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V Although cross-sectional magnetic reso-

A nance examination of the head and body
is useful for screening large regions of
tissue, subsectional regions of the head

, and body often need to be examined.
Orthogonally directed, selectively irradi-

4 ated planes with different flip angles
produce a spatially limited signal region

. 4 from which two- or three-dimensional
volume images can be reconstructed. Im-
ages with limited fields-of-view can be

� acquired in reduced imaging time. We
present a general description of this tech-
nique. These subsectional or “inner vol-
ume” images eliminate respiratory mo-

p tion artifacts by excluding moving tissues
from the imaged volume. A result of this
technique is a high signal from rapid pul-
satile blood flow, produced without car-
diac gating the pulse sequence.

Index terms: Blood, flow dynamics #{149}Brain, magnetic

I, resonance studies, 13.1299 #{149}Heart, magnetic
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Inner Volume MR Imaging:

Technical Concepts and Their

l

I N magnetic resonance (MR) Fourier imaging, the size of the
phase-encoded dimensions from which MR signal is produced

must be less than the imaged field-of-view; otherwise, signal locat-

ed outside the field-of-view is aliased into lower frequencies. When

the object is too large, the lower frequencies fold over onto existing

object frequencies, and two regions of tissue become superimposed

(Fig. 1). In whole-body MR imaging, this problem is avoided by

either reducing the spatial resolution or by increasing the number

of image lines to extend the field-of-view beyond the boundaries of

the body. Alternatively, if the extent of the signal volume could be

spatially limited to a smaller region of the body, the field-of-view

can be reduced without the problem of aliasing. Surface coils may

be used to reduce the extent of the signal volume by localizing the

radiofrequency (RF) sensitivity close to the surface of the body;

inner regions of the body, however, will provide only weak signals.

We describe an MR imaging method that selectively images inner

regions of the body without imaging adjacent surrounding tissue
present in the whole body cross section. The imaging time can be

reduced proportionate to the reduced field-of-view. In one applica-

tion, inner volume MR imaging could be used to exclude from

images the moving regions of the body that produce severe artifacts

in regions of interest. For example, in MR body images, artifacts

caused by the respiratory motion of the abdominal wall can be

removed from images of the spine. In a different application, inner

volume images could be used to assess flow in blood vessels deep

within the body when it is not necessary to image adjacent static

tissue.

The imaging time required to define an inner volume is directly

proportional to the number of image lines multiplied by the num-

ber of image sections (Table i ). The time required to image an entire

body cross section at coarse spatial resolution can instead be spent

defining a narrower region with higher spatial resolutions, since

the problem of aliasing is eliminated by this technique. The imag-

ing time saved by reducing the field-of-view on one spatial axis can
also be spent defining multiple image sections or encoding blood

flow, chemical shift, or other physical parameters in the region of

interest.

MATERIALS AND METHODS

Similar to earlier MR selective line-scan imaging techniques (i, 2), inner

volume imaging uses two or more spatially selective RF pulses to excite and

invert nuclei in two perpendicular volumes (Fig. 2). The intersecting vol-

ume of tissue first has its spins nutated by 90#{176}and then by 180#{176}to produce a

spin-echo signal for image reconstruction. The image volume can be posi-

tioned electronically anywhere within the body.

To produce two-dimensional (2D) Fourier transform images, multiple

cycles of the pulse sequence encode the phase of the signal to spatially
resolve information along one axis (Appendix). A signal readout gradient

applied on a second perpendicular axis gave the second dimension of in-
plane spatial resolution (3). To produce a three-dimensional (3D) image, the



Figure 1

a. A

b.

I,

4.

I

,1

4

744 S Radiology September 1985

above multicvcle sequence is repeated in

its entirety with additional phase encod-

ing along the third axis orthogonal to the

image plane (Fig. 3) as many times as there

are sections (3-5). In these experiments,
eight sections were defined. For both the

2D and 3D images, the in-plane spatial res-

olution was 1.7 X 1.7 mm. The section

thickness of the 2D images were 7 mm,

and the 3D image sections were 5 mm

thick.

Inner volume images were positioned

onto target regions by displacement of

one of the two RF pulse planes (Fig. 2).

Initially, the pulse sequence was calibrat-

ed to determine the spatial displacement

on each axis per frequency offset (cm/Hz).

The resulting scale factors were used in all
the experiments to position the inner vol-

ume images onto regions of interest. For

3D volume imaging. a 2D inner volume

image of the body or head was first ac-

quired to find the coordinates of the arte-

ries or target structures with respect to the

center of the image. The coordinates were

converted to frequency offsets for posi-

tioning the 3D inner volume image.

Experiments were conducted on a pro-

totype Diasonics MT/S whole-body imag-

ing system (Milpitas, Calif.) that included

a superconducting magnet operating at
0.35 T and equipped with three ortho-

gonal sets of gradient coils. The patient

lies on a bed having variable positions

parallel to the direction of the static mag-

netic field, defined as the z-axis. The verti-

cal direction and horizontal direction are

defined as the y-axis and x-axis, respec-

tively. Synchronization of the pulse se-

quence to the subject’s cardiac cycle was

made possible with a battery-powered

electrocardiogram monitor having three

leads connected to the subject’s chest. A

fiber-optic cable transferred the ECG sig-

nal out of the magnet and RF screen room

enclosure. The transduced signal was con-

nected to the system’s control computer

with an intermediate trigger delay used

by the operator to set a temporal delay

between the ECG R-wave and the begin-

ning of each pulse sequence cycle.

RESULTS

Figure 4 shows three 2D inner vol-

ume images of the brain acquired

with 64, 32, and 16 lines and obtained

at the same positions as the aliased

images in Figure 1. The three images
in Figure 4 had the same resolution,

section thickness, and number of sig-

nal averages (ii 4) and were ac-
quired with a TR = 0.25 seconds. The

respective imaging times were 2, 1,

and 0.5 minutes, compared with 4

minutes for a full cross section, for

fields-of-view of 25.6, 12.8, 6.4, and

3.2 cm. The respective signal-to-noise

ratios (S/N) measured in white matter

were 47.4, 35.2, 26.1, and 16.7, show-

ing improvement with the square

root of imaging time and consistent

with the predicted relative S/N in Ta-

ble 1. The higher value of S/N of the

full volume can be obtained with 3D

inner volume imaging if the imaging

time is held constant and the number

of sections is increased by the same

factor that is used to decrease the

number of lines. (Data acquisition

time number lines X number of sec-

tions X TR X number of signals aver-

aged, where TR = repetition time.)

Sagittal images of the thoracic spine

were made with cross-sectional, 2D,

spin-echo imaging (Fig. 5a) and with

2D inner volume imaging (Fig. 5b).

The abdominal chest wall, undergo-

ing normal breathing motion, pro-

duced noticeable crescent-shaped arti-

facts in the cross-sectional image with

full field-of-view. No artifacts were

noticeable in the inner volume image.

Transverse images of the abdomen

(Fig. 6) showed similar elimination of

breathing artifact.

Transaxial 3D inner volume images

of a human heart (Fig. 7) were ac-

quired with 64 lines and eight sec-

tions. The imaging time per section
was half that required to image simi-

larlv the entire cross section of the

body requiring i28 lines. The image

volume was intentionally positioned

inside the thomacic cavity to exclude

the breathing motion-dependent sig-

nal of subcutaneous fat from the im-

ages. Respiratory gating is sometimes

used to eliminate these artifacts, even

though it extends imaging time (6).

To visualize blood flow in the cra-

nial vessels, 3D volume images were

made with eight sections and 32 lines,

TR = 0.25 seconds, ii 4, and image

acquisition time of 4 minutes. Rela-

tively high signal magnitude com-

pared with surrounding static tissue

was observed in the internal carotid

arteries in both the first and second

echo images, as well as in the verte-

bral arteries and jugular veins (Fig. 8).

These images of rapidly flowing pul-

satile blood were made without syn-

chronization of the pulse sequence to

the cardiac cycle (cardiac gating).

DISCUSSION

When imaging the spine and other

organs where artifacts are caused by

c.

Demonstration of aliasing in conventional

2D image with coplanar 90#{176}RF pulse and

i80#{176}RF pulse. In general. the field-of-view

= the number of image lines X the spatial

resolution on the same axis.

a. Cross-sectional image with image field-

of-view greater than the extent of the

signal producing region with 128 image

lines. The field-of-view is reduced to less

than the signal extent either by increas-

ing the spatial resolution or by decreas-

ing the number of image lines.

b. Regions of the head outside the field-of-
view are aliased into opposite ends of the

image when 64 image lines are used.

c. Further superposition of tissue volumes
occurs with greater reduction in field-of-

view using 32 image lines.

breathing motion, gating a pulse se-

quence to the respiratory cycle is ef-

fective in reducing these artifacts (6).
With respiratory gating, however, in-

trinsic variation in TR would occur if

data were taken immediately after

each restart, and longer imaging time
is necessary because of the delays dun-

ing which data is not acquired. The

cross-sectional image of the spine that

included chest wall showed a much
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Full cross-sectional sagittal image of spine shows typical artifacts on spine

(a) while the inner volume image (b) does not show artifacts.
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Method of producing spin-echo signal in the intersecting
region of the two spatially selective irradiations. A 90#{176}RF

pulse excites nuclei within a planar volume (broken or jag-

ged lines indicate continued region), and the subsequent

180#{176}RF pulse inverts the nuclei in a planar volume perpen-

dicular to the first plane. Only those spin nuclei that exper-

ience both the 90#{176}excitation pulse and the 180#{176}inversion

pulse are refocused to produce a spin-echo signal. With the

signal extent reduced to less than the object extent, a corre-

spondingly narrower image field-of-view is permitted with-

out superposition of outer regions onto the inner region of

the image.

To produce 3D inner volume images, the 180#{176}RF pulse

irradiates a thicker region of tissue. Independent phase en-

coding along the z-axis permits resolution of the image sec-

tions within the thicker volume.

c.

Inner volume 2D images of the head using 64

lines (a), 32 lines (b), and 16 lines (c) are at

-4 the same position as Fig. 1 and at the same

spatial resolution (1.7 X 1.7 mm) and section

A thickness (7 mm). Inner volume images are

made by reducing the extent of the signal-

� S producing region. The thickness of the 180#{176}

RF pulse plane of Fig. 2 is set equal to the in-
plane field-of-view, while the 90#{176}RF pulse

plane determines the section thickness. Un-

S� like images in Fig. 1, signal is not generated
in the outer regions of the head, which are

irradiated by the 180#{176}pulse but not by the

� 90#{176}pulse.

higher level of vertical band artifacts

than observed in the inner volume

image. This artifact can largely be at-

tributed to the motion of fat, which



Transverse image of the abdomen (a) with entire cross section of

body and inner volume image (b) located below the abdominal

wall.

Figure 8

a.

b.

Three-dimensional inner volume images of the head show left and
right internal carotid arteries (ICA), vertebral arteries (VA), and

jugular veins (JV). The first echo image (a) and second echo image

(b) show high signal magnitude of blood during pulsatile flow

without synchronization of the image sequence to the cardiac cy-

dc. Spatial resolution is 1.7 X 1.7 X 5 mm.
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a.

a

b.

Three-dimensional inner volume images of the heart obtained

with cardiac gating including a first spin-echo image at TE 28

msec (a) and a second echo image at TE 56 msec (b). Spatial

resolution is 1.7 X 1.7 X 5 mm.

has high signal magnitude and which

changes position during respiratory

expansion of the chest. The position

of the fat is not the same in each cycle

of the pulse sequence, and therefore it

produces deviations from the other-

wise linearly increasing phase-encod-

ing process.

With our 2D, multisection MR

imaging, blood flowing at a high ye-

locity produces very low signal be-

cause of the effect of magnetic gradi-

ents on the phase of moving nuclei,

and because blood flows out of the

section during the process of spin-

echo creation (7). The visualization of

unusually high signal from rapidly

flowing blood (Fig. 8) can be under-

stood with respect to the above two

factors. Regardless of the velocity of

the upstream blood on the z-axis or

position in the excited volume, the

1800 pulse always refocuses some of

the blood to produce a spin-echo sig-

nal. The blood centered on position z
= -V7/(TE/2) upstream from the

1800 RF plane and where TE = echo

time, is refocused to produce a spin-

echo signal (Fig. 9). Although blood

flowing at low velocity and high ye-

locity experiences the 900 pulse at dif-

ferent positions upstream in these

nongated studies, both can produce

spin-echo signal. In general, the com-

bined pulse sequence TR, vessel

length and direction, heart mate, pul-

satile changes in velocity, and image

volume dimensions all directly affect

the signal magnitude from blood in

each cycle of the pulse sequence.

Also, nuclei moving in the direc-

tion of a magnetic gradient undergo a

change in phase proportional to their

velocity. If a distribution of velocities
exists within a voxel, then an incoher-

ent signal results with reduced mag-
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Pulsatile blood flow directed along the z-axis orthogonal

* to the image plane. The 90#{176}RF pulse is on the long axis of

the vessel and irradiates all the blood within the nonselec-

4 tive volume. The 180#{176}pulse refocuses the blood bolus,
which was irradiated by the 90#{176}pulse upstream and outside

� I of the inner volume region.
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Imaging sequence of 3D inner volume image
having transaxial orientation.

nitude. In the 3D inner volume im-

ages, the 900 selective excitation uses

.4 a gradient applied perpendicular to

� 4$ the direction of flow, and conse-

quently the net phase of the flowing

nuclei is unaffected by the gradient. It

is possible to develop different per-

mutations of the inner volume pulse

sequence by applying the volume-se-

lective gradient pulses on different

axes. For example, swapping section-
selective y and z gradients in Figure 2

would produce a completely different

signal dependence on flow.

CONCLUSION

A new method for MR imaging

subvolumes of objects on of body tis-

a sues has been presented. The positive
contrast of blood in cranial vessels
with rapid pulsatile flow indicates

that inner volume imaging may find a

diagnostic niche in cardiovascular

imaging, augmented by its fast imag-

ing time. These experiments demon-

, � stnate a new method for eliminating

respiratory motion artifacts from a me-

gion of stationary tissue adjacent to

-4 moving tissue. .
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APPENDIX

The imaging sequence shown in Figure
10 produces two spin-echo images with
transaxial orientation. The sequence be-

gins when a sinc-modulated 900 nutation

RF pulse (A) occurs simultaneously with a
G� gradient pulse to produce the spatially
selective excitation of nuclear spins. Three
gradient pulses (B) are applied; G� phase
encodes in-plane resolution, G� phase en-
codes image sections, and G5 defocuses the
free induction decay (FID) to temporally
center the later occurring spin-echo sig-
nal. A sinc-modulated 180#{176}RF pulse (C)

occurs simultaneously with a G� gradient
pulse to produce echo refocusing. A read-
out gradient G� frequency encodes (D) the

spin-echo signal for resolution along an
in-plane axis; a second spatially selective
refocusing of signal (E) produces a second
spin-echo signal (F). To produce sagittal
images, all the gradient pulses G� and G5
are interchanged.

The 2D images were made by iteration
of the pulse sequence each time with a
different magnitude of G� at (B). To pro-
duce 3D images, the process is repeated as
many times as theme are sections, with dif-

ferent G� linear phase-encoding gradient
strengths at (B).

Each of the above described cycles of the
pulse sequence can be repeated several
times (n) for signal averaging and to can-
cel FID artifacts. These artifacts afe pro-
duced by FID signal active during the
spin-echo but generated by the 90#{176}irma-

diation of the planar region outside the
inner volume. Such artifacts can be can-
celed with two cycles of the pulse se-
quence by changing the phase of the 1800
irradiation so that the FID and spin echo
have the same sign in one of the data ac-
quisitions and opposite signs in the other

acquisition. The averaging is performed
by subtracting the two data sets so that the
spin echoes add but the FIDs cancel. An
FID can also be generated by regions out-
side the inner volume exposed to the 180#{176}
irradiation where the angle is not precise-

ly 180#{176}because of RF inhomogeneity or

the profile of the irradiation. Two more
averages where the phase of the 90#{176}irra-
diation is changed to make the sign of this
FID opposite that of the spin echo will
allow cancellation of this artifact. Thus,
four average imaging eliminates these FID

artifacts and improves S/N by a factor of

two.
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