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Abstract
Purpose—The objective of this study was to develop a new non-contrast method to directly
quantify regional skeletal muscle oxygenation.

Methods—The feasibility of the method was examined in five healthy volunteers using a 3T
clinical MRI scanner, at rest and during a sustained isometric contraction. The perfusion of
skeletal muscle of the calf was measured using an arterial spin labeling method, whereas the
oxygen extraction fraction of the muscle was measured using a susceptibility based MRI
technique.

Results—In all volunteers, the perfusion in soleus muscle increased significantly from 6.5 ± 2.0
ml/100g/min at rest to 47.9 ± 7.7 ml/100g/min during exercise (P < 0.05). While the
corresponding oxygen extraction fraction did not change significantly, the rate of oxygen
consumption increased from 0.43 ± 0.13 to 4.2 ± 1.5 ml/100g/min (P < 0.05). Similar results were
observed in gastrocnemius muscle, but with greater oxygen extraction fraction increase than the
soleus muscle.

Conclusion—This is the first MR oximetry developed for quantification of regional skeletal
muscle oxygenation. A broad range of medical conditions could benefit from these techniques,
including cardiology, gerontology, kinesiology, and physical therapy.
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INTRODUCTION
Skeletal muscle is the largest single tissue in the body, accounting for ~40% of body mass
and about one-third of resting energy expenditure (1). Moreover, skeletal muscle is unique
among tissues in that its demand for energy can rapidly increase 10–50 fold, or even more,
during contractile activity. The coupling of skeletal muscle O2 consumption to
mitochondrial ATP synthesis and ultimately to the production of useful work (e.g., force
generation at the myofibrillar level) is therefore a very important determinant of both the
overall energy needs of the body as well as the capacity to perform physical exercise.

Correspondence to: Jie Zheng, PhD, Mallinckrodt Institute of Radiology, Box 8225, Washington University School of Medicine, 510
South Kingshighway Blvd., St. Louis, MO63110, USA, Tel: 314-747-4608; fax: 314-747-3882.

NIH Public Access
Author Manuscript
Magn Reson Med. Author manuscript; available in PMC 2015 January 01.

Published in final edited form as:
Magn Reson Med. 2014 January ; 71(1): . doi:10.1002/mrm.24669.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Given the above, it is noteworthy that mitochondrial coupling and/or the efficiency of
muscle contraction have been reported to be altered in a variety of physiological and
pathological states, e.g., obesity (2), aging (3,4,5,6), heart failure (7,8). Patients with heart
failure, for example, exhibit increased O2 consumption and thus reduced whole-body gross
efficiency during exercise, presumably reflecting a reduction in the overall efficiency of
skeletal muscle production/utilization of ATP. However, other studies (9,10) have concluded
that mitochondrial coupling and/or muscular efficiency are unaltered in these conditions.
Such inconsistent results may stem from limitations of available methods for determining
regional skeletal muscle O2 consumption in vivo. Historically, this has required either
performing arterio-venous balance measurements to directly quantify limb O2 consumption
(11), or inferring changes in skeletal muscle O2 consumption from changes in whole-body
O2 consumption during exercise (12). The former approach is too invasive for routine use,
whereas the latter may be too insensitive to reliably detect differences in muscle metabolism
in patients with a low absolute exercise capacity. More recently, other approaches have been
employed, such as near-infrared spectroscopy (NIRS) (13) or positron emission tomography
(PET) using 15O2 as a tracer (14). With NIRS, however, it is difficult to quantify the
absolute rate of O2 consumption and there is limited penetration in deep muscle tissue, while
with PET the subject must be exposed to ionizing radiation and injected with radioactive
isotopes.

Several attempts have been made to assess regional muscle O2 status using cardiovascular
magnetic resonance imaging (CMR) via the blood-oxygen level dependent (BOLD) effect
(15,16,17,18,19) or on large veins (20). However, traditional BOLD imaging only provides
a qualitative measure of tissue O2 change. Elder CP et al (21) applied an empirically
determined relationship between R2′ and hemoglobin O2 saturation (%HbO2) to estimate
regional %HbO2. They have successfully quantified this index and demonstrate very good
agreement with measurement results using NIRS modality.

In this study, we evaluated a newly developed MRI muscle oximetry approach for
measuring regional skeletal muscle oxygen extraction fraction (SMOEF) without using any
in vitro calibration. The study was performed in normal volunteers who underwent leg
exercise during the MRI scans. Skeletal muscle leg blood flow (SMBF) was also quantified
for the calculation of O2 consumption rate in skeletal muscle (SMVO2).

METHODS
MRI Methods

The approach to measuring SMVO2 is based on Fick’s principle:

[1]

where the constant (O2)a is the total oxygen content of arterial blood (assumed = 7.99 μmol/
ml); and Ya is the oxygen saturation in arterial blood. All imaging was performed using a 3T
Trio Siemens whole-body MR system (Siemens Medical Solution, Malvern, PA) and a
home-made flexible surface coil for signal receiver.

The measurement of SMOEF was derived from a model (22) used to calculate brain tissue
oxygen extraction fraction with the magnetic susceptibility effect on deoxyhemoglobins
(23,24). A multi-slice 2D triple-echo asymmetric spin-echo sequence was implemented to
acquire source images for the model, although only one slice was obtained in this study (Fig.
1). The time intervals between the 90° and 180° pulses and between 180° and the echo
center (k space center) were defined as t1 and t2. If the 180° pulse has a time offset (τ) from
TE/2, t1 and t2 become TE/2−τ and TE/2+τ, respectively. In this case, an asymmetric spin
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echo will be formed, in which a special transverse relaxation rate R2′ (= R2 − R2*) decay
time will be 2τ. In total, triple-echo asymmetric spin echo images were acquired with three
TE1/TE2/TE3 =44/62/80 ms. There were a total of 46 images with varying τ and the
increment of τ was 0.5 ms between two adjacent acquisitions. This acquisition scheme
yielded a series of ΔTE (2τ) ranging from (−18 ms, 27 ms), (0, 45 ms), and (18, 63 ms),
respectively, for each echo. Of note, the R2′ decay time is |ΔTE|. Other imaging parameters
were: TR = 4 s; Field of View (FOV) = 160 × 140 mm2; matrix size = 64 × 56 and
interpolated to 128 × 112; single-slice, slice thickness = 8 mm; total acquisition = 3 min 48
s.

The images were processed based on the model proposed previously (21). Briefly speaking,
using an asymmetric spin-echo sequence with different π pulse time offsets while keeping
an identical TE for each echo, the measured MR signal can be characterized as:

[2]

where ρ is the spin density; λ is the volume fraction containing deoxyhemoglobin,
representing skeletal muscle venous blood volume; and fc(δωt) can be described as:

[3]

where J0(x) is the zeroth order Bessel function; and δω is the characteristic frequency shift
and is defined as:

[4]

where Hct is the fractional hematocrit; B0 is the main magnetic field strength; Δχ0 is the
susceptibility difference between fully oxygenated and fully deoxygenated blood, which has
been measured to be 0.27 ppm per unit Hct in centimeter–gram–second units (25). In this
study, a constant Hct of 0.4 was employed for all subjects. Because Eq. 2 cannot be solved
analytically, two asymptotic forms, namely short time scale (δω · |t| ≤ 1.5) and long time
scale (δω · |t| >1.5) are given to approximate the signal equation (21) as:

[5]

and

[6]

where the subscript s and l denote the short and long time scales, respectively; tc is the
critical time defined as tc =1/δω. R2′ can be written as:

[7]

R2′ can be estimated by fitting a straight line of the logarithm of Sl(t) with t > 1.5/δω. λ can
be calculated as λ=ln[S1(t = 0)]− ln(Ss(t = 0)), where Sl(t=0) can be obtained through an
extrapolation of Eq. 6 following the estimation of R2′ (21). After both R2′ and λ are
estimated, measurement of SMOEF can be obtained from Eq. 7.
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SMBF was determined using an arterial spin labeling (ASL) technique. Similar methods
have been widely used in skeletal muscle for quantitative perfusion measurement without
injecting contrast agents (20,26,27,28). In this study, we adapted an ASL method validated
in the myocardium for use in skeletal muscle, which was reported previously in detail (29).
Briefly speaking, the acquisition sequence is an inversion recovery prepared single-shot
gradient-echo sequence with slice-selective inversion (SS) and nonselective inversion (NS)
acquisitions (30). Tissue T1 was measured using T1-weighted images at multiple TI’s.
SMBF was calculated using the following equation (31):

[8]

where ρ is the constant blood-tissue partition coefficient of water, and ρ = 0.95 ml/g for
blood-perfused skeletal muscle tissue (32); T1,NS is the T1 of the skeletal muscle after the
nonselective inversion recovery pulse is applied; T1,Blood is the average T1 of the arterial
blood pool; and T1,SS is the T1 of the skeletal muscle after the slice-selective inversion
recovery pulse is applied. The ASL sequence parameters for the skeletal muscle included:
gradient-echo acquisition TR/TE = 2.8 ms/1.2 ms; flip angle = 5°; FOV = 160 × 112 mm2;
matrix = 128 × 90; bandwidth = 650 Hz/pixel; total acquisition = 26 s.

Simulation of SMBF Measurement Errors
A computer simulation was carried out to estimate the impact of signal-to-noise ratio (SNR)
on the measurement accuracy of the ASL method. Based on averaged muscle and blood T1
obtained in our study (not shown), initial T1 values were assumed: T1,NS= 1320 ms, T1,SS =
1300 ms, T1,blood = 1980 ms. Based on resting SMBF found in the literature (see
discussion), an averaged resting SMBF of 4.3 ml/100g/min and an exercise SMBF of 43 ml/
100g/min (assuming 10-fold increase) were used in the simulation. Signal intensities at
different TI were then calculated at two different levels of SMBF with our previously
developed algorithm (28). Various levels of Gaussian noise were then added to these signal
intensities, followed by the calculation of T1,NS, T1,SS, and SMBF using Eq. 8. For the sake
of simplicity, the T1,blood was fixed at 1980 ms at 3 T. The percentage differences between
assumed SMBF and calculated SMBF, i.e., the error of SMBF calculation, were plotted as a
function of SNR.

In vivo Experiments
Five healthy volunteers (26 – 52 y, 2F) were recruited and scanned for measurements of calf
SMBF, SMOEF, and SMVO2. Signed consent forms were received from all volunteers prior
to the imaging sessions. None of them participated in any competitive exercise training.
Subjects were instructed to not consume alcohol or perform any moderate to heavy exercise
for 24 hour prior to the imaging session. The study was approved by local institutional
human study committee. Each volunteer was positioned supine on the MR table with his or
her right foot firmly strapped to a pedal of a home-built isometric exercise device (Fig. 2A).
The percentage of maximal voluntary contraction (MVC) required during the exercise was
estimated based on the torque required to fully depress the pedal of the exercise device in
comparison to previous measurements of plantar flexor MVC in healthy but untrained
subjects (33). The SMOEF and SMBF measurements were performed at rest and during a
sustained static contraction of the calf. Specifically, SMBF and SMOEF measurements
started 1.5 min after the start of contraction, resulting in a contraction time of approximately
2.5 min and 6 min, respectively. There were few reports about the steady state time for
muscle perfusion and oxygenation during isometric contraction. It was estimated that this
steady state time for leg muscle can be reached after 1 to 2 min contraction work (34). To
assess the stability of MRI measurements, the same protocol was repeated once to evaluate
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the within-session repeatability. Between two measurements, there was a 4-min interval for
a break. Furthermore, 3/5 volunteers were recruited back to evaluate the between-day
reproducibility. There were no changes in the weight and height for these three volunteers.
SMBF and SMOEF measurements were performed once at rest and once during the same
exercise protocol.

Data analysis
SMOEF maps were created in a similar fashion as reported in the brain study (2) using
home-made software written in Matlab (MathWorks, Natick, MA). T1,NS and T1,SS maps
were calculated using an algorithm that accounts for T1 saturation effects between single-
shot gradient-echo acquisitions (28). SMBF map was then obtained using the Eq. 8 with
home-made software written in Matlab. Because both soleus and gastrocnemius muscle
groups are affected by the sustained contraction, ROI measurements were performed only on
these two muscle regions (Fig. 2B and 2C). In fact, these two muscle regions had the highest
SNR due to the proximal locations to the surface coil. Other regions, such as tibias anterior
muscle, had substantially lower SNR, which will preclude any meaningful measurements. In
SMOEF maps, pixels inside the ROI with values of 0 were excluded for analysis. In resting
SMBF maps, pixels with values of 0 or greater than 12 ml/100g/min, due to measurement
errors and/or macrovascular flow, were also excluded for further analysis. The threshold
value of 12 ml/100g/min was approximately the upper limit of measurement error of resting
SMBF (~ 2.5 × 4.3 ml/100g/min). SMVO2 data was then subsequently calculated based on
Eq. 1 from the ROI values. The within-session repeatability was provided by coefficient of
variation (CV) as the standard deviation of the difference between two measurements
divided by the mean of the two measurements (35). Between-day reproducibility was also
addressed by the CV between the first measurement in the first day and the measurement in
the second day. Comparison was made between rest and exercise using paired, 2-sided
student t test. Significance was defined as P < 0.05.

RESULTS
The simulation plots (Fig. 3) show exponential decay of the errors with increased SNR. In
this study, T1-weighted images with the longest TI had SNRs of 60 –100 due to using
surface coils. According to this simulation, the calculated SMBF error would reach up to
approximate 150% at rest, but would be < 25% during the contraction.

All volunteers underwent MR measurements successfully. Based on the geometry of the
pedal and pneumatic cylinder of the exercise device, as well as increased pressure when the
pedal was full depressed, the isometric contraction was estimated as 25% of MVC.

Data from soleus and gastrocnemius muscle groups are shown in Table 1 along with
calculated SMVO2. The mean resting SMBF in soleus (first measurement) was 6.5 ± 2.0 ml/
min/100g tissue and increased >7-fold during the sustained contraction to 47.9 ± 7.7 ml/min/
100g tissue (P < 0.05). SMOEF also tended to increase (from 0.36 ± 0.05 at rest to 0.44 ±
0.15 during exercise), but this difference was not statistically significant. SMVO2 increased
from 0.43 ± 0.13 ml/min/100g at rest to 4.2 ± 1.5 ml/min/100 g during exercise (P < 0.05).
Both R2′ and venous blood volume also significantly increased. In gastrocnemius muscle,
the data was similar except that SMOEF increased more than in soleus muscle, i.e., from
0.38 ± 0.04 and 0.58 ± 0.20, although this difference was not significant. Unlike R2′ and
venous blood volume in soleus muscle, these parameters increased much less from resting to
contracted states. In a comparison of these parameters between soleus and gastrocnemius
muscle, only the resting venous blood volume shows significant difference (P < 0.05),
although SMOEF appears to increase more in gastrocnemius muscle during contraction than
in soleus muscle (P = NS).
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The within-session repeatability between two measurements ranged mostly from excellent
(<5%) to good (between 10% and 20%), for ROI measurements in both soleus and
gastrocnemius groups, at rest and during contraction. SMOEF measurements had the best
CV range, from 2.6% to 10.3%. As expected, CV of SMBF measurements was from 7.1% to
26.3%, perhaps due to some minor motion during the sustained contraction. This resulted in
good to acceptable CV for SMVO2 calculation (from 6.6 to 21.3%). The between-day
reproducibility results of SMBF, SMOEF, and SMVO2 are shown in Table 2. In the similar
fashion as the repeatability, excellent to good reproducibility was observed for both soleus
and gastrocnemius groups. Figure 4 shows sample images from one subject, demonstrating
the regional distribution of SMBF and SMOEF, at rest and during sustained isometric
contraction.

DISCUSSION AND CONCLUSION
This is the first non-invasive MRI oximetry developed for absolute quantification of
regional skeletal muscle O2 consumption. The feasibility of detecting regional differences in
muscle perfusion and O2 consumption was demonstrated in healthy volunteers through
sustained isometric exercise, with good within-session repeatability. It was observed that
blood flow in calf muscle increased up to 9-fold during sustained contraction at a moderate
intensity of 25% MVC to approximately 40–60 ml/100g/min. This is similar to the peak post
exercise SMBF of the calf (50 ml/100g/min) at 30% MVC reported by Richardson et al (36)
using strain gauge plethysmograph. This increase in SMBF was accompanied by a tendency
for a moderate (i.e., 20–50%) albeit non-statistically significant increase in muscle SMOEF.
Few reports measured SMOEF in lower extremities. Using PET modality, resting SMOEF
of the vastus intermedius muscle was 0.31 ± 0.16 in 12 young volunteers (37) and increased
to 0.45 ± 0.11 during a 60-min intermittent isometric contraction at 10% MVC. However,
SMOEF does not appear to have been previously measured in calf muscle at a similar
contraction force (25% MVC).

There is a variation in the literature about resting calf blood flow. Snell et al (38) reported
resting SMBF in the calf to be between 5.5 to 6.6 ml/100g/min. In a separate study (33), the
resting calf blood flow was about 4–5 ml/100g/min in young healthy volunteers, but
Boushel et al (39), using the same technique to measure resting calf blood flow, observed a
value of 2.6 ± 0.3 ml/100g/min. This is consistent with the measurement obtained using a
dye-dilution and near-infrared spectroscopy method (2.4 ± 0.2 ml/100g/min) by the same
investigator (40). Based on these literature values of resting SMBFs, the averaged resting
SMBF is approximately 4.3 ml/100g/min. However, these methods measured global leg
blood flow, rather than regional microvascular blood flow. By injecting 15O-water tracer,
PET measurement provided a mean resting value of 3.12 ± 1.55 ml/100g/min in the femoral
muscle of 18 young volunteers (41).

While the first-pass contrast enhanced MRI perfusion imaging can be adapted to measure
SMBF (42,43), ASL has been extensively used in skeletal muscle research for the
measurement of absolute blood flow with spatially and temporally resolved resolutions
(26,44). In our study, we applied an empirically determined threshold (1–12 ml/100g/min) in
the ROIs of SMBF maps to measure resting SMBF. The number of pixels within the
threshold limit was typically 60–70% of non-zero pixel number in the ROI. The zero SMBF
value represents very low blood flow that is beyond the detection limit of our ASL method
(45). Typical resting SMBF in calf muscle measured by ASL were in the range of 8 – 30 ml/
100g/min (20,25,46). The absolute values of resting SMBF in this study are in the lower end
of that range, but still larger than those reported by non-MRI methods and the error agreed
with what was predicted by our computer simulation (up to 150% error). Therefore, the
overestimation of resting SMBF is likely to be caused mainly by relatively low SNR that
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limits the accuracy of T1 measurements in addition to other error sources, e.g.,
magnetization transit time, motion, and non-ideal RF pulse slice profile, etc. Methods to
increase SNR are currently being investigated, including multiple data averaging, different
signal acquisition schemes, and the usage of different receiver coils. Automatated
postprocessing methods for the analysis of SMBF maps are also being investigated (44).

Regional skeletal muscle oxygen consumption has mostly been measured by NIRS and PET
techniques. Because NIRS has limited penetration depth (< 1.5 cm) (47), only superficial
muscle groups can be studied, e.g., gastrocnemius, biceps femoris, tibialis anterior, vastus
lateralis, etc. PET requires relatively long scan time and involves radiation. In this study,
there was approximately 10-fold increase in SMVO2 from the resting state to the sustained
contraction exercise (25% MVC). Heinonen et al (14) observed a 5–6-fold increase in
SMVO2 in thigh muscle during a 10% MVC exercise. The differences in the magnitude of
the change may be attributed to different exercise protocols and muscle groups to be studied,
in addition to measurement errors. Other studies have estimated skeletal muscle O2
consumption from limb O2 consumption determined using the arterio-venous balance
approach (48,17), but as previously discussed it is difficult to directly compare them to our
findings due to the difference in muscle groups involved and measurement methods (49).

The R2′ measured in this study match well with previously reported data (20), in which the
resting R2′ was 5.4 s−1 and increased to approximately 9–10 s−1 during a 30% MVC
isometric contraction. The resting venous blood volumes were 4% in gastrocnemius and 7%
in soleus in this study. These blood volumes increased 75% and 100%, respectively, during
the contraction. The resting gastrocnemius data is within the range of venous blood volume
values in the literature. Coffman et al (46) used venous occlusion plethysmography to
measure total calf venous volume and obtained 4.3–4.6%. Although PET and MRI can
quantify regional absolute blood volume in tissue (50,51), there is no report about blood
volume measurement in calf muscle with PET or MRI. With inhaled (15O)CO, PET
measurements yielded resting femoral muscle blood volume of approximately 4.3 ± 0.5 % in
young untrained volunteers (52). If the ratio of venous blood volume to total blood volume
in skeletal muscle is 0.75 (53), then the resting venous blood volume in femoral muscle
would be 3.2%. Given the great flow heterogeneity in skeletal muscle, our calf muscle
venous blood volume cannot be directly compared. Nevertheless, an interesting finding in
this PET study is that there is no change in the venous blood volume during intermittent
isometric exercise. In contrast, by using microbubble-enhanced ultrasound technique, it was
found that blood volume in the vastus lateralis muscle increased 170 – 310% after 5-min
knee-extensor exercise at different workloads (48). Again, these differences in the changes
of blood volume among different studies may be attributed to different exercise protocols
and muscle groups studied. Further investigations are warranted to fully understand the
dynamic alternations of blood volume in skeletal muscle in healthy subjects and patients
with peripheral diseases.

Despite differences in muscle fiber type and metabolism in the soleus and gastrocnemius
muscles, there was no significant different in SMBF between them, at rest or during
sustained contraction. Nevertheless, the significantly lower resting venous blood volume in
gastrocnemius muscle may indicate lower capillary volume in the more fast-twitch muscles.
There was also a tendency for SMOEF during sustained contraction to be higher in the
gastrocnemius than in soleus. McDonough et al (54) observed similar greater oxygen
extraction fraction in fast-twitch muscle than in slow-twitch soleus muscle during
submaximal contractions in rats. Combining these methods with 31P MR spectroscopy may
provide more insight into oxidative and anaerobic metabolism in different types of skeletal
muscle.
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The between-day measurements for SMOEF at rest were fairly reproducible (4–9%), and the
corresponding reproducibility was still acceptable (7.8 to 13.6%) for the sustained isometric
exercise. These results are slightly better than reproducibility of baseline T2* measurements
(12.3%) at rest or the dynamic BOLD measurements (21.5%) in a study of healthy
volunteers (19), although two studies measured different image parameters for assessing
muscle oxygenation. Different imaging and exercise protocols may explain the discrepancy
in the reproducibility findings. In comparison with SMOEF measurements, SMBF
reproducibility was slightly poorer (7–16.3%). This is consistent with the findings in the
same study (19) that BOLD MRI had better interscan reproducibility than perfusion MRI
using the dynamic contrast-enhanced technique. The underlying mechanism is unclear but
may be related to relatively stable oxygenation and large day-to-day variations in muscle
mircrocirculation. Of note, the within-session repeatability had similar performance for
SMOEF and SMBF, except that SMBF in gastrocnemius muscle during the exercise
fluctuated more within the same imaging session than SMBF between different days. One
possible reason is the short 4-min interscan break time to allow gastrocnemius muscle to
return to the baseline after one exercise. Nevertheless, it is warranted to have a large number
of subjects to perform statistically meaningful measurements of the repeatability and
reproducibility of this skeletal muscle oximetry technique.

Several limitations exist for the current techniques. The measurement of SMOEF is derived
from a model used to calculate brain tissue OEF with the magnetic susceptibility effect of
deoxyhemoglobin. This brain model assumed a random orientation of venous vessels. In
skeletal muscle, the vessel orientation is rather parallel to the muscle fiber (55), at an angle θ
relative to Bo. Because the vessel orientation affects the susceptibility effect, more accurate
calculation of SMOEF needs to be derived from a model that accounts for the venous
structure in skeletal muscle. Another limitation of this approach is that the OEF sequence is
sensitive to the SNR of the images, resulting in the artifacts shown in the SMOEF maps (the
arrow in Fig. 4). There is an ongoing effort to solve these problems in the current technical
development phase. A rigorous validation study, perhaps using an animal model, may be
needed in the future. Nevertheless, these issues appear less significant, given the fact that
estimated SMOEF at rest and during exercise appears to be consistent with expected values
in the calf muscle.

One potential source of susceptibility-weighted signal is from deoxymyoglobin that has the
same haeme structure to hemoglobin. However, there are two reasons that we did not
consider myoglobin modeling in this study. First, our model extracts signals from
susceptibility changes in skeletal muscle, mainly from concentrated deoxyhemoglobin inside
the vascular space, approximately 5–10% of muscle. Although myoglobin has the same
amount of heame per unit mass of muscle, it is diluted over 80% intracellular space.
Therefore, myoglobin concentration in muscle is approximately only 0.5 mM, substantially
lower than hemoglobin concentration 5.18 mM of muscle blood at rest (56). For this reason,
susceptibility effects from deoxymyoglobin generated local field perturbation should be very
small. In fact, a study in skeletal muscle of human volunteers suggested that susceptibility
effects in muscle were primarily from deoxyhemoglobin in the vascular space (57).
However, the impact of deoxymyoglobin to the T2 or R2′ is still unknown and is a logical
area to be explored in detail. Second, in that study (56), myoglobin desaturation was
estimated with in vivo proton NMR spectroscopy. Using an acute ischemia model,
myoglobin desaturation reached a plateau after 5–7 min of onset ischemia. It was suggested
that cell oxidative metabolism can be maintained through the release of oxygen from
oxyhemoglobin (43) before this plateau. From a physiological point of view, the moderate
isometric exercise in our study is unlikely to de-saturate significant amounts of oxygenated
myoglobin within the measurement time (6 min). This can be partially explained by non-
significant increase in oxygen extraction fraction, primarily from vascular origin.
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Nevertheless, myoglobin contribution should be taken into account in our modeling and will
be one of main subjects to be investigated in our laboratory.

Another challenge is the motion artifacts associated with exercise. In our study, only
sustained contraction was prescribed so that minimal motion was present at rest or during
the exercise. However, most exercise programs for assessing hemodynamics of skeletal
muscle involve dynamic movement of the muscle. Measurements of SMBF and SMOEF
take several seconds to minutes, which make them sensitive to subject motion. One way to
overcome this difficulty is to synchronize the measurements to the periodic movement of the
muscle, in a similar way to data acquisition during diastole in cardiac imaging. This is also
an ongoing project in our laboratory.

In summary, the feasibility of non-invasive measurements of regional skeletal muscle
perfusion and oxygen consumption has been demonstrated in normal volunteers. While
further refinement and optimization are necessary for robust clinical application, these
techniques have great potential to allow investigations of heterogeneity and coupling of
local muscle blood flow and oxygen metabolism (32). It could also become a clinically
valuable tool in the diagnosis and management of patients with altered skeletal muscle
hemodynamics. In addition, a broad range of medical conditions could benefit from these
techniques, including cardiology, gerontology, kinesiology, and physical therapy.
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Figure 1.
Diagram of the 2D triple-echo asymmetric spin-echo sequence for the calculation of
SMOEF. The timing parameters are defined in the text. GSS = gradients along the slice-
select direction, GRO= gradients along the readout direction, GPE = gradients along the
phase-encoding direction.
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Figure 2.
Photos of home-made exercise device (A), images from ASL measurements (B), and images
from SMOEF measurements (C). In panel A, an arrow points to the pedal for the leg
contraction. In panel B, from left to right: source T1-weighted image, selective T1 map, non-
selective T1 map, and resulting SMBF map. In panel C, from left to right: source T2′-
weighted image, calculated R2′ map, calculated venous blood volume map, and SMOEF
map. The two ROIs on the T1-weighted image in panel B represent the regions in which
measurements were obtained.

Jie et al. Page 14

Magn Reson Med. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Simulation of relationship between SNRs of source T1-weighted images and the errors of
calculated SMBF values, at two physiologic states: resting and leg contraction exercise.
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Figure 4.
SMBF (top row) and SMOEF (bottom row) maps of one volunteer at rest and during
sustained contraction. Elevation in SMBF and SMOEF are demonstrated. The block arrow
in resting SMOEF map points to the “artifacts” from the erroneous calculation of SMOEF.
The color scale bar for SMBF: 0 – 2ml/g/min; for SMOEF: 0 – 1.
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Table 2

Reproducibility of skeletal muscle perfusion and oxygen uptake

CV (Baseline) CV (Exercise)

Soleus Gastrocnemius Soleus Gastrocnemius

SMBF 7.0% 7.0% 16.3% 14.0%

SMOEF 4.0% 9.0% 7.8% 13.6%

SMVO2 6.4% 6.6% 8.9% 15.2%
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