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Technical Note

Magnetic resonance (MR) imaging
methods with good spatial and
contrast resolution are often too
slow to follow the uptake of con-
trast agents with the desired tem-
poral resolution. Imaging can be
accelerated by skipping the ac-
quisition of data normally taken
with strong phase-encoding gradi-
ents, restricting acquisition to
weak-gradient data only. If the
usual procedure of substituting
zeros for the missing data is fol-
lowed, blurring results. Substitut-
ing instead reference data taken
before or well after contrast agent
injection reduces this problem.
Volunteer and patient images ob-
tained by using such reference
data show that imaging can be
usefully accelerated severalfold.
Cortical and medullary regions of
interest and whole kidney regions
were studied, and both gradient-
and spin-echo images are shown.
The method is believed to be
compatible with other accelera-
tion methods such as half-Fourier
reconstruction and reading of
more than one line of k space per
excitation.
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THERE IS A RAPIDLY increasing interest
in functional studies that monitor the per-
fusion or wash-in and washout of a con-
trast agent such as gadopentetate dimeg-
lumine. In many applications, dynarmic
studies require high time resolution or
multiple sections. Echo-planar imaging
(1) has been used to achieve this (2).

The contrast in an image is determined
mainly by the low-frequency data ac-
quired in lines or profiles near the center
of k space. The high-frequency data from
profiles more distant from the center of k
space contribute edge sharpness. For this
reason, increasing the speed of imaging
by reducing matrix acquisition and zero-
filling always yields blurred images. When
large matrix reductions are used, ringing
artifact may also occur. The new “key-
hole” method (Fig 1) uses substantial ma-
trix reductions; however, instead of zero-
filling, it merges the low-frequency data
with high-frequency data borrowed from
areference image to prevent blurring (3—
9). It is an attempt to view all of k space by
peeping through a small “keyhole” of
data.

Using this keyhole method, we present
herein gradient- and spin-echo images of
a healthy volunteer and a kidney trans-
plant patient with up to a fivefold recluc-
tion in acquisition time. This method
does not require the additional hardware
necessary for echo-planar imaging. To
match the capabilities of a pulse sequence
with the requirements of an imaging
problem, the keyhole method can be used
alone or, when even greater acceleration
is needed, combined with other accelera-
tion methods based on different princi-
ples. Other methods could include half-
Fourier reconstruction, reading more
than one line of k space per excitation. or
even echo-planar imaging itself.

® MATERIALS AND METHODS

All data were collected on 1.5-T, Gyro-
scan S15/ACS imagers (Philips Medical
Systems, Best, The Netherlands). The im-
age matrix size was 256 in the read direc-
tion, which was along the long axis of the
body. Dynamic series of identical images
were started before injection of 0.1
mmol/kg gadopentetate dimeglumine
(Berlex, Wayne, NJ; Schering, Berlin.
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Germany) and continued until after up-
take of contrast agent was complete. Dy-
namic images (frames) taken before or
minutes after contrast agent uptake were
used for the high-frequency reference
data. Signal averaging was not used in the
usual sense because it slows imaging.
However, there is no time penalty in pool-
ing the data from several frames to im-
prove the signal-to-noise ratio of the refer-
ence data.

Two types of experiments were done.
First, a patient with a kidney transplanted
into the pelvis was examined during gado-
pentetate dimeglumine administration. A
series of 16, 20-second, standard spin-
echo images were obtained with no accel-
eration. Images were reconstructed by
using keyhole data from a time of interest
during gadopentetate dimeglumine up-
take combined with reference data from
before contrast agent injection or at the
end of the image series, well after en-
hancement had been achieved. The im-
ages presented here have an acceleration
factor of four. That is, only one-fourth as
many Kk-space lines were used from each
time of interest during uptake as were ac-
quired for the reference image. However,
because complete data sets were col-
lected, the data allowed comparison of
images with acceleration factors varying
from one to 128, depending on how much
borrowed data was used. For this spin-
echo image series, a TR msec/TE msec of
150/15, 450-mm field of view (FOV),
10-mm section thickness, and 128 phase-
encoding steps were used. Second, a kid-
ney of a healthy, normal volunteer was
studied, also during gadopentetate dimeg-
lumine administration. The keyhole
method was used to accelerate small-flip-
angle, gradient-echo images by a factor of
five, from 6- to 1.2-second acquisition
time. These 1.2-second images were re-
peated with a 0.3-second delay between
them, giving 1.5-second temporal resolu-
tion for contrast agent uptake. For this
image series, the parameters were 21/3.2,
440-mm FOV, 12-mm section thickness,
and 51 phase-encoding steps (except for
the reference image, which had 256 phase-
encoding steps). For presentation here,
the FOV was cropped to 220 mm and then
interpolated to 256 X 256 for display.
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o RESULTS

From the complete data sets for the
transplanted kidney. frames 4, 7, and
13—-taken before, during, and after gado-
pentetate dimeglumine uptake, respec-
tively—are shown in Figure 2. Figure 3
plots cortical and medullary signal inten-
sity versus time. Complete data sets were
used for both figures.

Frame 7 (Fig 2b). taken during uptake,

was reconstructed by using zero-filling
and pre- and postcontrast reference data,
and the results are shown in Figures 4a—
4c, respectively; 32 k-space lines were
used, requiring 5 seconds of acquisition
time.

The behavior of the signal intensity of
kidney parenchyma averaged over a large
ROI (Fig 5) is shown in the plots in Figure
6. These show mean signal intensities cal-
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dynamic keyhole data
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The high-frequency k-space profiles from a reference image acquired with a

complete matrix (left) are merged with the low-frequency k-space profiles from a re-
stricted keyhole of data (middle). Together they yield a complete data set (right) with the
contrast of the dynamic keyhole data and the edge definition of the reference image.
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culated for the precontrast, uptake, and
postcontrast frames (frames 4, 7, and 13)
with various fractions of data borrowed
from pre- and postcontrast frames and
by using zero-filling. Regardless of the
source of borrowed data (or whether ze-
ro-filling was used) the mean signal inten-
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Figure 3. Plots of signal intensity versus
time for kidney cortex and medulla com-
puted in the regions of interest (ROIs)
used in Figure 2.

Figure 2. Three frames from a 16-frame, dynamic series of images of a transplanted kidney: (a} precontrast image (frame 4), (b) im-
age obtained during contrast agent uptake (frame 7), and (¢) image obtained after contrast had stabilized. The same window settings

were used for all images.
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Figure 4. Keyhole and zero-filled reconstructions of frame 7 from the dynamic series of images of the transplanted kidney (Fig 2b}.
Each image used 32 lines of k space from frame 7; images (a) filled with 96 lines of zeros, (b} using 96 k-space lines averaged from
precontrast frames 14, and (¢) using lines averaged from postcontrast frames 12—15 are shown.
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sities were stable for all borrowed data
fractions up to 80%.

The plots in Figure 7 show the effect of
borrowed data on signal intensity in four
smaller ROIs (Fig 8) in the kidney me-
dulla. Calculations were made for frame
7—obtained during uptake-—with vari-
ous fractions of zero-filling (Fig 7a) or
borrowing of data from precontrast (Fig

Figure 5. ROI for calculation of a single

plot of contrast agent uptake in kidney
parenchyma (both cortex and medulla).
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7b) or postcontrast (Fig 7c¢) data sets.
Similar calculations were made for four
regions of cortex (not shown). In all ROIs
tested, in both cortex and medulla. the
signal intensities were stable with bor-
rowed data fractions up to 60%.

Figures 2—8 are all based on the same
dynamic series of images of a kidney
transplant patient. The experiment with
the normal volunteer, in which only 20%
of each matrix was collected, is illustrated
in Figures 9 and 10. Figure 9 shows the
reference image obtained in 6 seconds.
Figure 10 presents selected frames of the
64-frame series of keyhole images. Con-
trast changes are obvious 6—10.5 seconds
after intravenous injection of gadopen-
tetate dimeglumine. Progressive enhance-
ment of the renal cortex is noted, accentu-
ating corticomedullary distinction. The
frame obtained 12 seconds after injection
shows the kidneys at the most caudal po-
sition of a respiratory cycle, with the left
kidney about half of a vertebral body
height lower than on earlier frames. The
16.5-second frame shows the kidneys
again in a more cranial position.

¢ DISCUSSION

The experiment using full data sets col-
lected from the transplant patient shows
the mathematical feasibility of the method
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and how large a speed increase can be
expected. The volunteer experiment, with
reduced data acquisitions, verifies that
these expectations can actually be met
despite respiratory motion (not a problem
for transplanted kidneys) or unantici-
pated imager complications. Visually ac-
ceptable images were obtained with sub-
stantially reduced data collection times.

For the transplant patient, the zero-
filled image (Fig 4a) is blurred as ex-
pected, while the keyhole images (Fig 4b.
4c) have edge definition similar to that of
the standard, full-matrix image (Fig 2b).
Contrast between the parenchyma and
the calyces was much better with postcon-
trast than with precontrast reference
data. This is because both tissues have
low signal intensity on precontrast images
(Fig 2aj; therefore, precontrast data can-
not be used to differentiate parenchyma
from the calyces.

How far can one accelerate image acqui-
sition without producing serious contrast
errors? Since this may depend on the size
of the ROI and the times during contrast
agent uptake when the image and the ref-
erence data are taken, plots were ob-
tained for different ROIs with data from
different frames. While considering this,
one should keep in mind the relevant
types of voxels or pixels. Reference pixels
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Figure 6. Mean ROI signal intensity for kidney parenchyma (ROl in Fig 5) calculated with various percentages of borrowed data:
(8) precontrast (frame 4}, (b} during contrast agent uptake (frame 7), and (¢) postcontrast (frame 13). Each set of plots shows results
with high-frequency data zero-filled, borrowed from the average of frames 14, and borrowed from the average of frames 12-15.
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Figure 7. Mean signal intensities for several kidney medullary ROIs (ROIs in Fig 8) during contrast agent uptake (frame 7) calculated
with various percentages of borrowed data, with high-frequency data (a) zero-filled, (b} from precontrast frames 1-4, and (¢) from

postcontrast frames 12—15.
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are determined by the acquisition of the
reference images, while true, or keyhole,
pixels are larger in the phase-encoding
direction (but not in the other two direc-
tions) by the ratio of the number of phase-
encoding steps used in the reference im-
age to the number used in the repeated
keyhole segments. This does not take into
account any additional pixel interpolation
for display purposes.

The largest ROI, used for whole-kidney
signal intensity measurements (Figs 5, 6),
avoids a region that is eight reference pix-
els wide in the phase-encoding direction
at the margin of the kidney because this
margin might be expected to contain the
most severe ringing artifact when only
one-fourth of the data are used (10).

With this ROI. up to 80% of the data
can be borrowed from a reference
image (or zero-filled) without changing
the measured signal intensity appre-
ciably (Fig 6). This is true regardless of
when the image and reference data are
obtained.

Separate measurements of cortex and
medulla require smaller ROIs and hence
are more sensitive to contamination by
signals from outside the ROIs if large ac-
celeration factors are used. Figure 7 re-
veals no problems in medullary ROIs
when up to 60% of the data is borrowed.
This was also true for ROIls in the cortex.
Figures 6 and 7 show that the signal in-
tensities are stable up to a certain fraction
of borrowed data; beyond that, as ex-
pected, the intensities tend toward the
value of the source of the borrowed data
(precontrast, postcontrast, or zero-filled),

reaching that value when 100% of the
data is borrowed.

The keyhole method combines the spa-
tial detail of full-matrix images with the
temporal resolution of a series of rapidly
acquired, reduced-matrix images; how-
ever, it does not contain the same infor-
mation as a series of rapidly acquired,
full-matrix images, such as might result
by using a shorter TR. What advantages
does a series of keyhole images have over
a series of zero-filled images in making a
plot of signal intensity versus time such
as in Figure 3?

The information contributed by new
rows of data near the center of k space is
exactly the same whether zero-filling or
keyhole reconstruction is used. However,
the better appearance of keyhole images
results in two advantages over zero-filling
in producing good signal-time plots. First.
with anatomic knowledge of an area of
interest, a high-resolution keyhole image
allows accurate ROI placement so that
inaccurate ROI placement does not com-
pound the unavoidable inaccuracy caused
by blurring. Conversely, when an interest-
ing pattern of contrast agent uptake is ob-
served, the keyhole method allows one to
determine with greater certainty what is
enhancing (eg, cortex or medulla). These
same benefits are obtained in spectro-
scopic imaging by superimposing low-
resolution images of rare metabolites on a
standard proton image by using color
(11). With the keyhole method, however,
color equipment is not required.

In the experiment with the normal vol-
unteer, problems were expected from res-

Figure 8. ROlIs for calculation of plots of
contrast agent uptake in medulla.

Figure 9. Gradient-echo reference im-
age made with 256 rows in k space col-
lected before contrast agent injection.

Figure 10. Dynamic keyhole images of gadopentetate dimeglumine uptake by the normal kidneys. Shown are six of 64 frames (ob-
tained with the same settings} taken with 1.5-second resolution, as described in Materials and Methods. Reference data from Figure 9
were used. As the contrast agent bolus enters the kidneys, signal intensity in the cortex increases. Comparing the left kidney to the
spine, especially in the 12-second frame, shows that the kidneys move with respiration, without substantially affecting edge sharpness.
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piratory motion because much of the
high-frequency data for each dynamic im-
age comes from a single reference image.
However, in the dynamic images recon-
structed with the keyhole technique, the
displacement of the kidney relative to its
position on the reference image is clearly
seen (Fig 10). This kidney displacement is
mn the read direction; the data truncated
by the keyhole method largely determine
edge definition in the phase-encoding di-
rection. The cephalic portion of the left
kidney is approximately half of a vertebral
body height lower in the frame 12 sec-
onds after injection than in the preceding
frames. In a subsequent frame at 16.5
seconds after injection, the left kidney has
returned to a higher position. Surpris-
ingly, no additional blurring was seen
when comparing the dynamic images with
the reference image. although no breath
holding, retrospective triggering, or post-
processing other than combining data
sets was used. Until the effects of motion
on keyhole imaging are understood, we
advise caution.

We found that the keyhole method is a
simple method of accelerating imaging.
Using simple spin-echo and gradient-echo
techniques, we had no need to modify
clata from either the reference image or
the image of interest before or after Fou-
rier transformation. Perhaps care is re-
quired with more complicated sequences
(4.5). Our experiments were done without
shielcled gradients at 1.5 T, and we have
no reason to expect field dependence in
the applicability of the keyhole method.
No triggering or presaturation was used
to reduce respiration, cardiac motion, or
blood pulsation effects.

In conclusion, the keyhole method sub-
stantially reduces the imaging time per

dynamic image and can be applied when-
ever the same section is imaged repeti-
tively to monitor a change in contrast. It
could also be used to increase the num-
ber of sections imaged during the con-
trast change.

We find that the method is simple to
apply with ordinary clinical equipment, at
least for three- to fivefold speed gains with
spin-echo or gradient-echo sequences,
and we believe it is compatible with most
other methods of increasing speed, in-
cluding half-Fourier reconstruction.

We studied contrast agent uptake, but
the keyhole method could also be used in
evoked response experiments. Some po-
tential clinical applications are perfusion
of the brain, inflow and outflow in dis-
eased or transplanted kidneys, uptake of
gadopentetate dimeglumine in breast car-
cinoma, differential diagnosis of hepatic
lesions. and imaging of cardiac infarc-
tion. @
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