INVITED PERSPECTIVE

PET/CT Attenuation Correction: Breathing

Lessons

Three articles in this issue of The
Journal of Nuclear Medicine (1-3), and
a concurrent one in the Journal of
Nuclear Cardiology (4), remind us that
the switch from stand-alone PET to
PET/CT does involve some trade-offs.
In particular, the effects of respiratory
motion on the accuracy of PET data can
be greatly exacerbated when CT-based
attenuation correction is used. It seems
worthwhile to think about some of
the reasons why this is so before eval-
uating the various approaches to correct
the problem that are put forth in this
issue.

Combined PET/CT scanners have
become the de facto standard for PET.

See pages 758, 794, and 811

There are significant diagnostic bene-
fits from combining high-resolution
anatomic images with functional PET
data, and there seem to be great opera-
tional benefits as well—in particular,
reduced imaging time. Part of the
reduction in imaging time is a result
of using the CT data (scaled to 511 keV)
to perform attenuation correction. Un-
til the advent of PET/CT scanners,
attenuation correction was performed
most often with a source of coincident
511-keV ~yrays (e.g., %3Ge) that ro-
tated around the patient. By compar-
ing the number of photons reaching
the PET detectors with and without
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the patient, one can accurately com-
pute the attenuation produced by
the patient. This procedure is usually
called a transmission scan or an
attenuation scan. The procedure is
exactly like a CT scan, but with the
rotating x-ray tube replaced by a %3Ge
source. Unfortunately, even when
multiple °3Ge sources were installed
in the PET scanner, the process took
3-10 min for each bed position. The
reason is that the number of photons
emitted by even the strongest %3Ge
source that the PET machine could
handle (typically around 370 MBq)
still limited the total counting rate,
requiring several minutes to acquire
adequate statistics. This additional 3—
10 min per bed position did not greatly
affect single-bed-position cardiac im-
aging but dramatically affected the
time required for oncologic applica-
tions (typically 5-7 bed positions).
Combining a CT scanner with the PET
scanner offered the chance to replace
the %8Ge rotating rod source with a CT
x-ray source to perform the attenua-
tion correction. Because x-ray sources
produce huge numbers of photons,
adequate statistics are obtained within
seconds even at low tube currents
(5). Current-generation CT scanners
have speeds of half a second per
rotation and can acquire a spiral scan
of each 15-cm bed position in only
a few seconds. Even at low tube
currents, however, the radiation expo-
sure from CT can be between 1 and 2
orders of magnitude larger than the
small dose from the °8Ge source (tens
of millirads at most). Still, CT-based
attenuation correction seemed an im-
portant improvement in attenuation
correction. Even in the presence of
contrast media, CT-based attenua-
tion coefficients have been shown to
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be quite accurate (unless very high
contrast concentrations were present).

The CT-based method of attenua-
tion correction was quickly and widely
adopted for clinical use. Most clinical
PET/CT machines sold today no
longer come equipped with the %3Ge
source and rely solely on CT-based
attenuation correction. Unfortunately,
a problem was soon noted in certain
oncologic applications. Erroneous val-
ues of '8F-FDG uptake were often
found near the dome of the liver and
in lung tumors. The same feature that
made CT attenuation correction so
attractive—its high speed—also turned
out to be the cause of these artifacts. It
had been long known (6,7) that mis-
alignment between the PET emission
data and the °8Ge transmission data
could produce incorrect values of '8F-
FDG uptake. When %8Ge sources were
used, this misalignment usually was
caused by motion of the patient be-
tween the transmission scan and the
subsequent emission scan. The artifact
produced by such motion could be quite
severe and occurred primarily at bor-
ders between low-attenuation tissue
(e.g., lung) and soft tissue. Imagine,
for example, a tumor near the dome of
the liver, seen on slice 20 of the emis-
sion data. The photons emitted by this
tumor might have to traverse many
centimeters of liver, resulting in signif-
icant attenuation. Slice 20 of the trans-
mission scan would show the presence
of this liver tissue and make the
appropriate (large) attenuation correc-
tion, boosting the measured number of
photons, yielding the correct value of
tumor uptake. If, however, the patient
should move during the course of either
scan, slice 20 of the transmission scan
would be in a location different from
slice 20 of the emission scan. Slice
20 of the transmission scan might, for
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example, show no liver, only lung. In
this case, the transmission correction
would be far too low—the machine
would “think” that the photons from
the tumor in slice 20 had passed only
through lung, not liver, tissue. The
tumor intensity would no longer be
boosted by the attenuation correction
and, so, would be greatly underesti-
mated.

In the days of 8Ge transmission
sources, such misalignment could be
caused only by motion of the patient
between the 2 scans. CT-based attenu-
ation correction should reduce this
potential patient motion because of
the shorter time the patient is on the
table. However, CT attenuation correc-
tion has introduced a new source of
motion: respiratory motion. Respira-
tion causes many organs and tissues to
move quite substantial distances, espe-
cially near the diaphragm (/-4,8,9).
The dome of the liver, the kidneys, and
other tissues can move many centi-
meters over the course of a normal
respiratory cycle. This motion was not
a problem for %8Ge attenuation correc-
tion. Respiratory motion blurred the
emission data, because many respira-
tory cycles were averaged during the
many minutes of emission acquisition.
The ©8Ge transmission data were
equally blurred, again because data
were acquired over several minutes.
Unless the patient moved, the blurred
transmission data exactly matched the
blurred emission data, provided the
patient was breathing in a similar man-
ner for both scans. The advent of CT-
based attenuation correction brought
about a change. The emission data still
took several minutes to acquire and so
remained blurred by the respiratory
cycle. The CT, however, took only a
short time—often less than a second for
each slice. Thus, the CT scan of that
slice was frozen in time in whatever
stage of the respiratory cycle the patient
happened to be. People tried to com-
pensate by asking patients to breathe
only very shallowly during CT, or even
to hold their breath at end expiration
(the part of the cycle that dominates
a normal breathing pattern) (/0). No
matter which part of the cycle was
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captured by the CT, however, it would
never be the same as would be achieved
by the averaging process inherent in the
emission and ®Ge transmission mea-
surements, potentially producing sig-
nificant errors in '8F-FDG uptake. For
the heart, the situation is potentially
worse. Much of the myocardium has
a boundary with the lung and is only
about 10 mm thick. A few millimeters
of respiratory motion could easily make
the myocardium in the emission
data appear in the lung field of the
CT data. Because only part of the
myocardium borders the lung, only part
of the myocardium would have this
problem, producing nonuniformities in
the cardiac images. Such nonuniform-
ities could easily be mistaken for
perfusion defects. Despite some con-
tradictory findings in the past (/1),
several authors, including those in this
issue of The Journal of Nuclear Med-
icine, have pointed out that the prob-
lem can be significant, especially for
cardiology (4).

How can one correct this problem?
One solution would be to average the
CT data over many respiratory cycles
(12,13), in the same way that the
rotating rod source and emission data
are an average over many respiratory
cycles. There are several approaches to
this averaging, some of which are
outlined in this issue. The most obvious
would be simply to slow the rotational
speed of the x-ray tube enough for
a single revolution to encompass a com-
plete respiratory cycle. This approach,
however, could introduce severe arti-
facts into the CT data caused by each
projection’s “seeing” the body at
a different phase of the respiratory
cycle. The resulting inconsistent pro-
jections are known to produce artifacts
in the reconstructed image. The rotating
rod overcomes this difficulty because
so many rotations are needed that each
projection angle is the average of the
data from many respiratory cycles. Of
course, if one could lower the beam
current enough (often not possible on
current CT scanners), one could do the
same with the x-ray tube of the CT
scanner. This method would prevent
one from performing a helical scan,

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 48 ¢ No. 5 « May 2007

however, and might begin to take as
long to perform as would the use of the
rotating rod. Another approach would
be to obtain a cine CT scan, which could
span one or more respiratory cycles (as
in some of the current papers). This type
of scan increases the attenuation time
required, but not excessively so. Radi-
ation exposure is an issue but can be
controlled with lower beam currents
(5). Again, synchronization of the CT
with the respiratory cycle would seem
to be a problem, but in one of the papers
in this issue, this problem is shown not
to matter much. Another similar ap-
proach would be to gate the CT to the
respiratory cycle (/4,15). One could
then average the respiratory gated data
to match the ungated PET data. Alter-
natively, one could respiratory-gate
both the PET emission data and the
CT data. Then, the attenuation correc-
tion data at each phase of the respiratory
cycle would be matched to the emission
data at the corresponding phase. Both
these approaches have been explored in
the current papers. The double-gating
technique takes a heroic amount of data
processing but would potentially have
the advantage of also eliminating the
spatial blurring of the emission data
caused by respiratory motion. Statistics
would be quite limited, but one could
in theory realign each gate of the
attenuation-corrected gated PET data
and sum them. In fact, one of the
current papers (2) looks at the feasi-
bility of using “center-of-mass (activ-
ity)” measurements to perform similar
alignments.

The set of 4 new papers published
this month in The Journal of Nuclear
Medicine and in a recent issue of Jour-
nal of Nuclear Cardiology (4) have un-
doubtedly been strongly influenced by
the considerable work done previously
by others in this area. The papers serve
both to underscore the potential magni-
tude of the problem and to suggest and
validate clinically feasible solutions.
Yes, these solutions may take some extra
effort, but several could easily be in-
corporated into clinical practice (with
help from the manufacturers). We really
cannot afford to ignore this problem. Only
by addressing the effects of respiratory



motion can we hope to generate quan-
titatively accurate PET/CT images of
tumors or the myocardium.

Stephen L. Bacharach
University of California
San Francisco, California
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