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Summary 

The lipophilic cationic radiotracer 99mTc-sestamibi, known to be 

concentrated within mitochondria, is widely used for myocardial 

perfusion and to a lesser extent for muscle metabolism imaging. 

However, the exact distribution pattern in skeletal muscle has not 

been yet studied in detail. The present study aims to investigate 

the 99mTc-sestamibi uptake in rat skeletal muscle and 

myocardium in relation to their metabolic characteristics. 99mTc-

sestamibi was i.v. administered in twenty adult male Wistar rats 

and uptake, as percent of injected dose per tissue gram (%ID/g), 

in the myocardium, soleus, extensor digitorum longus and 

gastrocnemius muscles was assessed 2 h after the injection. 

Muscle uptake was also correlated with myocardial uptake, 

muscle weight and body weight. Skeletal muscle 99mTc-sestamibi 

uptake was a small (9-16 %) fraction of that found in 

myocardium (1.71±0.63 %ID/g). Among the three hindlimb 

muscles considered, the slow-oxidative soleus muscle showed the 

highest uptake (0.28±0.16 %ID/g). Metabolically diverse parts of 

the gastrocnemius muscle showed different uptake. Skeletal 

muscle uptake was positively correlated with myocardial uptake 

and both were negatively correlated with tissue and body weight. 

Skeletal muscle and myocardium 99mTc-sestamibi uptake is 

related to their metabolic profile. Myocardium, with an 

exceptional rich mitochondrial concentration, shows much higher 
99mTc-sestamibi uptake compared to skeletal muscles. Among 

muscles, uptake is dependent on their mitochondrial content. 

Evidence of matching exists between myocardial and muscle 

uptake, and both are size-dependent.  
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Introduction 
 
 Mitochondrial oxidative capacity plays a key 
role in muscle metabolism and performance. Muscle 
fibers are categorized according to their actomyosine 
adenosine-triphosphatase and mitochondrial oxidative 
enzymes activity (Saltin and Gollnick 1983). The 
histochemical profile of muscle fibers determines their 
performance characteristics. Accordingly, the major 
muscle functional properties, such as speed of contraction 
and fatigability, reflect their fiber-type composition. 
Activity pattern changes, or disease states, may alter 
mitochondrial metabolism and fiber-type distribution in 
muscles (Davies et al. 1981).  
 Histochemical assessment of human muscle 
metabolism for both clinical and sports science purposes 
is well established. However, muscle biopsy, an invasive 
technique, is required and sampling errors may hamper 
representativeness (Lexell et al. 1985). Thus, noninvasive 
metabolic assessment of large muscle groups appears as 
an attractive alternative. 
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 Muscle imaging for medical or sports science 
use is gaining increasing interest; magnetic resonance 
imaging and spectroscopy have already been used for this 
purpose (Bangsbo et al. 1993, de Viser and Reimers 
1994). Recently, muscle glucose metabolism has been 
explored by means of positron emission tomography 
(PET) using the glucose analogue [18F]-2-fluoro-2-deoxy-
d-glucose as a tracer (Nuutila and Kalliokoski 2000).  
  Methoxy isobutyl isonitrile is a lipophilic, 
cationic molecule delivered to tissues in proportion to 
regional blood flow and, due to transmembrane 
potentials, intracellularly retained within mitochondria 
(Piwnica-Worms et al. 1990). This compound labeled 
with technetium-99m (99mTc-hexakis 2-methoxy isobutyl 
isonitrile, 99mTc-sestamibi), is widely applied in nuclear 
medicine for myocardial perfusion assessment, 
parathyroid gland localization and tumor imaging 
(Coakely et al. 1989, Maddahi et al. 1990, Actolun et al. 
1992). Although myocardial uptake of 99mTc-sestamibi 
has been studied extensively, animal studies on the 
distribution of this radiotracer in skeletal muscles are 
lacking and only sporadic clinical publications on muscle 
metabolic imaging exist (Bostrom et al. 1993, Crane et 
al. 1993, Cittanti et al. 1997, Chang et al. 2005). The rat 
hindlimb muscles have been studied in detail with regard 
to their structural, histochemical, metabolic and 
functional aspects.  
 The purpose of the present study was to 
investigate the distribution of 99mTc-sestamibi among 
metabolically diverse rat hindlimb muscles and 
myocardium. We hypothesized that 99mTc-sestamibi 
uptake would increase in parallel to mitochondrial 
density, namely tissues rich in mitochondria would 
demonstrate higher 99mTc-sestamibi uptake. This would 
contribute to the development of an imaging tool for 
muscle metabolism assessment at the mitochondrial level.  

 
Methods 
 
Animals  
 Twenty adult male Wistar rats with body weight 
ranging from 224 to 450 g (mean ± SD, 354±52 g) were 
enrolled in this study. Rats were individually housed in 
standard Plexiglas cages on a 12-hour light/dark cycle in 
a room with controlled temperature (18-21 oC) and 
humidity (50-70 %) and they had access to commercial 
rat chow and tap water ad libitum. The project was 
approved by the institutional review board. All 
procedures were in accordance with the European Union 

guidelines for the care and use of laboratory animals, as 
well as the “Principles of laboratory animal care” (NIH 
publication No. 86-23, revised 1985). 
 
Radiopharmaceutical and standard preparation  
 A commercially available kit of lyophilized 
tetrakis (2-methoxy isobutyl isonitrile) (Cardiolite®), 
containing 1 mg of Cardiolite per vial, was labeled 
according to manufacturer’s instructions by adding 1850 
MBq (50 mCi) of freshly eluted 99mTc (as pertechnetate) 
to a final volume of 2.5 ml with saline. Radiochemical 
purity was over 95 %. Individual doses were prepared in 
single-use insulin syringes. Syringes were weighed both 
before and after administration with four-digit accuracy. 
An extra syringe with similar activity to that of the 
administered dose was used for the preparation of a 
standard solution by diluting the content of the syringe in 
500 ml of distilled water. Two samples of 1 ml each of 
the standard solution were drawn by precise pipetting. 
 
Radiopharmaceutical administration 
 Under anesthesia with chloral hydrate (4.5 % 
w/v, 450 mg·kg-1 body weight) injected intraperitoneally, 
the skin of the neck region was shaved and a small 
incision was made on the right lateral side of the neck, 
disclosing the internal jugular vein. The radiopharma-
ceutical was administered through the vein by using 
insulin syringes with a 29G x ½-inch permanently 
attached needle (BD, USA), with the neck in 
overextended position under a magnifying lamp. The 
dose administered was 5.6 MBq (150 μCi) 99mTc-
sestamibi per kg body weight. The volume of the injected 
dose was adjusted to approximately 0.1 ml by diluting 
with normal saline. The administration was followed by 
0.5 ml normal saline flush. All animals were studied 
using a single vial of tracer. The radiopharmaceutical was 
administered within 4 hours of preparation. Injection was 
performed at a slow rate to ensure that no distention of 
the jugular vein was produced. After administration, 
gentle pressure was applied on the vessel for one minute 
by means of a wet piece of cotton, which was saved for 
later activity measurement. 
 
Tissue harvesting  
 Based on 99mTc-sestamibi tissue kinetics data 
(Onoguchi et al. 2003), and the relatively short 99mTc half 
life (6.02 h), a 2-hour interval between radiopharma-
ceutical injection and tissue harvesting was considered as 
a reasonable compromise. During this period animals lay 
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unconscious in supine position on the operating table. To 
maintain body temperature, rats were placed in the 
proximity of a diffuse heat source and covered with a 
“blanket” made of aluminum foil. Anesthesia was 
maintained by administering approximately 10 % of the 
initial dose when necessary. The depth of anesthesia was 
assured by simple sensory tests, such as foot withdrawal 
when pinched and eye blinking when eyelid was touched. 
Two hours after tracer injection the animals were 
terminated by exsanguination through transthoracic 
cardiac puncture, and the soleus, extensor digitorum 
longus (EDL) and gastrocnemius (GA) muscles were 
removed bilaterally. The “red” part of the GA (GA red) 
was separated from the rest, “mixed” plus “white” part of 
the muscle (GA mixed + white), according to Armstrong and 
Phelps (1984). The heart was also removed. Tissue 
harvesting was completed within 10-15 min.  
 Tissues were dissected free of connective tissue, 
rinsed with normal saline, blotted on absorbent paper, and 
weighed with four-digit accuracy. To check for potential 
extravasation of the radiopharmaceutical during injection, 
tissue blocks of approximately equal size including part 
of the jugular vein and surrounding tissues were 

bilaterally removed, weighed and measured for 
radioactivity. 
 
Measurements of activity and calculation of uptake  
 Radioactivity of the removed tissues and 
standards was measured in a well-type γ-counter (Oxford 
Instruments, USA) for 10 min. For the accurate 
assessment of tracer uptake, extravasation occurred 
during administration was considered and correction for 
physical decay of the 99mTc (half life time 6.02 hours) 
was performed. A detailed description of the uptake 
assessment has been provided elsewhere (Kyparos et al. 
2006). Briefly, the uptake of radiopharmaceutical was 
calculated as a percentage of the injected dose (ID) per 
tissue gram as follows: Uptake (%ID/g) = k x C x Ws 
(mg) / Cs x WID (mg) x W (mg), where C, counts of 
muscle or myocardium; Cs, counts of 1 ml of standard 
solution; Ws, weight of standard; WID, weight of 
injected dose; W, weight of muscle or myocardium; k, 
proportionality constant dependent on standard dilution 
and sampling volumes. Relative uptake was defined as 
the ratio of muscle to myocardium uptake. 
 

Table 1. Body and tissues weight and correlation of tissues weight with body weight.  
 

Tissue Weight (g) r p 

Total Body 354 ± 52 (224 - 450)   
Myocardium 1.017 ± 0.109 (0.712 - 1.150) 0.86 <0.001 
Soleus 0.125 ± 0.027 (0.068 - 0.176) 0.93 <0.001 
EDL 0.172 ± 0.031 (0.105 - 0.235) 0.98 <0.001 
GA 1.977 ± 0.320 (1.273 - 2.494) 0.96 <0.001 
GAred 0.341 ± 0.072 (0.208 - 0.469)   
GAmixed + white 1.632 ± 0.254 (1.064 - 2.026)   

 
Data are mean ± S.D.; range in parentheses. EDL, extensor digitorum longus; GA, gastrocnemius; r, Pearson’s correlation coefficient. 
 
 
Table 2. Myocardial and muscle 99mTc-sestamibi uptake, as well as relative muscle-to-myocardium uptake.  
 

Tissue Uptake (%ID/g) Relative uptake (%) 

Myocardium 1.71 ± 0.63 (0.85 - 3.37)   
Soleus 0.28 ± 0.16 (0.08 - 0.65) 16.22 ± 6.81 (4.97 - 26.73) 
EDL 0.23 ± 0.13 (0.06 - 0.46) 13.62 ± 6.90 (4.30 - 29.02) 
GA 0.15 ± 0.08 (0.05 - 0.28) 08.96 ± 3.68 (2.95 - 15.83) 
GAred 0.18 ± 0.10 (0.05 - 0.35) 10.71 ± 4.76 (3.46 - 18.91) 
GAmixed + white 0.14 ± 0.07 (0.05 - 0.27) 08.68 ± 3.50 (2.84 - 15.77) 

 
Data are mean ± S.D.; range in parentheses. EDL – extensor digitorum longus, GA – gastrocnemius. 
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Statistics  
 Data were analyzed using SPSS, version 14 
(SPSS, Chicago, IL, USA). Descriptive statistics were 
expressed as mean ± SD. The distribution of all 
dependent variables was examined by the Shapiro–Wilks 
test and was found not to differ significantly from 
normal. To evaluate any differences in 99m Tc-Sestamibi 
uptake among tissues, one-way ANOVA with repeated 
measures was carried out. When significant differences 
were found, post hoc pairwise comparisons were 
performed through simple main effect analysis. Linear 
regression analysis was used to assess the association 
between variables. To evaluate any difference in 99m Tc-
Sestamibi uptake between the GAred and GAmixed + white 
portions of gastrocnemius muscle, paired Student’s t-test 
was applied. Paired Student’s t-test was also used to 
calculate any differences in 99m Tc-Sestamibi uptake in 
the soleus, GA and EDL muscles between right and left 
hindlimb. Statistical significance was assigned at P<0.05.  
 
Results 
 
  No significant difference in weight or 99mTc-
sestamibi uptake between left and right hindlimb muscles 
was detected (P>0.05 in all muscles). Thus, only data 
from the muscles of the left hindlimb were analyzed. 
Both myocardium and hindlimb muscles weight 
displayed a strong linear correlation with body weight 
(Table 1).  
 Myocardial and muscle 99mTc-sestamibi uptake, 
as well as relative muscle/myocardial uptake (shown as 
percentage) are summarized in Table 2. Myocardial 
uptake was significantly higher than that of any hindlimb 
muscle (P<0.001). Soleus muscle uptake was 
significantly higher than that in GA muscle (P<0.001). 
Furthermore, GAred showed significantly higher uptake 

than the rest (GAmixed + white) of the muscle (P<0.001). 
Soleus muscle uptake did not significantly differ from 
that of EDL muscle (P=0.18). 
  Myocardium and muscle 99mTc-sestamibi uptake 
was negatively correlated with their own weight; this 
correlation was statistically significant for myocardium 
(P<0.01) and GA (P<0.05) muscle (Table 3). Myocardial 
and muscle uptake was also negatively correlated with rat 
body weight; statistical significance (P<0.05) was noticed 
in myocardium, soleus and GA muscles. (Table 3, Fig. 1). 
  99mTc-Sestamibi uptake in the hindlimb muscles 
examined, showed a fair positive correlation with 
myocardial uptake (r=0.66, 0.59 and 0.64 for soleus, EDL 
and GA, respectively, P<0.01 in all cases) (Fig. 2).  
 
Discussion 
 The main finding of the present study is an 
escalation of 99mTc-sestamibi uptake in the examined 
tissues according to their mitochondrial content, 
confirming our initial hypothesis. Indeed, myocardial 
uptake was six times higher than that of the soleus muscle 
(1.71±0.63 vs 0.28±0.16 %ID/g). Soleus uptake was the 
highest among the three hindlimb muscles examined. 
This was two-fold higher than that of the GAmixed + white 
which showed the lowest 99mTc-sestamibi retention 
(0.14±0.07 %ID/g). EDL and GAred muscles had 
intermediate uptake values. 
 It is well established that 99mTc-sestamibi is 
specifically retained in mitochondria. Using 
homogenization techniques, 80-90 % of 99mTc-sestamibi 
has been found within the mitochondrial fraction of 
myocardial and skeletal muscle cells (Crane et al. 1993). 
Moreover, using quantitative electron-probe X-ray 
microanalysis, a high mitochondrial concentration of the 
tracer has been reported in chick embryo heart cells 
(Backus et al. 1993). 

Table 3. Correlation of myocardial and muscle 99mTc-sestamibi uptake with tissue weight and rat body weight. 
 

 Uptake - tissue weight Uptake - body weight 
Tissue r p r p 

Myocardium –0.63 0.003** –0.48 0.033* 
Soleus –0.36 0.118 –0.52 0.019* 
EDL –0.33 0.162 –0.28 0.229 
GA –0.53 0.012* –0.49 0.027* 

 
Data are mean ± S.D. EDL, extensor digitorum longus; GA, gastrocnemius; r, Pearson’s correlation coefficient; significance, * p<0.05; 
** p<0.01. 
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 Myocardial uptake of 99mTc-sestamibi in our 
animals (1.71±0.63 %ID/g) is comparable to the value of 
1.15±0.47 %ID/g reported by Onoguchi et al. (2003) in 
rats studied in a similar experimental setting. The higher 
uptake value in our study may be the result of meticulous 
calculation of uptake by compensating for potential 
extravasation during administration (Kyparos et al. 
2006). The high myocardial uptake is compatible with the 
high mitochondrial content in rat myocardium occupying 
approximately 36 % of the myofiber volume (Page and 
McCallister 1973).  
 99mTc-sestamibi uptake values in soleus, a slow-
twitch, fatigue-resistant muscle was quite close to that of 
EDL, a typical fast-twitch muscle (0.28±0.16 vs. 
0.23±0.13 %ID/g). This finding was in agreement with 
reported mitochondrial volume fractions in soleus and 

EDL rat muscles, which are also similar (8.4 % and 
7.5 %, respectively) (van Ekeran et al. 1992). A lower 
mitochondrial volume fraction of 2.2 % has been reported 
for the fast glycolytic (FG) muscle fibers of the rat GA 
muscle (Stonnington and Engel 1973). FG fibers make up 
91 % and 78 % of the weight of the white and mixed rat 
GA muscle portions, respectively (Armstrong and Phelps 
1984). This is consistent with the lowest 99mTc-sestamibi 
uptake found in the GAmixed + white portion of the GA 
muscle (0.14±0.07 %ID/g). 
 An important issue in tracer distribution studies 
is the potential effect of the regional blood flow pattern. 
Owing to the high lipophilicity and the resulting easy 
crossing of cellular membranes, 99mTc-sestamibi is 
delivered to tissues in proportion to their regional blood 
flow. However, as 99mTc-sestamibi is lacking a “chemical 
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Fig. 1. Correlation of myocardial (left panel) and soleus (right panel) 99mTc-sestamibi uptake with body weight. r = –0.48, p = 0.033 for 
myocardium; r = –0.52, p = 0.019 for soleus muscle. 
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Fig. 2. Correlation of soleus (left panel) and EDL (right panel) 99mTc-sestamibi uptake with myocardial uptake. r = 0.66, p = 0.0014 for 
soleus; r = 0.59, p = 0.0062 for EDL muscle.  
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microsphere” behavior, late intracellular retain is 
dynamically depended on sustained transmembrane 
potentials. Redistribution of 99mTc-sestamibi with high 
initial uptake which is declining over time has been 
shown in tissues with rich perfusion, such as the thyroid 
gland in humans (Santos et al. 2005).  
 In our study 99mTc-sestamibi was administered in 
anesthetized rats in supine position, thus having their 
hindlimbs unloaded. Depending on muscle functional 
role, standing position may result in significant blood 
flow inequalities among muscles. Blood flow studies with 
radioactive microspheres in rats in standing position 
showed that blood flow in the postural soleus muscle was 
on average 4.3-4.5 times higher than that of the fast EDL 
muscle (McDonald et al. 1983, Delp et al. 1991). In 
contrast, under hindlimb unweighting conditions, blood 
flow was very similar in all rat soleus, EDL, GAred, 
GAmixed + white muscles, i.e. 8, 8, 8, 7 and 7 ml/min/100 g, 
respectively (McDonald et al. 1983). The later supports 
our suggestion that the variation in 99mTc-sestamibi 
uptake found in different muscles in our study can hardly 
be attributed to the differences in blood flow pattern. 
Concerning myocardium, sustained high myocardial 
concentration of a freely moving radiotracer against 
negligible blood pool levels (Onoguchi et al. 2003), can 
also be explained by strong mitochondrial retention rather 
than by blood flow pattern.  
 Apart from the clear inter-tissue differences, 
intra-tissue variation of 99mTc-sestamibi uptake was also 
significant (Table 2). Since uptake had been expressed in 
%ID/g, minimization of the impact of tissue weight 
variability on uptake was expected. However, a weak to 
moderate negative linear correlation between tracer 
uptake and tissue weight was noticed (Table 3, Fig. 1). 
Given the close linear relationship between myocardium 
or muscle weight and body weight (Table 1), it was not 
surprising that a negative correlation between myocardial 
or muscle 99mTc-sestamibi uptake and body weight was 
also observed (Table 3, Fig. 1).  
 These uptake-size relationships do not have 
straightforward explanations. At the muscle fiber level, a 
strong negative (r = −0.933) correlation between fiber 
size (measured as cross sectional area) and succinate 
dehydrogenase activity (a known mitochondrial activity 
marker) has been reported in the left ventricle of the rat 
myocardium, soleus and EDL muscles, suggesting size-
specificity of succinate dehydrogenase activity (Nakatani 
et al. 1999). Capillary density has also been shown to 
have a strong negative (r = −0.81) correlation with heart 

weight in rats (Kayar et al. 1986). In addition, skeletal 
muscle mitochondrial membrane surface has been shown 
to bear a negative allometric relation with body weight in 
mammals, with a −0.23 scaling exponent (Else and 
Hulbert 1985). Despite the relatively narrow body weight 
range (245-450 g) of the animals used in our study, 
changing body size could also be a minor contributing 
factor in the modulation of the size-uptake relationship.  
 As a last observation, the moderately positive 
(r = 0.59 to 0.66) correlation between muscle and 
myocardial uptake may indicate a coordinated metabolic 
control over myocardial and muscle metabolism at the 
mitochondrial level.  
 A number of limitations may moderate the 
validity of our observations. First, direct morphometric 
measurements of muscle and myocardial mitochondria 
could provide a more robust link between metabolism 
and 99mTc-sestamibi uptake. Secondly, blood flow 
measurements with labeled microspheres could 
accurately distinguish between blood flow effect on 
cellular entrance and metabolic mitochondrial retention 
of the radiotracer. Finally, P-glycoprotein, a cellular 
membrane efflux pump, is known to diminish 99mTc-
sestamibi uptake in cells by pumping the tracer out 
(Chen et al. 1997). However, minimal mdr1 (the P-
glycoprotein encoding gene) mRNA levels have been 
reported in heart and skeletal muscles in humans (Fojo 
et al. 1987). 
 
Conclusions 
 
 In this study the distribution of 99mTc-sestamibi 
in rat hindlimb muscles and myocardium was 
investigated. The mitochondrial-rich myocardium showed 
the highest uptake, followed by the slow twitch soleus 
muscle. The predominantly fast-twitch glycolytic part of 
the gastrocnemius muscle had the lowest retention. These 
data suggest that 99mTc-sestamibi uptake is related to the 
tissue metabolic characteristics and affected by size-
uptake relationships.  
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