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An Alternative Method to Normalize Clinical

FDG Studies

Anders Sandell, Tomas Ohlsson, Kjell Erlandsson and Sven-Erik Strand
Department of Radiation Physics, University Hospital, Lund, Sweden

An alternative method of determining the integrated input function,
necessary in the quantitative ['®Flfluorodeoxyglucose (FDG) autora-
diographic model, has been developed. Using erythrocytes as
reference tissue, researchers require only one blood sample after
injection of FDG to obtain the integrated input function. Methods:
The amount of FDG-6-PO, in the erythrocytes is proportional to
their exposure to FDG, that is, the integrated input function. Free
FDG is removed by washing the erythrocytes twice. Inter- and
intraindividual differences of the metabolic rate of erythrocytes are
corrected for by an in vitro incubation with a known amount of FDG.
Results: Validation of the proposed method was done by correlat-
ing the integrated input function, based on the glucose metabolism
of the erythrocytes, to the integrated input function obtained by
multiple venous blood samples. The new method provides the
integrated input function with an accuracy better than +8%.
Conclusion: By using erythrocytes as a reference tissue, research-
ers can determine the integrated input function in the quantitative
FDG autoradiographic model with an accuracy sufficient for clinical
PET studies. The simplicity of the method also makes it suitable for
FDG studies on small children. With two samples, the method can
also be used for a simplified graphical Patlak analysis.
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grated input function; normalization
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’Il‘\e problem of finding a simplified way of normalizing
FDG-PET measurements has been addressed by different
groups. The orthodox straightforward way is to use arterial
blood samples to calculate the integrated FDG-input function.
This, however, requires numerous samples and is a slightly
traumatic experience for the patient. Phelps et al. (/) showed
that the arterial samples could be replaced by venous samples.
The blood activity in the aorta, measured with the PET scanner,
has been used for the input function when the aorta is included
in the field of view (2). Takikawa et al. (3) also developed a
method using a population-based arterial blood curve.

A highly simplified method adopted by several groups is to
only use the injected activity divided by body weight (SUV,,,)
or body surface area (SUV,,). There are specific problems
when using these indices (4,5), even after correcting for blood
glucose concentration. A further discussion on these indices can
be found in an editorial by Fischman AJ, et al. (6). When a
reference tissue is used to normalize an FDG measurement,
cerebellum seems to be the best choice (7). This, however,
often requires an additional PET scan.

This article describes a new method based on the glucose
metabolism of the erythrocytes, requiring only one blood
sample taken in the middle of the PET scan to provide the
integrated input function.

THEORY

Definitions of the symbols used in this article are listed in
Table 1.

Consider an equation describing the metabolic rate (MR) of
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glucose for some noninsulin dependent tissue, e.g. a tumor (8),
with k% being omitted:

CXT) - kTk: fT e—(k§+k;’)(T—t)C*(t) dt
v < ¢ K+ KO P Ea 1
“Lc T CHe) dt ¢

In brain studies, the second term in the numerator is calculated
using standard transport coefficients. This term represents the
radioactivity of nonmetabolized FDG, measured with the scan-
ner, which for nonbrain tumors is set to zero at reasonably late
times, ~45 min postinjection. Setting this term to zero corre-
sponds to a situation where a Gjedde-Patlak plot is based on two
points, one at ~45 min postinjection and the other at the origin.
This, of course, gives an overestimation of the metabolic rate,
probably by 10%—-20%. With LC = 1, the following equation,
also used by Rhodes et al. (9), is obtained:

Cgi * CH(T)

MR I Cxo @t Eq. 2
Normally kZ is not zero, resulting in a loss of FDG-6-PO, due
to dephosphorylation. This loss of FDG-6-PO, at least partly
compensates for the overestimation of MR caused by free FDG,
adding further motivation for the use of Equation 2. What is still
needed to calculate the MR is the integral in the denominator.
This can be calculated by measuring the metabolic rate of
glucose for erythrocytes. Assuming that the dephosphorylation
in the erythrocytes is small, the accumulation of FDG-6-PO, in
the erythrocytes is proportional to [CJ(t) d/Cy,. Their metab-
olism is very small, so most of the radioactivity in the cell is
FDG and not FDG-6-PO,. Because FDG is an uncharged
molecule, it diffuses freely through the membrane of the
erythrocyte, in contrast to FDG-6-PO,, which is charged and is
therefore trapped inside the erythrocyte. By washing the cells,
researchers can remove the FDG leaving only FDG-6-PO,. To
compensate for different metabolic rates of the erythrocytes,
researchers determine this value by an in vitro incubation.

The metabolic rate for the erythrocytes in the bloodstream
can then be written as:

Cgl C:A.e(T)

MRe = —& ="
® 7 LCe JTCX(t) at

Eq.3

For the erythrocytes in the in vitro incubation, this can be
expressed as:

Cari Chrei(T)
MRe = — —=——. Eq. 4
T LCe C&,- T, 4
The simple form of Equations 3 and 4 is because the free FDG
has been removed by the washing procedure and dephosphor-
ylation has been omitted. Combining Equations 3 and 4, we

obtain:

JeC®dt  Chi-Che(D T, Eas
Ca Cali* Clei(T) 4

The metabolic rate for tissue studied can then be expressed as:

_ C?(T) * Cgl,i * C’L"i,e,i(Ti)

_ Eq. 6
Chi- Chie(T) - T; d

MATERIALS AND METHODS

Washing and Incubation Procedures

A venous blood sample of 8 ml, taken from the patient in the
middle of the PET scan starting 45 min postinjection, is divided
into three parts, which are treated as follows:

1. Approximately 1.5 ml of the blood sample is immediately
transferred into a vial containing 50 ml of isotonic NaCl
solution that contains 5 mmol/l of glucose. This has two
purposes. First, it almost stops the FDG accumulation in
blood cells, because the concentration of FDG is lowered by
a factor of 30. Second, it is also part of the first washing
process. With this dilution, a 1 hr delay before completing the
analysis of the blood sample results in about a 6% higher
value of FDG-6-PO, in the erythrocytes. To reduce the
metabolism even further, the vial is stored at ~0°C. The vial
is then centrifugated at 1000 g for 5 min, after which all fluid
is removed, leaving only the erythrocytes in the bottom of the
vial. New NaCl solution (50 ml) described previously is
added once more and the centrifugation is repeated. When the
fluid has been removed again, samples from the fluid and the
erythrocytes are taken for a radioactivity measurement. The
radioactivity in the fluid is subtracted from the value of the
erythrocytes sample to correct for remaining FDG activity.
The correction is less than 5% of the value of the activity of
the erythrocytes. The corrected activity in the erythrocytes is

Me(T). In a control experiment with five washes, the
activity measured in the erythrocytes after the first three
washes was constant, thus indicating that no FDG-6-PO, is
leaving the cells during the washing procedures.

2. 2.5 ml of the initial blood sample is used to determined the
venous whole blood glucose level [C,;(0)]. As explained
later, this value is only used in the incubation step 3.

3. To make a correction for individual variations of the eryth-
rocyte glucose metabolism, an in vitro incubation must be
performed. A volume of 4 ml of blood is injected into a
vacutainer tub with about 200 kBq FDG (~10 ul) and is
placed in a heating bath (37°C). The concentration of FDG in
the vacutainer tub is 600 times higher than that in the
bloodstream. This blood sample should incubate for approx-
imately the same time as the delay from injection of FDG to
the middle of the PET scan. The reason for this is that in vitro
experiments have shown a nonlinear accumulation of FDG-
6-PO, as a function of time, probably due to dephosphory-
lation. By keeping both time intervals approximately the
same, the effect of dephosphorylation will be reduced. A
small sample, ~0.5 ml, is taken from the vacutainer tube at
the end of the in vitro incubation to determine the radioac-
tivity concentration (C§;). A 2-ml sample is taken to deter-
mine the venous whole blood glucose value [Cy, (T)]. The
rest of the blood sample, 1.5 ml, is transferred to a vial
containing 50 ml of isotonic NaCl solution that contains 5
mmol/l of glucose. The blood sample from the in vitro
incubation is handled in the same way as the blood sample 1.
The radioactivity value determined for the erythrocytes from
the in vitro incubation is C} . ;(T;). When the samples of the
erythrocytes are taken, the topmost layer should not be used,
because it can contain white blood cells with a much higher
FDG-6-PO, concentration attention.

An automatic well-counter (7.62 cm X 7.62 cm Nal(T1), 1282
Compugamma CS LKB/Wallac, Turku, Finland) was used to
determined the radioactivity in all samples. Typical values for
the different samples after administration of 74 MBq FDG and
using 200 kBq FDG for the in vitro incubation can be seen in
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TABLE 1

Definitions of Symbols
Symbol Definition
MR Metabolic rate for glucose.
MRe Metabolic rate for glucose in erythrocytes.
* Asterisk denotes symbols that apply to FDG;

symbols without asterisk apply to glucose.

cm Tissue concentration of FDG plus FDG-6-PO, in a
region | at a single time T.

G Input function; plasma concentration of FDG as a
function of time (t).

K3, K> Rate constants for FDG forward and reverse capillary
membrane transport, respectively.

2 Ka Rate constants for phosphorylation of FDG and

dephosphorylation of FDG-6-PO,, respectively.

LC Lumped constant.

Lumped constant for erythrocytes; because
erythrocytes are in the plasma pool, LCe is only
the ratio of phosphorylation for glucose and FDG.

Ca Glucose concentration in the blood stream.

Mean value of p-glucose in the in vitro incubation,
calculated from the B-glucose values at the
beginning C,(0) and at the end of incubation
CouT).

Congentmtion of FDG-6-PO, in erythrocytes in the
blood stream at a single time T.

Concentration of FDG-6-PO, in erythrocytes after an
in vitro incubation time of T;.

Mean value of concentration of FDG during the in
vitro incubation, calculated as whole biood
radioactivity minus 0.5 + Gy ,,(T). The factor 0.5 is
justified from the fact that all activity
measurements are in the unit Bq/ml and that the
hematocrit is close to 0.5, also 1 ml of blood
contains white blood cells consuming the same
amount of FDG as the erythrocytes. The value of
0.5+ Gy .(T) is less than 2% of the whole biood
activity, and this comection could be omitted.

T Time of in vitro incubation.

CueM

CueiM

Ca,

All radioactivity concentrations are corrected for decay.

Table 2. Due to the large difference in activity concentration,
attention must be paid to reduce the risk of contamination from
the in vitro incubation samples to the in vivo sample.

Validation

The new method was validated in 16 patients. The value of the
integrated input function estimated from the new method was
compared to a calculated integrated input function from the same
patient obtained from 24 blood samples. FDG was administrated by
a 2-min intravenous infusion into a peripheral vein in the arm.
Arterial blood samples were not available, so venous blood
samples for quantitative comparison were drawn from the other
arm at every 20 sec for 4 min, every 1 min for 10 min and every
5 min up to a total time of 35 min. Blood glucose values were
drawn from the same vein just before, 10 and 35 min after the
injection of FDG. Using the results from Phelps et al. (/), the
calculated integrated input function was increased by 5% to make
it arterial-like. The blood sample for estimating the concentration
of FDG-6-PO, in the erythrocytes was taken 35 min postinjection.
The times for the in vitro incubations were, on average, 43 min for
each patient. A quantitative comparison between the new method
to estimate the integrated input function and the plasma activity
integral divided by the glucose concentration was performed. The
results are shown in Figure 1, with linear regression demonstrating
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TABLE 2
Typical Values in the Different Samples After an Administration of
74 MBq FDG and Using 200 kBq FDG for the In Vitro Incubation

Samples Count rate
Cu.eM 500 cpm for a 0.3-g sample
Chei(T) 4500 cpm for a 0.2-g sample
Ca, 80,000 cpm for a 0.2-g sample

The blood sample is taken 50 min postinjection.

excellent agreement between the two methods with a slope nearly
equal to 1.0 (slope = 1.001, R?> = 0.974).

DISCUSSION

There are many routine clinical PET studies that use FDG,
and they demand simple procedures for quantitative studies. In
this article, we report on a new, simple method that provides an
estimation of the integrated input function with an accuracy of
better than *+ 8%, using only one blood sample. One advantage
of this method is that it measures the ratio between integrated
FDG and glucose, meaning that minor fluctuations of the
glucose level will not result in any errors in the metabolic rate
for the tissue being studied. Also, the need of personnel during
the uptake phase is eliminated, which furthermore reduces the
absorbed dose to the technologist by 30 uSv per a typical 370
MBq FDG study. The handling of the samples with the new
method takes about 15 min compared to 25 min for a conven-
tional 24-sample study.

The validation is based on venous blood samples corrected by
data from Phelps et al. (/). This correction, and the low
sampling rate of glucose values, could contribute to the errors
obtained with the new method. Due to the varying glucose
consumption of the erythrocytes, an in vitro incubation must be
performed for each study. This variation, up to 20%, is mainly
caused by the age of the erythrocytes. Variation in age can be
due to a variety of reasons, for example, bleeding (/0). The
glucose metabolism for erythrocytes is highly temperature
dependent (/1), * 10% per degree change in temperature
around 37°C. This means that the aforementioned equations are
only valid for normo-thermic patients. Due to a dephosphory-
lation in the erythrocytes, it is important to keep the in vitro
incubation time and the sampling time approximately equal. We
have also used blood samples smaller than 2 ml, which is more
difficult to handle. In this case, the glucose values are obtained
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FIGURE 1. Correlation between the plasma activity integral divided by
glucose concentration obtained from 24 venous plasma samples and the
new method.
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with a technique requiring only fractions of a milliliter. The rest
of the samples are divided into two parts and are handled the
same way as the larger samples described previously. This
makes this method very practical for quantitative FDG studies
on children, especially small children and newborns.

A semidynamic study based on two scan points, the first at
10-20 min and the second at 45—-60 min postinjection, could be
analyzed with the graphic method described by Patlak et al.
(12), requiring only two blood samples that are treated as
described previously. This simplified Patlak analysis will be
validated in another study.

CONCLUSION

A new method to normalize clinical routine FDG studies
based on only one venous blood sample is presented. The
method has been validated against a standard method with
multiple blood samples showing an accuracy of better then *
8%.
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Photon Energy Recovery: A Method to Improve the
Effective Energy Resolution of Gamma Cameras

Pascal P. Hannequin and Jacky F. Mas

Centre d’Imagerie Nucléaire, Annecy,; and Service de Médecine Nucléaire, Epinal, France

One of the major limitations of gamma cameras is their relatively
poor energy resolution. The main practical consequence of this is
that the detection of both scattered and unscattered photons in the
photopeak energy window, affecting image contrast and resolution,
makes the data inconsistent with the assumption of scatter-free
projection data in reconstruction and attenuation correction algo-
rithms. Here, we proposed a method to improve the effective energy
resolution of scintigraphic acquisitions. This method is called photon
energy recovery (PER). Methods: Photon energy recovery is based
on a spectral deconvolution analysis and uses iterative recurrent
linear regressions. In practice, PER only required splitting the pho-
topeak energy window into several subwindows and did not need
list mode acquisitions. The method was fully automated. Photon
energy recovery was quantitatively validated on ™ Tc planar im-
ages using a Monte Carlo simulation and a real phantom and was
illustrated by a bone study. Results: The Monte Carlo simulation
demonstrated that convergence was reached within relatively few
(10-15) iterations. Photon energy recovery led to a considerable
quantitative improvement because the mean error between the
photopeak energy window image and the true unscattered image
was equal to 8.72 s.d. (the mean error between one image and the
true image was the mean of the differences between the two
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images; the difference is expressed as several s.d., where s.d. was
the square root of the true value), whereas the mean error between
the 140-keV PER image and the true unscattered image was only
equal to 2.70. Moreover, the true and PER spectra were highly
correlated. The real phantom data pointed out that the counts in the
140-keV PER image calculated from the images acquired “with
scatter” were not very different from the true counts given by the
“scatter-free” reference image. Planar pelvic bone scintigraphy
demonstrated the advantages of PER because contrast increased
when only unscattered photons were selected. Conclusion: Photon
energy recovery is a stable and automated method that allows
recovery of the correct value of the photon energy after a scinti-
graphic acquisition. Its ability to separate scattered from unscattered
events has been quantitatively validated.

Key Words: scatter correction; spectral deconvolution; SPECT
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One of the major limitations of gamma cameras is their
relatively poor energy resolution. In fact, the spectral response
of the detector is not a Dirac distribution but a Gaussian one. At
140 keV, the gamma energy of **™Tc, the energy resolution is
slightly less than 10% on modern gamma cameras. This
imposes the use of relatively wide photopeak energy windows
to collect most of the photons of interest, that is, the primary
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