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The purpose of the present study was to investigate exercise-
related changes in oxygenation in rat skeletal muscles and ten-
dons noninvasively with PET/CT and the hypoxia-selective tracer
64Cu-diacetyl bis(N4-methylthiosemicarbazone) (ATSM) and to
quantitatively study concomitant changes in gene expression
of 2 hypoxia-related genes, hypoxia-inducible factor 1a (HIF1a)
and carbonic anhydrase III (CAIII). Methods: Two groups of Wis-
tar rats performed 1-leg contractions of the calf muscle by elec-
trostimulation of the sciatic nerve. After 10 min of muscle
contractions, 64Cu-ATSM was injected and contractions were
continued for 20 min. PET/CT of both hind limbs was performed
immediately and 1 h after the contractions. The exercise group
(n 5 8) performed only muscle contractions as described,
whereas the other group, exercise plus cuff (n 5 8), in addition
underwent cuff-induced hypoxia during the first PET/CT scan.
Standardized uptake values (SUVs) were calculated for the Achil-
les tendons and triceps surae muscles and were correlated to
gene expression of HIF1a and CAIII using real-time polymerase
chain reaction. Results: Immediately after the contractions, up-
take of 64Cu-ATSM was significantly increased, by approxi-
mately 1.5-fold in muscles and 1.3-fold in tendons, compared
with resting conditions. The significant increase was maintained
in late PET scans in stimulated muscles and tendons indepen-
dently of cuff application. In muscles, SUV correlated signifi-
cantly with gene expression of HIF1a and CAIII, whereas this
coherence was not found in tendons. Conclusion: We found en-
hanced uptake of 64Cu-ATSM in both early and late PET scans,
thereby supporting the possibility that 64Cu-ATSM registers
exercise-induced transient hypoxia in both skeletal muscles
and force-transmitting tendons. The fact that skeletal muscles
but not tendons showed upregulation of HIF1a and CAIII could
indicate that healthy tendons are less responsive than skeletal
muscles to low levels of oxygen.
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At the onset of exercise, intracellular oxygen decreases
substantially in the contracting skeletal muscles. This
decrease is believed to induce immediate changes at the
systemic and local levels and to constitute a main signal for
more long-term muscular adjustments to exercise, such as
increased skeletal muscle angiogenesis (1,2). It is unclear
whether the force-transmitting tendons exhibit a similar
decrease in intracellular oxygen during loading and to what
extent any decrease would affect the adaptive mechanisms of
the connective tissue.

It has been suggested that hypoxia plays a role in the
development of tendon overuse injuries, in which a decreased
blood flow simultaneous with an increased activity in tendons
results in local tissue hypoxia, impaired nutrition, and energy
metabolism (3). In support of this suggestion have been
histologic examinations of specimens removed during sur-
gery for tendinopathy and showing hypoxic degeneration (4).
Furthermore, painful Achilles tendinopathy frequently de-
velops in the relatively hypovascular anatomic region of the
tendon (5). Also supporting hypoxia as one of the causes of
tendinopathy is the finding, with microdialysis techniques,
that Achilles tendinopathy clinically exhibits higher levels of
lactate than are found in normal tendons, possibly indicating
anaerobic metabolism (6).

Several attempts have been made to measure ligament and
tendon oxygenation using both invasive procedures (during
surgery with polarographic oxygen sensors (7)) and nonin-
vasive methods (near-infrared spectroscopy [NIRS] and red-
laser-light–based spectrophotometry) (8–11). With regard to
changes in oxygenation of the tendinous structures during
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loading, the use of these light-based methods has revealed
conflicting results showing both a decrease (12) and an
increase (8) in tendon oxygen saturation during loading.

To address this issue, exercise-related hypoxia in tendons
and skeletal muscles was investigated with PET and a tracer
that accumulates only in cells subjected to low oxygen
tension. Preclinical studies have shown that 64Cu-diacetyl
bis(N4-methylthiosemicarbazone) (ATSM) is reduced and
retained in hypoxic tissues but is washed out rapidly from
normoxic cells (13). The tracer has been used to assess
changes in intracellular oxygen in both animal and human
tumors (14) and in rat models of myocardiac ischemia (15),
showing promising results for mapping hypoxic tissues.
However, 64Cu-ATSM has never been used for investigating
changes in oxygen tension in skeletal muscles or tendons
during muscle activity.

At the cellular level, response to hypoxia is complex and
characterized by alterations in the expression of numerous
genes, including the important hypoxia-inducible factor
1a (HIF1a) (16). HIF1a has been shown in humans (1) and
rats (17) to be upregulated in skeletal muscles, at least at
the protein level, after muscle contractions, possibly be-
cause of low intracellular oxygen.

Furthermore, several other factors, such as the carbonic
anhydrases, are upregulated in hypoxic tissues. Carbonic
anhydrases play a major role in pH regulation by converting
CO2 to bicarbonate ion and a proton (18). In skeletal muscles,
the most ubiquitous carbonic anhydrase isoform is carbonic
anhydrase III (CAIII), which accounts for as much as 8% of
the noncontractile proteins (19). Although it has been de-
bated whether a higher expression of CAIII truly reflects
hypoxic conditions, a recent study found increased gene
expression in the skeletal muscles of endurance athletes
training for 6 wk under hypoxic conditions, indicating a
possible role in pH regulation during hypoxia (20).

The aim of the present study was to investigate, non-
invasively using PET/CT, uptake of the hypoxia PET tracer
64Cu-ATSM in rat skeletal muscles and tendons in rela-
tionship to muscle contractions. Furthermore, expression of
2 hypoxia-related genes, HIF1a and CAIII, in tissue was
used to verify hypoxic conditions, and a possible correla-
tion between image-derived values for hypoxia and con-
comitant changes in expression of HIF1a and CAIII was
investigated.

MATERIALS AND METHODS

64Cu-ATSM Synthesis
64CuCl2 in 0.1N HCl was obtained from Risø DTU. H2-ATSM

was obtained from ABX GmbH. 64Cu-ATSM was synthesized
according to previously published procedures (21,22) with minor
modifications. Briefly, 2 mL of glycine (200 mM) were added to
1 mL of 0.1N HCl 64CuCl2 solution. The mixture was left at room
temperature for 4 min before 20 mL of H2-ATSM (1 mg of
dimethyl sulfoxide per milliliter) were added. After an additional
4 min, 5 mL of water were added and the resulting mixture was
passed onto a SepPak light column (Waters) and washed with 10

mL of water. The product was eluted with 1.2 mL of 50% ethanol
and diluted with 9 mL of saline. Radiochemical purity (.98%)
was determined with high-performance liquid chromatography.
Ethanol content (approximately 5%) was determined with gas
chromatography.

Experimental Protocol
The study was approved by the Animal Research Committee of

the Danish Ministry of Justice. Male Wistar rats (389 g 6 15 g) were
obtained from Charles River. The rats were housed in pairs and fed
chow and water ad libitum. The animal room was maintained at
21�C with a 12-h:12-h light:dark cycle. General anesthesia was
induced with a subcutaneous injection of fluanisone/fentanyl citrate
and midazolam (5 mg/0.625 mL/kg) and was maintained during the
experiment by repeated administrations of the same anesthetic (2.5
mg/0.313 mL/kg) every 20 min. The rats performed 1-leg contrac-
tions of the calf muscles by electrostimulation of the sciatic nerve.
The contralateral leg served as the resting control. The necessary
surgical procedure has recently been described in detail and has
proven suitable for detecting metabolic changes in tendons and
skeletal muscles with PET/CT (23). After 10 min of muscle
contractions, 64Cu-ATSM (21.9 6 1.27 MBq) was injected as a
bolus through a tail vein catheter (Neoflon, 24-gauge; BD) and
contractions were continued for another 20 min.

The specific protocol (Supplemental Fig. 1; supplemental mate-
rials are available online only at http://jnm.snmjournals.org) was
designed both to test changes in the uptake of 64Cu-ATSM in
muscles and tendons after contractions and to test for irreversible
trapping of 64Cu-ATSM. The rats were divided into 2 groups, an
exercise group (E group) (n 5 8) and an exercise-plus-cuff group
(EC group) (n 5 8). In both groups, the rats were placed prone on the
acquisition bed immediately on cessation of muscle contractions,
and an early PET scan was performed with the 2 hind limbs in the
field of view. Afterward, a CT scan for anatomic information and a
late PET scan (60 min after contractions) were acquired. The EC
group was included to investigate the irreversibility of 64Cu-ATSM
uptake by preventing reperfusion of the exercised hind limb with a
tight elastic femoral band aimed at maintaining a hypoxic environ-
ment in the studied tissues. The band was applied at the last muscle
contraction and was kept tight during the first early PET scan, after
which it was removed, allowing reestablishment of blood flow to the
exercised leg between the early and late PET scans. In both groups,
the animals were sacrificed immediately after the last PET scan, and
both the Achilles tendons and the soleus muscles were carefully
removed and placed in RNAlater (Ambion Inc.) for subsequent
analysis of gene expression of the 2 hypoxia-related molecules
(HIF1a and CAIII).

Image Acquisition and Processing
CT data were acquired with a MicroCAT II Tomograph (Siemens

Medical Solutions). The x-ray tube was set at 40 kVp and had a 0.5-
mm plate of added aluminum filtration. The exposure time was 700
ms per projection, and the tube current was 500 mA. A total of 800
projections was used for a full 360� scan. Images were reconstructed
using the Sheep–Logan algorithm. These settings have earlier been
shown to provide the best image quality for soft tissues (23).

A 30-min static emission scan was acquired with a microPET
Focus 220 (Siemens Medical Solutions). The late PET scan was
followed by a 6-min transmission scan with a 57Co pin source. All
list-mode data were sorted into 3-dimensional sinograms using a
span of 3 and a ring difference of 47. Images were reconstructed
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using 2-dimensional ordered-subset expectation maximization. In
addition to attenuation, the emission data were corrected for scatter,
dead time, and decay time.

64Cu-ATSM uptake in the Achilles tendon and the triceps surae
muscle (covering both gastrocnemius and soleus) was quantitated
(Bq/cm3) from each animal using the image analysis software
Inveon (Siemens Medical Solutions). The software allows for
fusion of the PET images with CT for anatomic information. The
2 image modalities were aligned on the basis of 3 distinctive
fiducial markers placed directly on the animal bed within the field
of view although not near the regions of interest ($5 mm). The
3-dimensional regions of interest were drawn on the CT image so
as to cover the Achilles tendon and the midportion of the triceps
surae muscle including both (red and white) gastrocnemius and
soleus. During subsequent analysis, standardized uptake values
(SUVs) in the individual regions of interest were calculated by
dividing the mean specific activity by injected dose and animal
weight, assuming 1 cm3 5 1 g.

Gene Expression
Immediately after the second PET scan, the animals were

sacrificed by decapitation. Rapidly, both Achilles tendons and
soleus muscles were removed and placed in RNAlater for subse-
quent analyses. Samples were kept in RNAlater overnight, after
which RNAlater was removed and the samples were stored at
280�C for later use.

Total RNA from all tissue types was extracted according to the
method described by Chomczynski and Sacchi (24). All samples
were weighed before RNA extraction. In brief: tissue samples
were homogenized in TRI Reagent (Molecular Research Center,
Inc.) using a Bertin Precellys 24 (Bertin Technologies) homoge-
nizer, ceramic beads (CK 28; Bertin Technologies), and a protocol
consisting of 6,000g for 20 s repeated 5 times or until all visible
tissue was dissolved.

After homogenization, 1-bromo-3-chloropropane (Molecular
Research Center, Inc.) was added (100 mL per 1,000 mL of TRI
Reagent) to separate the samples into an aqueous and an organic
phase. After isolation of the aqueous phase, RNA was precipitated
using isopropanol. The RNA pellet was then washed in ethanol
and subsequently dissolved in RNase-free water. RNA integrities
and concentrations were determined by Bio-analyzer 2100 (Agilent
Technologies). Subsequently, 2 mg of total RNA from muscles and
500 ng from tendons were reverse-transcribed using StrataScript
QPCR cDNA Synthesis Kit (Stratagene).

HIF1a and CAIII were quantified by real-time polymerase
chain reaction based on TaqMan chemistry. Amplification was
performed on a MX3000P apparatus (Stratagene) as a triplex with
HIF1a and CAIII as genes of interest and TBP and RPL13 as

housekeeping genes for muscles and tendons, respectively. The
testing and selection of these housekeeping genes have previously
been described in detail (23). Real-time polymerase chain reaction
primers and probes for all genes measured were designed and
tested for secondary structures as well as homology using Beacon
Designer software (Biosoft). All oligonucleotides were purchased
from Sigma-Aldrich (Table 1). The optimal primer and probe
concentration were determined beforehand. Standard curves with
freshly made 5-fold dilutions were always included in the exper-
iments to enable efficiency corrections in the calculation of the
relative expression level. Expression of the genes of interest was
quantified for each animal using the DDCt method with the
relevant housekeeping gene as the normalizer gene and control
values from each paired (resting) leg as the calibrator.

Statistical Analysis
t testing for paired samples was used to compare the SUV of

64Cu-ATSM between resting and loaded tendons and muscles
between the 2 groups (E and EC). For comparison of SUV
between the E and the EC group, t testing for unpaired samples
was used. Furthermore, the association between tendon and
muscle SUVs in the early and late scans was also analyzed using
linear regression, in the 2 groups. Expressions of the 2 genes of
interest, HIF1 and CAIII, were log-transformed before analysis to
obtain the normal distribution and compared within each group
(rest vs. exercise) using a t test for paired samples. Lastly, the
dependency between SUV and the gene expression of HIF1a and
CAIII in each group was compared using linear regression. A P
level of 0.05 was considered significant. The results are expressed
as mean 6 SEM except for the changes in gene expression, which
are presented as geometric mean 6 SEM.

RESULTS

Uptake of 64Cu-ATSM in Muscles and Tendons

Representative corresponding coronal CT and PET im-
ages are shown in Figure 1. Uptake of 64Cu-ATSM was
assessed in the Achilles tendon and triceps surae muscle
immediately after contractions and 1 h after contractions. In
the E group immediately after contractions, uptake of 64Cu-
ATSM was significantly higher in contracted muscles than
in resting muscles. The increase was approximately 1.5-
fold (0.59 6 0.03 vs. 0.38 6 0.03, P 5 0.0002) (Fig. 2A).
Uptake was also significantly higher in force-transmitting
tendons than in resting tendons. The increase was approx-
imately 1.3-fold (0.72 6 0.04 vs. 0.56 6 0.05, P 5 0.006)
(Fig. 2B). A significant difference between the stimulated
and the resting legs was maintained on late PET scans for

TABLE 1. Primer and Probe Sequences and Amplicon Length for Investigated Genes

Gene

Forward primer

(59-39)

Reverse primer

(59-39)

59

fluorophore Probe (59-39)

39

quencher

Amplicon

length

TBP tccttcaccaatgactcctatgac tcaagtttacagccaagattcacg HEX cctgccacaccagcctctgagagc BHQ-1 120 bp

RPL13 tcgtgaggtgccctacagttag ggtgcgtgccattttcttgtg HEX cacaccaaggtccgggctggcag BHQ-1 107 bp

Muscle HIF1a ggattccagcagacccagttac gggtagaaggtggagatgaatc FAM accatcactgtcactgccaccgca BHQ-1 139 bp
Tendon HIF1a caagcagcaggaattggaacg tgctccattccatcctgttcac FAM tgcagcaaccaggtgaccgtgcc BHQ-1 116 bp

Muscle CAIII aggctccttttaatcacttcgac ctttcagtagcagccacacaatg CY5 cgtgcctgttccctgcttgccgg BHQ-2 123 bp

Tendon CAIII gaggctctccttttaatcacttcga tcactgtcatgggctctttcag CY5 acaatgcactcctcgcagggtggc BHQ-2 139 bp
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both muscles (0.53 6 0.04 vs. 0.34 6 0.04, P 5 0.002)
(Fig. 2A) and tendons (0.70 6 0.04 vs. 0.56 6 0.05, P 5

0.04) (Fig. 2B). No significant decrease was found when
uptake of 64Cu-ATSM in resting tendons and stimulated
tendons was compared between the early and late scans.
Linear regression analyses revealed a good correlation
between the early and late PET scans for tendons (resting
tendons, R2 5 0.87, P , 0.001; loaded tendons, R2 5 0.88,
P , 0.001). In contrast, there was a small (;10%) washout
of the tracer from both stimulated and resting skeletal
muscles. Importantly, the SUVs at the 2 time points still
correlated significantly (resting muscles, R2 5 0.56, P ,

0.05; exercised muscles, R2 5 0.71, P , 0.01).
In the EC group, in which a tight cuff was placed around

the stimulated leg immediately at the end of contractions to
prevent reoxygenation, uptake of 64Cu-ATSM revealed a
pattern similar to that of the E group, with significantly
increased uptake in contracted muscles and in force-
transmitting tendons, compared with resting conditions
(early PET scan: 0.54 6 0.03 for exercised muscles vs.
0.33 6 0.01 for resting muscles, P 5 0.0002, and 0.68 6 0.05
for loaded tendons vs. 0.57 6 0.05 for resting tendons, P 5

0.006) (Figs. 2C and 2D). Furthermore, application of the
cuff during the first PET scan did not increase uptake of 64Cu-
ATSM in tendons, and SUV was also unchanged on the late
scan (late PET scan: 0.48 6 0.08 for exercised muscles vs.
0.30 6 0.01 for resting muscles, P 5 0.0002, and 0.70 6 0.05
for loaded tendons vs. 0.56 6 0.04 for resting tendons, P 5

0.02) (Figs. 2C and 2D). For skeletal muscles, the same
picture as in the E group was apparent in the EC group, with
increased uptake in the stimulated leg and parallel washout of
the tracer from both rested and stimulated–cuffed leg on a

magnitude of 10%. Likewise, the correlation between SUVat
early and late time points was significant for both muscles
(resting, R2 5 0.92, P , 0.01; exercised, R2 5 0.64, P , 0.05)
and tendons (resting, R2 5 0.69, P , 0.05; exercised, R2 5

0.91, P , 0.001).

Gene Expression of HIF1a and CAIII

In muscles, HIF1a messenger RNA (mRNA) expression
was significantly greater under sciatic nerve stimulation
than under resting conditions in both the E group (1.16 6

0.04 for exercised muscles vs. 0.99 6 0.03 for resting
muscles, P 5 0.04) (Fig. 3A) and the EC group (1.17 6

0.08 for exercised muscles vs. 0.93 6 0.09 for resting
muscles, P 5 0.003) (Fig. 3B). In Achilles tendons, HIF1a

mRNA increased significantly only in the EC group (1.36 6

0.06 for loaded tendons vs. 0.99 6 0.03 for resting tendons,
P 5 0.004) (Fig. 3D); in the E group, HIF1a mRNA did
not change in the tendons subjected to mechanical loading
(0.93 6 0.09 for resting tendons vs. 0.94 6 0.13 for loaded
tendons, P 5 0.95) (Fig. 3C).

In skeletal muscles, 30 min of contractile activity led to
increasing CAIII mRNA levels in the E group (1.06 6 0.01
for exercised muscles vs. 1.00 6 0.02 for resting muscles,
P 5 0.02) but not in the EC group (1.01 6 0.05 for
exercised muscles vs. 0.96 6 0.06 for resting muscles, P 5

0.62). No effect on CAIII mRNA levels in Achilles tendons
could be detected after contractions in either of the groups
(E: 0.80 6 0.12 for exercised muscles vs. 0.93 6 0.10 for
resting muscles, P 5 0.51; EC: 0.95 6 0.10 for exercised
muscles vs. 1.19 6 0.13 for resting muscles, P 5 0.35).

Correlation Between SUV of 64Cu-ATSM and Gene
Expression of HIF1a and CAIII

In the E group, the SUV in skeletal muscles significantly
correlated with HIF1a (R2 5 0.364, P 5 0.015) (Fig. 4A)
and CAIII (R2 5 0.464, P 5 0.004) (Fig. 4B). Neither of
these correlations was found in the EC group. Uptake of
64Cu-ATSM in tendons did not correlate with gene expres-
sion of HIF1a and CAIII in either group E or group EC.

DISCUSSION

With the hypoxia tracer 64Cu-ATSM and PET/CT, we
noninvasively demonstrated that intracellular oxygen levels
decrease in both muscles and force-transmitting tendons as a
result of muscle contractions. The image-derived results
corresponded to concomitant changes in the hypoxia-respon-
sive genes HIF1a and CAIII in skeletal muscles and, to a
lesser degree, in tendons.

Several other studies have measured oxygenation in mus-
culoskeletal tissues during exercise using various methods
(12,25). With 1H nuclear magnetic resonance studies of
deoxymyoglobin, a substantial decrease in intracellular oxy-
gen in skeletal muscles at the onset of exercise has been
demonstrated (2). This decrease corresponds well with the
present results showing higher uptake of 64Cu-ATSM in
contracting skeletal muscles, implying a decrease in intra-
cellular oxygen. However, the method of 1H nuclear mag-

FIGURE 1. Representative CT and PET images of hind
limbs of rat immediately after unilateral electrostimulated
muscle contractions. (A and C) Corresponding CT and PET
images (coronal) showing clearly higher uptake of 64Cu-
ATSM on stimulated left side. (C and D) Corresponding CT
and PET images (sagittal) of right hind limb. Arrows mark
clearly distinctive Achilles tendon.
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netic resonance spectroscopy cannot be extended to tendi-
nous tissues, because myoglobin is specific for the contractile
elements. With NIRS, a fall in oxygen saturation in the
human peritendinous region of the Achilles tendon was
demonstrated during muscle contractions of the calf muscles,
but only at the highest workloads (7–9 W) (12). These results
agree with the present results. However, a recent study (8)
using red laser lights demonstrated a decrease in saturation
only during a single isometric contraction, whereas repeated
contractions increased oxygen saturation in the Achilles
tendon and this increase was maintained during the 10-min
recovery period. There is no good explanation for these
contradictory results, but likely causes could be differences
in the methods of estimating oxygen saturation, in the depth
of measurements, and, probably, in the workload of the
repetitive muscle contractions.

Furthermore, with NIRS and red laser light, the spatially
resolved spectroscopy (SRS-O2) value represents the mean
saturation of the entire hemoglobin volume present in the
tissue region and accounts for changes in the proportions of
the hemoglobin and hemoglobin O2 volumes. The SRS-O2

saturation reflects predominantly the mean of arteriolar,
capillary, and venular O2 saturations and some contribution
from myoglobin and, therefore, only to a certain degree
reflects intracellular oxygen (12).

An advantage when using PET is the possibility of com-
bining the functional PET images with anatomic information
from CT images, ensuring that the position of the studied
tissues is precisely known. Furthermore, assessment of hy-
poxia using PET gives an opportunity to study several different
regions and tissues simultaneously. In contrast, near-infrared/
red laser light allows the study of only superficial structures, at
a depth of 3–5 mm (red laser light) to 2–3 cm (NIRS) (26), and
the number of studied regions is limited by the number of
channels in the equipment. Another advantage with PET is the
possibility of estimating the heterogeneity of the studied
regions. This ability could be of relevance when one is
studying contracting skeletal muscles, in which the heteroge-
neous blood flow distribution may have a significant impact on
oxygen and nutrient delivery (27). The heterogeneity of
hypoxia might also be important in force-transmitting ten-
dons; a nonuniform loading pattern in distinct tendinous

FIGURE 2. Changes in SUVs of 64Cu-ATSM from early to late PET scans in muscles (A and B) and tendons (C and D) in E
group and EC group. Figures display changes in SUVs from early scans (0 min after contractions) to late scans (60 min after
contractions). In both groups, SUVs of 64Cu-ATSM in skeletal muscles and Achilles tendons are higher in exercised hind limbs
than in resting hind limbs. Furthermore, SUVs are consistently higher in tendons than in muscles in exercised and resting hind
limbs. SUVs are maintained in tendons from early to late scans; however, both E group and EC group show minor (;10%, P ,

0.05) decrease in SUV in muscles from early to late scans. Values are means, with bars representing SEM.
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structures such as the Achilles tendon due to heterogeneous
activation of the calf muscle has been suggested (28).

Importantly, the SUV of 64Cu-ATSM was higher in both
resting and loaded tendons than in the corresponding mus-
cles, possibly indicating that cellular oxygenation under both
resting and loaded conditions is higher for skeletal muscles
than for tendon fibroblasts. This possibility corresponds to
the results of a human study with NIRS that found lower
oxygen saturation in the human peritendinous region than in
the triceps surae muscle both during rest and during dynamic
plantar-flexion exercise (12). At present, the significance of
this phenomenon is not known.

Correlation Between 64Cu-ATSM Uptake and Gene
Expression

HIF1a is considered a key regulator of adaptation to low
intracellular oxygen and is likely to be involved in various
metabolic processes such as angiogenesis, matrix protein,
and glucose metabolism (16,17,29). In the present study,
gene expression of HIF1a was increased in skeletal muscles
in response to exercise. Importantly, there was a significant

correlation between the image-derived values of 64Cu-ATSM
uptake in skeletal muscles and HIF1a expression. This
correlation supports the possibility that uptake of 64Cu-
ATSM in skeletal muscles indeed reflects intracellular hy-
poxia leading to HIF1a expression.

The pattern was less clear in the connective tissue of the
Achilles tendon, in which the load applied by the muscle
contractions could not alone induce changes in the gene
expression of HIF1a despite decreased intracellular oxygen
as indicated by the higher uptake of 64Cu-ATSM. In contrast,
the cuff group exhibited a significant 40% increase after
muscle contractions and a prolongation of the hypoxic
condition. This finding could be explained by an organ-
specific selectivity in the ability of low oxygen tension to
stimulate HIF1a mRNA and by the fact that tendon connec-
tive tissue is rather resistant to decreased intracellular oxygen
during physiologic loading. It is possible that the adaptive
mechanisms regulated by HIF1a activation are induced only
when hypoxia is more apparent, either when nutritive flow to
the tendons is seriously compromised, as, for example,
during application of the cuff, or when the hypoxia is

FIGURE 3. Gene expression of HIF1a

in muscles (A and B) and tendons (C
and D) in E group and EC group. HIF1a

mRNA normalized to housekeeping
genes TBP (soleus muscle) and RPL13
(Achilles tendon). Data are represented
as geometric means (6SEM) of fold
changes in soleus muscle and Achilles
tendon subjected to isometric muscle
contractions, compared with (paired)
respective control samples. In skeletal
muscles, HIF1a mRNA is elevated sub-
sequent to isometric electrostimulated
muscle contractions in both E group
and EC group. Applied load of Achilles
tendon induced by electrostimulated
muscle contraction did not by itself
increase HIF1a mRNA levels over rest-
ing levels. In contrast, application of cuff
around contracted leg induced signifi-
cant increase in HIF1a gene expression
in Achilles tendon.
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temporarily prolonged for more than 30 min. Several in vitro
studies have supported the notion that tenocytes are more
resistant to hypoxia than are other cell types; for example,
compared with similar cell types, tendon cells subjected to
anoxia exhibit less apoptosis (30) and are less affected by the
production of matrix components, including collagen (31)
and continuous cellular proliferation (32).

In the present study, gene expression of CAIII was enhanced
in skeletal muscles after 30 min of electrically induced muscle
contractions, and CAIII expression correlated significantly
with uptake of 64Cu-ATSM in the E group. This correlation
points toward a relationship between intracellular oxygen in the
myocytes and CAIII expression, indicating that this enzyme
has at least some role in myocellular oxygen homeostasis.
However, the importance of CAIII in pH regulation in skeletal
muscles during exercise is debated. Although some have
suggested that the enhanced mRNA level of CAIII represents
a transcriptional adaptation in response to the reduced intra-
cellular pH due to the anaerobic conditions in the muscle cells
(20), others have questioned this hypothesis (33).

Unlike the skeletal muscles, the Achilles tendons showed
no upregulation of CAIII either during exercise or after
exercise and prolonged cuff-induced hypoxia. Accordingly,
no correlation could be demonstrated between the uptake of
64Cu-ATSM and CAIII expression in the Achilles tendon.
Therefore, contrary to our hypothesis, CAIII does not
appear to have any major importance in the adaptive
mechanisms to hypoxia in tendon tissue, underlining the
fact that the same enzymes exhibit divergent roles in
different tissues.

Methodologic Considerations

When 64Cu-ATSM is used as a hypoxia tracer in various
tissues during exercise, one major concern is that 64Cu-
ATSM PET is usually applied under experimental and clin-
ical conditions in which the oxygen tension is thought to be
constitutively low, as in hypoxic tumors (34–36) or in
ischemic heart muscle after compromise of the coronal blood
flow (15,21). In contrast, during exercise, low oxygen tension
is present only during the contractile activity and is consid-
ered to be reversed immediately after cessation of contrac-
tions. Therefore, in this situation it is crucial that the tracer be
irreversibly trapped because the postexercise PET scan will
present only the trapped fraction of 64Cu-ATSM. The role of
reoxygenation has been studied invitro, and a lower uptake of
64Cu-ATSM has been shown after reoxygenation than after
continuous hypoxia (37). Interestingly, the present study
provides data suggesting that even 1 h after cessation of
contractions, a difference still exists between the hypoxia-
challenged contracted site and the control leg, possibly
representing the irreversibly trapped fraction. In fact, there
appeared to be no washout of the tracer from the Achilles
tendon between the early and late scans and only minor
washout from the muscle, in the range of 10%. Therefore, on
the basis of postexercise PET scans, the tracer seems useful
for studying hypoxia during exercise.

It is well established that muscle contractions lead to
increased blood flow in both the contracting muscles and the
force-transmitting tendons (12,38). An increased blood flow
leads to higher delivery of the tracer, but higher delivery is not
believed to contribute significantly to the increased SUVafter
exercise because 64Cu-ATSM is retained only when intra-
cellular oxygen is low. Some have questioned 64Cu-ATSM as
a universal marker of hypoxia, with data failing to demon-
strate expected changes in 64Cu-ATSM uptake in response to
modulation of the oxygenation status of murine tumors, and it
has been suggested that some hypoxia-independent mecha-
nisms might also influence 64Cu-ATSM uptake (35,39).
However, the present study—in line with several others
(15,21), including studies of biodistribution (40)—supports
the rapid and selective uptake of 64Cu-ATSM in hypoxic and
ischemic tissue within 20 min after administration. The EC
group was included to rule out a large outflow of untrapped
tracer immediately at the end of exercise because of
reoxygenation. Application of a tight cuff around the exer-
cising leg immediately at the end of muscle contractions

FIGURE 4. Correlation between SUV of 64Cu-ATSM and
gene expression of HIF1a (A) and CAIII (B) in skeletal
muscles. In soleus muscle, uptake of 64Cu-ATSM expressed
as SUV correlated significantly with log-transformed gene
expression of both CAIII and HIF1a. Correlation coefficient,
P value, and 95% confidence limits are shown.
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prevented reoxygenation of the tissues. Under these circum-
stances, SUVs were not affected, and this result implies that
64Cu-ATSM PET performed after exercise indeed reflects the
development of hypoxia during exercise even 1 h into the
recovery period.

CONCLUSION

The present study demonstrated, with PET methodology,
an enhanced uptake of 64Cu-ATSM reflecting transient hy-
poxia in both skeletal muscles and force-transmitting ten-
dons during muscle contractions. The correlation between
the image-derived uptake of 64Cu-ATSM and the expression
of the hypoxia-relevant enzymes HIF1a and CAIII in skeletal
muscles points toward intracellular oxygen as a mediator of
transcriptional changes in a dose–response manner. Impor-
tantly, tendons showed higher uptake of 64Cu-ATSM under
both resting and loaded conditions than did muscles, with no
significant upregulation of the hypoxia-related genes, indi-
cating a less pronounced cellular response, when healthy
tendons were subjected to low levels of oxygen. The PET
method can be extended to use on humans for investigating
the development of hypoxia in several tissues simultaneously
during exercise. Furthermore, the PET method can be used
clinically to investigate hypoxia in skeletal muscles, such as
in patients with peripheral artery disease or with myopathies
such as the mitochondria-related syndromes. Finally, the
PET method can be used to investigate hypoxia in patients
with tendinopathy during exercise-induced loading of the
diseased tendons.
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Erratum

In the article ‘‘PET Imaging of Prostate Cancer Xenografts with a Highly Specific Antibody Against the Prostate-
Specific Membrane Antigen,’’ by Elsässer-Beile et al. (J Nucl Med. 2009;50:606–611), the image used for Figure
1 was incorrect. The corrected Figure 1 appears below. The authors regret the error.

FIGURE 1. Binding of 3/A12 mAb and DOTA-3/A12 mAb, with and without serum preincubation, to PSMA-positive C4-2
cells. Cells were treated with increasing concentrations (0.15–800 nM) of first-step anti-PSMA mAb followed by
incubation with saturating amount of second-step phycoerythrin-labeled goat antimouse IgG followed by cytofluoro-
metric analysis. MFI 5 mean fluorescence intensity.
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