projectioms,. The
number of projections becomes lower when the image h
internal symmetries or, being smooth, it is mapped at few
levels. The use of a conservative valuedguarantees that the
image is reconstructed without any loss of information.

RESULTS

i o Numerical Results
FIG. 4. Transversal MRI reconstruction from projections of a phantom

composed of 12 glass tubes filled with water doped with CuS®@e image
has been reconstructed using the whole set of 512 projections and is useg
reference image.

The w-space adaptive acquisition method presented here t
&8n tested on simulated data obtained by a 256*256 digi
image reported in Fig. 2A. A total set of 1000 FIDs, one pe
projection, of the phantom was generated using a compu
Tiy = [1/Pw,,.,; + Pn,..; + g(Pw,.,;,Pn,., )] andT; = NMR simulation program developed in our laboratory. Th

i+1,]) i+1,]

[1/Pw,,; + Pn,; + g(Pw,,;,Pn, )], the indicesi + 1 and Program solves the Bloch equations from a map of pixels (tt

i referring to different projections, and the teriisB, andC  theoretical image) to which cartesian coordinates (positions
are defined as centimeters), spin density, main field, and relaxation time

values are assigned. The test image was considered 12.8*1
cnv, having a resolution of 0.5 mm. We fixed the main field tc
1000 G, T, = 0.8 s, andT, = 0.16 s foreach pixel. The

actions of the pulse sequence and of the gradients are defil
in a separate table, called the sequence table. The progr

n

A= E{PW(le,j ~log(Tis1j) — Pw,, ;- log(T; )} [10]

j=1

n calculates the real and imaginary parts of the 1000 FIDs,
B= Z{inm- ~1og(Tis1,) — Png, ;- log(T; )} [11] steps of 0.18°, in they plane of the image, described by using
j=1 the properxy gradient combination. To preserve the origina

dimensions in the reconstructed image, we chose the followil
acquisition parameters: sampling period 40 ms, sampling re
6.4 KHz, gradient value 0.12 G/cm, and a rectangular pul
shape of 10 ms in duration. Without loss of generality, the FIC
— g(Pw, ;,Pn, ;) - log(T; )} [12] have been collected considering that the magnetization valt
are completely recovered between two consecutive expe
The termA is due to the difference between projectioBss ments (i.e., infinite repetition time). The calculated data set
essentially due to the noise alone, @ik influenced both by free from zero-average white noise.
signal and by noise. Lowering of th&/N ratio causes an Subsets of different projections were extracted using eith
increase inB andC and as a consequence an increase in thiee adaptive criterion or the regular acquisition method. |
oscillations inAlnf;, which is the uncertainty of the calculatedmodified Fourier reconstruction algorithr2€), including an
value of Alnf;. To set a value foe which is less influenced by interpolation method, has been used to obtain the reconstruc
noise, we make the following assumptions. The t&nof Eq. images with a low number of projections. The images hav
[8] is taken to be equal to b7 which is the minimum value it been compared both visually and numerically by using tr
can assume. The minimum angular distance is taken to fmean square error, MSE, calculated between the image to
equal to 4h rad. AEPw, is taken to be equal to the differencaested and the image reconstructed by using the whole set
in entropy between the two considered projections. In this wayojections. The comparison with the image obtained with tt

C = E{g(PWq:iﬂ,j!Pntpwl,j) : log(Ti+l,j)

i=1
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FIG.5. Images reconstructed by using subsets of projections extracted from the set by which the image of Fig. 3 has been obtained. In particular, th
reconstructed by 57 projections selected by the adaptive method, and by 64, 128, and 256 projections, selected by regular acquisition metmod, @k shc
(B), (C), and (D), respectively.

whole set of projections, and not with the theoretical startirtgpn is collected on the difference between the informatio
image, is necessary to eliminate the effects of the reconstraontent of the projections). The estimated number of proje
tion method from the calculated error of the image undéons is about 60% of the minimum number of projections, 20:
inspection. The reference image, obtained by using the whaolecessary to reconstruct an image having dimensions and r
set of projections, is shown in Fig. 2B. The images obtained loyution of the given test image, without any a priori informa-
using a set of 120 FIDs, whose orientations are calculated witbn of the sample itself. The image obtained by using the 2(
the adaptive method, and by using a set of 125 FIDs takeneafually spaced projections is also shown in Fig. 2E.

regular angular steps, are shown in Figs. 2C and 2D, respecFigure 2D clearly shows some artifacts on both the extern
tively. The optimal number of the projections, 120, has alsand the internal features of the image, due to the low numb
been calculated by the adaptive acquisition method and a@é{projections used in the reconstruction. Nevertheless, Fig. :
pends on the shape of the original test image (whose informmasembles very well the image reported in Fig. 2B, although
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FIG. 6. Difference images from Fig. 5A-Fig. 4 (A), Fig. 5B—Fig. 4 (B), Fig. 5C—Fig. 4 (C), and Fig. 5D—Fig. 4 (A) shown in an expanded graysca

is obtained with 12% of the total number of projections ande report in Fig. 3 the difference images in an expande
with 5 projections less than the set used to reconstruct Fig. Zbayscale.

In particular, Fig. 2C does not show noticeable artifacts be-

cause of the optimal choice of the angular positions of tHexperimental Results

collected projections. The differences between the two imagesl-he adaptive method has also been tested on MRI expe
are also evident from the values of the MSE function. In fact,antal data of a phantom composed of a Plexiglas cylind
MSE = 0.082 for Fig. 2D and MSE= 0.019 for Fig. 2C, i.., (internal diameter 4 cm, length 8 cm) containing 12 glass tub
four times lower. MSE= 0.022 for Fig. 2E; this value is higherg cm in length and of various shapes and dimensions, fille
than that of Fig. 2C although Fig. 2C has been reconstructggth a 10 mmM CuSQwater solution, coaxial with the principal
using 120 projections and Fig. 2E with 201 projections. lgylinder. The tubes were of circular section (2 of 0.65 mm,
order to better show the artifacts due to angular undersampligfgl.85 mm, 1 of 2.75 mm, 1 of 6.5 mm, 1 of 7 mm, 1 of 8 mm
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1 of 9 mm, 1 of 10 mm in internal diameter), of rectangulaFig. 5B has MSE= 0.56, Fig. 5C has MSE 0.4, and Fig. 5D
section (11.7 by 6.5 mm), and of square section (1 10*10 by bas MSE= 0.23.

mm and 1 3.5*3.5 mm). The data have been collected using arhe extremely good performance of the adaptive acquisitic
Varian superconductive MRI instrument, producing a maimethod occurs for two reasons: first, it adapts well to the sha
magnetic field of 4.5 T, using an acquisition from projectionsf the sample; second, the sample shows a low dynamic rar
sequence. A total of 512 radial projections FIDs (180/51Zfwo amplitude levels) and a relatively simple shape. Neve
apart) of a transversal slice, 1 mm thick, were collected. theless, comparison with the images obtained by using a re
selection gradient of 1.301G/cm and a total readout gradientwér set of projections shows that, also in the condition of loy
2.535G/cm were used. Each FID, of 256 points, was acquirdgnamic range or when the sample exhibits a regular shape,
in 5 ms (sampling rate 51.2 KHz). The pulse duration was 4 magular acquisition method fails because it does not use infc
and the repetition time was 1 s. The experimental data exhibation on the sample. On the contrary, the adaptive meth
ited aS/N value of about 1000. The resolution achieved in thigas the great advantage of collecting some information on t
slice plane was 0.183 mm. The total set of projections was ussinple, starting from the first four measured projections, ai
to obtain the image reported in Fig. 4. This image shows sorgcontrolling the following acquisition process by measurin
artifacts, represented by misaligned profiles in some exteritia¢ most informative projections.

borders, because the on-resonance condition was not perfectly

achieved. Moreover, the image shows some little black holes, CONCLUSIONS

especially near the corner of the two square tubes: these are due

to some little air bubbles in the tubes. For our purpose, thesen the present work, the information content of an MR
conditions are not disturbing as we used this image aspeojection directly in thes-space has been defined. Moreover
reference image, for comparison. From the total set of projexnear-optimal RP acquisition method has been described t
tions, subsets of projections were extracted by using the reguiaikes it possible to reduce the total acquisition time, wit
method and by using the adaptive acquisition process. Timnimum loss of resolution and the introduction of a few
optimal number of projections calculated by the adaptiudistortions in the resulting image. The method has been tes
method was 57. Regular sets of projections have been obtaibeth on numerical and on experimental data. As shown in tl
by taking 64, 128, and 256 projections of the total 512 projeaumerical tests reported, the use of the adaptive techniq
tions. These sets were used to reconstruct the images usingréftRices the number of projections to about 60% of the the
modified Fourier reconstruction algorithr26). The resulting retical number of projections required to obtain an image ¢
images are reported in Fig. 5. In particular, Fig. 5A shows thgven dimensions and resolution, saving 40% of the acquisitic
image obtained using the adaptive set of 57 projections atithe. For the experimental test reported, only 29% of th
Figs. 5B-5D show the images obtained by the regular setstéoretical number of projections was required, saving mo
64, 128, and 256 projections, respectively. The adaptive estian 70% of acquisition time. The results of the adaptiv
mated number of projections, 57, is about 29% of the minimumethod have also been compared to those of the regular .
number of projections, 201, necessary to reconstruct an imaggsition method: the latter produces artifacts when using
of the required dimensions and resolution when no a priagtumber of projections comparable to that used by the adapti
information about the sample has been used. The image #eguisition method and, for the experimental data presente
ported in Fig. 5A, although a small number of projections hagso when using more than double the number of projectior
been used for its reconstruction (11% of the total), resembiese values of the mean square error confirmed the gre
very well the image obtained with the total set of projectionslifferences between the two acquisition methods in favor of tt
reported in Fig. 4. The image of Fig. 5B, on the contranadaptive acquisition technique. The good performance of ti
exhibits the classical artifacts occurring when a low number aefspace adaptive acquisition technigue in saving acquisitic
projections is used for reconstruction, although it has be@me in addition to that obtained by RP techniques makes
obtained with 12% more projections than those used to collgeissible to use this method with success in imaging of speci
the image of Fig. 5A. Moreover, although the image shown imaving very shorfl, or in angiography.

Fig. 5C was obtained with more than double the number of In future, we hope to demonstrate that our method work
regular projections with respect to that reported in Fig. 5A, Well also when imaging moving objects in order to apply it ir
also exhibits the effects of the undersampling artifacts. Thegctional MRI.

effects are absent in Fig. 5D, due to the great number of

projections used in the reconstruction of this image that ex- REFERENCES
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