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Quantitative Blood Flow Measurement of Skeletal
Muscle Using Oxygen-15-Water and PET
Ulla Ruotsalainen, Maria Raitakari, Pirjo Nuuti!a, Vesa Oikonen, Hannu Sipi!a, Mika Teras, M. Juhani Knuuti,
Peter M. Bloomfield and Hidehiro lida
Turku PET Center and Department

ofMedicine

and Nuclear

Medicine,

Unit, London, United Kingdom; and Department ofRadiology
Vessels, Akita, Japan

The aim of the present study was to evaluate quantitationof musde
blood flow using @5o1H2O
and PET. Methods The aUtOradiO
graphic (ARG)and the steady-state methods using PET were used
to measurefemoralmuscleblood flow. A simulationstudy was

performed to examine the errors due to cOntaminatiOnof radloac
tivityin the blood content in muscle tissue, statistical noise and delay

and the dispersion of the input curve in the ARG method. Five
separate

paired muscle bicod flow examinations

University

of Turku, Turku, Finland;

and Nuclear Medicine, Research Institutefor

were carried out

forcomparisonoftheARGandthesteady-statetechniques,includ
ing measurement of muscle blood volume in each subject. To obtain
the normal range for resting muscle blood flow, additional measure

MRC,

Cyclotron

Brain and Blood

3.12 Â±1.55 mVminâ€˜
100 g muscle (range 1.43-6.72 mVmin. 100 g
muscle, n = 18). ConclusIon: The ARG and the steady-state
methods provkled consistent blood flow values for skeletal muscle

when a long tissue integrationtime (200 see) was appl@din the
ARG study. Based on the lower effective radiation dose and the
shorter total scan duration, the ARG method is favored over the
steady-state method in the measurement of muscle blood flow.
Key Words PEF; muscle blood flow, low flow

J NucIMed1997;3&314-319

ments withthe ARGmethod were performed in 16 normalsubjects.

is/Ieasurement
ofmetabolite
exchange
across
skeletal
muscle

Results: When the integration time in ARG was increased to

requires quantitation of blood flow through the muscle bed (1).

200-300 see, the errors due to arterial blood volume, statistical Reduced blood flow has been suggested to be one of the
noise, delay and dispersion of the input curve were signfficantiy mechanisms leading to insulin resistance in skeletal muscle (2).
reduced. Muscle bicod flow values in the ARG @200
see) and the Peripheral flow studies have previously been performed with
steady-state studies were in good agreement, and each provided an
estimated accuracy of 5%. Resting muscle blood flow averaged
ReceivedOct. 26, 1995;revisionaccepted Apr.3, 1996.
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p!ethysmography

(3) or dilution techniques (2,4), which give a

measure of whole limb blood flow, including blood flow to
skin, adipose tissue and bone in addition to muscle flow.
Direct quantitation of muscle blood flow has been performed
using the 33Xe clearance technique (5,6), which has techni
â€¢February

1997

cal difficulties in repeat flow measurements due to long

tissue activity concentration reaches an equilibrium when the

tracer decay (5.5 days).

constant administration of the activity is in balance with the
washout and the physical decay of the tracer in the muscle (7).
During this condition, blood flow can be solved as:

PET provides functional blood flow images, where selected
tissues can be outlined. PET and [â€˜50]H20 have previously
been used for quantification of regional blood flow in brain
(7,8)

and heart tissues (9â€”11) regions

evaluations

and simulations

where

A

most of the

in blood flow methodology

have

Eq. 2

@Caavg l

been performed. When compared with the flow range of
Ctavg p
20â€”100
ml/min 100 g tissuein the brain, restingskeletal
muscle blood flow represents a very low flow level (1.0â€”2.2 In the equation, A denotes the physical decay constant of [â€˜SO],
ml/min â€¢
100 g) (5). The main error source in the low-flow area
is the very low tissue uptake of the tracer, which increases the
errors due to the contribution of arterial blood volume, statis

p is the partition coefficient ofwater in muscle tissue, and Caavg
and Ct..avgare the average radioactivity concentrations in blood

and tissue, respectively, during the steady-state condition.

tical noise and delay of the arterial input function. Also, the
effect ofdispersion correction ofthe arterial input curve may be
different from the high-flow range.

In this study, two well-known methods for measuring of
regional blood flow using [â€˜5O]H2O
and PET, the autoradio
graphic (ARG) and the steady-state methods, were applied for
quantitation of muscle blood flow. The accuracy and practical
procedure of the methods were evaluated in the simulations and
in volunteer studies, and the resting muscle blood flow range in

norma! subjects was determined.
Autoradlographic Method
The methods to measure blood flow with [â€˜50]H20are based
on the principle ofinert gas exchange between blood and tissues
developed by Kety (12). It has been shown (13) that kinetics of
[150]H20 can be modeled mathematically with a single-corn
partment model. The autoradiographic method (ARG) has been
widely used to numerically solve the flow f (mI/mm . 100 g)

from the following equation:

@

LCt(t)dt
=j'0Tfta(t)
exp( â€”t)dt.
decay-corrected

arterial

time-activity

curve Ca(t)

(radioactivity concentration as a function of time) for different
flow levels assuming a constant value for the partition coeffi
cient of water p in muscle. The asterisk denotes the convolution
integral. The left side of the equation is the pixel-by-pixel

solved integral ofthe decay-corrected tissue time-activity curve.
A table look-up procedure from the left side to the right side

gives a rate constant for flow f in the integration time scale T
(14). The true input function for the tissue element is not exactly
known because the measured arterial input curve suffers from

external dispersion due to the sampling system, as we!! as from
internal dispersion in the arterial line of the arm. There is also

a delay between the measured input curve and the real entrance
of the tracer into the tissue. The dispersion of the measured
input curve can be described with a first-order exponential
function (13). The true input ftmction can be solved by
deconvolving the measured input curve with the dispersion
function. Because there are two sources of dispersion in this
case, the tubing and the peripheral artery, this deconvolution
process is done twice with two different dispersion time
constants. The delay is solved by fitting the input curve,
corrected for dispersion, into the measured tissue time-activity
curve (13).
S_

Time-Activity Curves. Tissue time-activity

curves were gen

erated with the assumed flow value of 4 mi/min . 100 g and 10
ml/rnin . 100 g and for slow bolus as used in ARG. The partition
coefficient of water p was assumed to remain constant in

muscle tissue. It was calculated by dividing the fractional water
content ofmuscle (79%, 75.96 m!/lOOg) by the fractional water
lated as

I

f\

C(t) = 1t5(t) * exp @,
â€” t) + VaCa(t),

Eq. 3

where Varepresents the arterial blood volume component, assumed
to be related to the blood content (VB) in the muscle as Va
0.1 VB (1@).With the measured whole-blood volume of0.03 mUg
in muscle (1 7), the arterial blood volume (V,J was estimated to be
0.003 mUg. The equation was solved for the time range from 0 to

360 sec in 1-sec steps. The input curve used in the simulations was
Eq. 1

The right side of the equation can be calculated from the
measured

Simuietion Studies

content of blood (80 ml/100 ml), giving the estimation of 0.95
rnl/g (15). The time-dependent tissue activity curve was calcu

ThEORY

@

MATERIALS AND METhODS

Method

This method for assessing regional blood flow is based on
continuous administration ofeither [â€˜5O]H20or [â€˜50JC02.The

a typical measured blood time-activity curve of the volunteers,
corrected for dispersion and delay except when the errors caused
by these sources were evaluated. In the steady-state method, the

tissue radioactivity concentration was calculated according to
Equation 2 with the average blood radioactivity concentration in
the subjects. The effect of arterial blood volume was included
similarly as in ARG method.
Error from Arterial

Blood

Volume. The error due to varying

arterial blood volume in muscle was studied as a function of
integration time in ARO for the flow of 4 ml/min 100 g. In the
steady-state simulation study, this error was evaluated as a function
of flow.
Errorfrom Dispersion and Delay in ARG. The input curve was
corrected for the dispersion effects from the tubing and the radial
artery line to get the reference flow value. Thereafter, the disper

sion correction was made to the original input curve by varying the
dispersiontime constant in 1-secsteps. The blood-flow values were
calculated with ARG method for various integration times. The
effect of delay on the relationship between the input curve and the
tissue curve was evaluated similarly by shifting the input curve
forward and backward from the original position along the time
axis in 5-sec steps.
Errorfrom

the Partition

Coefficient

of Water. The error sensi

tivity to the assumed partition coefficient of water in muscle was

investigated for the ARG and steady-state methods.
Statistical Noise. The pixel-by-pixel noise in the ARG measure
ment was estimated by calculating the coefficient of variation for
flow rates of 4 and 10 ml/min - 100 g. The tissue radioactivity
concentration was calculated according to Equation 3 and con
veiled to counts per second with the sensitivity of ECAT 93!
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scanner (3926 counts/s . MBq) (18). This tissue time-activity curve
was integrated over various integration times (from 30 to 360 sec),
and the pixel-by-pixel deviation was defined as square root of total
counts per pixel. This deviation was applied to the ARG look-up
table to find the estimated deviation in flow value (19).

1290â€”1960MBq). To obtain the input function, arterial blood was
withdrawn with a pump at a speed of 6.0 mI/mm from the radial
artery, and the radioactivity concentration was measured using a
two-channel detector system calibrated to the well counter and the

PET scanner. A dispersion time constant of 3 sec was measured

with the tubing of the online detector (13) when the artery-to
Subjects and Study Design
detector separation was 20 cm. The internal dispersion time
Twenty men (age 33.0 Â±8.2 yr, BMI 24.4 Â±3.3 kg/rn2)
constant for radial artery was assumed to be 5 sec (13). The
volunteered in the study. The nature, purpose and potential risks of
collected counts per second for the femora! region were approxi
the study were explained to all subjects before they gave their
mately 3.5 X l0@.
voluntary informed consent to participate. The study was approved
Measurement of Muscle Blood Volume. A static scan of the
by the Ethical Committee ofthe Turku University Central Hospital.
femoral region was performed after 2 mm from the end of the
All studies were performed after an overnight fast. Two catheters
2-mm inhalation of [â€˜5O]CO(0.14% mixed with room air), as
were inserted, one in an antecubital vein for infusion of [â€˜5O]H2O
previously described (1 7). During the 4-mm scan period, three
and another for blood sampling in the opposite radial artery. Four
blood samples were taken and the radioactivity concentration in
men participated in the comparative study of the ARG and
blood was measured with the well counter. The inhaled dose in the
steady-state methods. Three of these subjects were healthy as
CO examinationswas 4780 Â±700 MBq (mean Â±s.d., range
jugded by physical examination and routine laboratory tests and
4000â€”5800MBq). Regional muscle blood volume was calculated
were not taking any medication, and one subject received medica
under steady-state conditions by dividing the tissue radioactivity
tion for hypertension. Femoral muscle blood flow was measured
concentration by the activity concentration in blood (17).
with the ARG and the steady-state methods in the basal state only
Regions of Interest. Regions of interest (ROIs) were drawn on
(n = 2), in the basal state and during euglycemic hyperinsulinemia
the anterolateral and posterior muscular areas in the steady-state
(n = 1) and during hyperinsulinemia only (n = 1). Insulin was used
flow images (1 7). The same ROIs were copied to the ARG and the
in two of the examinations to stimulate muscle blood flow (2).
blood volume images to obtain data from identical regions. The
Muscle blood volume was measured once in each subject. For
results were averaged values from four adjacent planes.
determination of the normal flow range, muscle blood flow was
Statistical Procedures. Student's t-test and linear regression
measured with the ARG method in the basal state in an additional
analysis with Pearson's correlation coefficient were applied to the
16 healthy men.
data. Al! results are expressed as mean Â±s.d. (s.d.).
PET Procedure
Oxygen-15 Products. Oxygen-l5 compounds were produced in a RESULTS
low-energy deuteron accelerator Cyclone 3 (IBA, Ion Beam Results of Simulation Studies
Application Inc., Louvain-la-Neuve, Belgium). [â€˜50}H20was
The radioactivity concentration in the arterial blood content
produced using dialysis techniques in a continuously working
in muscle tissue led to an overestimation ofthe integrated tissue
water module (20). An online radioactivity recording of infusions
counts in both ARG and steady-state methods and consequently
was done for each examination with a low voltage ionization
to overestimation of flow. In ARG, prolonging the integration
chamber (21). [150]O was processed to [â€˜50]COin a charcoal oven time decreased the error significantly (Fig. lA). In the steady
at 950Â°C.

state method, the relative error from arterial blood contribution
in muscle was only a function of blood flow (Fig. 1B). The
errors in (correcting the dispersion (Fig. 2B) of the input
function) determining the time delay (Fig. 2A) between the
input curve and tissue time-activity curve produced a greater
error into the resulting blood flow values with a shorter
integration time than with a longer time in the ARG method.
The error from the partition coefficient of water in muscle was
slightly greater in the higher (10 mL/min 100 g) than lower
(4 ml/min - 100 g) flow rangeand was alsomore pronouncedin
the steady-state method than in ARG.

Image Acquisition. An eight-ring ECAT 931/08-tomograph (Sie
mens/CTI Corp., Knoxville, TN) was used. The scanner has an
axial resolution of 6.7 mm and in-plane resolution of 6.5 mm
FWHM (22). The subject was positioned in the tomograph with the
femoral regions in the gantry. Before emission scan, a transmission
scan for the correction of photon attenuation was performed for 15
mm with a removable ring source containing 68Ge (total counts
15â€”30x 106 per plane). All data were corrected for deadtime,
decay and measured photon attenuation and reconstructed into a
128 X 128 matrix using Hann filter with the cutoff frequency of
0.5. The observed final in-plane resolution was 8 mm.

Steady-State Flow. Muscle blood flow was measured by infusing
[â€˜50]H20intravenously at a speed of 185 MBq/min for 25 mm.
The infused dose was 4500 Â±570 MBq (range 4000â€”5290MBq).
At 10 mm from the beginning of the infusion, when steady state
had been reached, a dynamic scan of the femora! region was started
for 15 mm (15 x 60 sec). Tissue radioactivity was measured
continuously throughout the study with an external radiation
detector to confirm the steady-state condition. Arterial blood
samples were withdrawn every 60 sec and the radioactivity
concentration was measured with a well counter. The total counts
collected in the femoral region were approximately 1.5 X i0@
during the 10-mm period. The measured activity concentrations in
blood and tissue were examined, and the most stable 10-mm period
was chosen for flow calculations.
Autoradiographic Method. A dynamic 6-mm scan was started
simultaneously with the 30-sec intravenous infusion. The admin
istered dose in the ARG study was 1730 Â± 130 MBq (range
316
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The simulated pixel-by-pixel statistical noise propagation for
various flow values is shown in Figure 3 for ARG as a function
ofintegration time. With the flow values of4â€”lO mi/mm 100 g,
statistical noise was constantly decreasing with increasing integra

tion time.
Human Studies
In the parametric ARG and steady-state flow images, higher
flow rates were observed in the great arteries, while flow in
skeletal muscle remained low (Fig. 4A, B). Great veins were
prominent in the muscle blood volume image (Fig. 4C).

Quantitative muscle blood flow rates and muscle blood volumes
are shown in Table 1. Regional muscle flow values in the
steady-state and ARG measurements with a 200-sec integration
time were in good correlation (r = 0.84, p < 0.01, Fig. 5) and
did not differ significantly. The flow in the anterolateral and

posterior muscle areas were significantly different (p < 0.05,
Table 1). In the ARG method, shorter integration times (40 sec
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FIGURE1. SimulationsshowingsystematicerrorfromradioactMtyinarterial
blood wfth the various estimated blood volumes. (A)ARG shown as a
functionof integrationtime and (B)the steady-state method as a functionof
flow.
and 90 sec) resulted in significantly higher muscle blood flow
values as compared with the 200-sec integration time (Table 2).
The pixel-by-pixel s.d. in the flow images approached the s.d.
of the steady-state flow image, when the integration time was
extended to 200 sec (Fig. 6). The estimated effective doses with
the administered tracers in the present study were 2.1 mSv in
the ARG study and 5.4 mSv in the steady-state study (23).
When measured with the ARG method in 18 normal subjects,
muscle blood flow in the posterior muscle area averaged 3.12 Â±
1.55 mi/mm . 100 g muscle (range 1.43â€”6.72 m!/min â€˜
100 g
muscle).
DISCUSSION
The ARG and steady-state methods gave consistent results
for skeletal muscle blood flow when a long integration time was
chosen in ARG. The flow range in the resting femoral muscle
measured with ARG in normal subjects, 1.43â€”6.72 ml!

mm - 100 g muscle, was of the same order as the flow values
determined with other methods in previous studies (2,3,5). We
recently compared PET and ARG with plethysmography for
measurement of limb blood flow and obtained similar flow
values (2.8 versus 2.5 mllmin - 100 g) (24). The femora! muscle
was chosen in this study because relatively large ROIs may be
selected, thus maximizing count statistics. Significantly higher
flow values were observed in the anterolatera! muscle region as
compared with the posterior muscle area (Table 1), which might
be due to physiological true difference or spillover from the
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FIGURE 3. Simulated

210
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300

time in ARG (see)

noise propagation

as a function of integration time in

the ARGstudy.

blood activity in the femoral artery. The relatively wide range of
resting muscle flow is probably caused by the physiological
variability among healthy subjects and may also reflect the level

of physical fitness (25). Despite the large flow range, we could
detect significant
stimulations (24).

changes

in flow during

pharmacological

ARG
The ARG method is rather rapid, requiring a study period of
only 3â€”6mm. However, it needs a continuous arterial input
curve for the entire data acquisition period. In the simulation
study for low flow (Fig. 2A), a 10-sec delay of the input curve

introduced an error of 20% in the calculated blood flow with a
90-sec integration

time. When the integration

time was cx

tended to 200 5cc, the error was reduced to 10%. The error from
dispersion was also shown to decrease with increasing integra
tion times. For example, the interindividual variation (Â±2 sec)
in the internal dispersion time constant (13) caused an error of
30% into the calculated blood flow with a 40-sec integration
time. The error decreased to 2% with a 200-sec integration time
in the simulations.
Despite the small volume of arterial blood in muscle tissue,
its activity concentration interfered with the shape of the whole
tissue time-activity curve in ARG, particularly at the beginning
because of the extremely low radioactivity concentration in the
tissue. This caused an error in calculated flow which decreased

with increasing integration times, approaching a constant level,
which depended on the estimated blood volume (Fig. lA). The
estimation of the transit time between the arterial sampling site

and the femora! muscle was also affected by the arterial
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ARG study.
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FIGURE4. Pbcel-by-pix&flow images for @A)
ARG and (B) steady-state
methods and (C)blood volumeimage in the same subject.
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TABLE I
Results from Blood Row and Blood Volume Measurements
flowBloodflow
Steady-state

sec)volumeStudy
(10 mm)
gno.
(mVmin. 100 g
musde)musde)I
i@:ea
musde)

TABLE 2
Muscle Blood Row Values (mVmin. 100 g) with Various
Integration Times (Posterior Area)

ARG

(200
(mVmin. 100 g(mVlOO

Time(see)
Studyno.

90

200

250

13.132.842.452.3624.514.384.133.9634.194.103.663.7246.046.075.024.7756.165.

2.45â€”Mt
Post
3.38
4.43â€”2

40

5.66

4.134.13Ant
Post
3.92

7.805.043

7.68

3.663.65Ant
Post
3.06

4.985.064*

Â±s.d.4.81

522

Â±1.05k 4.51 Â±0.98*3.91 Â±0.783.76

Â±0.72

5.022.38Mt
Post
3.64

5.493.715*

4.55

0Dffterssgnmcantlyfrom the values obtained wftha 200 sec integration
time (p < 0.05).

4.273.18Mt
Post
3.78
7.094.94Mean

Â±s.d.
0.570The

5.88

0.65Ant
Post
3.56 Â±0.31
5.80Â±1.04

3.91 Â±0.853.33
5.96Â±1.284.69

Â±
Â±

â€”

Method

In the steady-state method, there are no problems associated
with the corrections of the input curve. The contribution of the

stimulation.Post
study was performed duringinsulin
= posteriormuscle area Mt = anterOlatetBimusclearea

arterial blood volume

in the tissue caused an overestimation

of

flow, which decreased by increasing flow levels. In the flow

radioactivity contribution, the time shift being approximately 3
sec with the estimated arterial blood volume of0.003 mUg. This
error due to arterial radioactivity was reduced with a long
integration time.

The calculated flow values of the subjects decreased signif
icant!y as the integration time in ARG was increased from 40
sec to 200 sec (Table 2). This may be explained by the effects

ofarteria! blood volume or imperfect correction for delay or the
dispersion ofthe arterial input curve, which, as has been shown,
are more critical error sources with a short rather than long
integration time. A long integration time was also optimal
statistically. However, the blood flow-to-PET counts linearity

still remained with long scan durations. A!! total, with an
integration time longer than 200 sec and with an input curve

corrected for delay and dispersion, an accuracy rate ofabout 5%
can be achieved (Fig. 2A, B).

range of2â€”l0 mL/min

100 g, the error was less than 5%, with

an arterial blood volume of 0.003 mUg (Fig. 1B). In addition to

the constant administration of tracer activity, a constant physi
ological condition is also required throughout the study period
greater than 20 mm (the time frame used in this study),
including the buildup phase and data acquisition (26). This may
be difficult in typical human studies, especially with repeat
examinations. This demand is less limiting in the ARG tech
nique because of the short data acquisition time needed for the
measurement.
cONCLUSION

As in brain blood flow studies, the steady-state and the ARG
methods using [â€˜50]H2Oand PET gave accurate blood flow
values in the low-flow range of muscle tissue when a long
integration time was chosen in ARG. Because of the shorter
scan duration and lower effective dose to the patient, the ARG
method may be more practical, particularly when repeated flow
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measurements are to be performed and provides
research tool for the study of muscle metabolism.

a useful
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Clinical Fusion of Three-Dimensional
Bremsstrahlung SPECT and CT

Images Using
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Department ofRadiation Therapy, Medical College of Ohio, Toledo, Ohio; and Department ofRadiation
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Oncology,

surface-flthng algorithm. The three-dimensional surface of the re

Infusionalbrachytherapy for treatment of neoplasms, with colloidal gion of high-activity, corresponding to the infused tumor, was then
32P has been used to treat various tumors in the pancreas, liver, generated using the Bremsstrahlung SPECT data by mapping the
brain, lung, and head and neck. In performing such treatments,
iso-count surfaces through a computer program. The three-dimen

anatomical verification of the location of the administered @P
from
the image obtained by Bremsstrahlung SPECT alone is not possible
due to the lack of internal landmarks, since the radionuclide is
distributed onty in the tumor and does not usually accumulate in the
normal organs. The purpose of this study was to provide a practical

sional image of the organ then was fused with the registered

three-dimensionalapproach for image fusion between Bremsstrahl

flthng algorithm is a reliable tool. This correlation permits direct

ung SPECT and CT. Methods: The tumors in four cancer patients
were injected directly wfth @Punder CT guidance. A Bremsstrahl
ung SPECT study using @â€˜@â€˜Tc
backscatter sources to obtain the

body contour was then performed. SPECT images were used to
generate the skin contours using a threshold detection method. A
three-dimensional surface was generated from these contours us
ing a tiling program and fused with a corresponding CT surface
generated from a CT scan in the same patient through an iterative

CT-SPECT

datasets.

Results

The

accuracy

of

fit

measured
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IMAGE

the

range of 3-4 mm. Condusion The anatomical co-registration of
Bremsstrahlung SPECT with CT images using the outer surface
anatomic confirmation of the region of the

@Pactivity distribution

withthe anatomic site Selected for injection.
Key Words

Bremsstrahlung; SPECT; phosphorus-32;

image fu

sion; radionuclidetherapy
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SPECT
and
CTare
well-established
diagnostic
imaging
mo
dalities. These modalities provide complementary
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as

mean distance between the SPECT and CT surfaces was in the

information,

i.e., SPECT provides functional information whereas CT
mainly demonstrates morphology. The fusion of SPECT and
CT can increase the information provided by either modality
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