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A B S T R A C T

Background: The distribution of energy use among different lower limb muscles during walking and running is
not well understood. Local blood flow within skeletal muscle tissue depends on its metabolic activity during
activation. The non-invasive magnetic resonance microvascular perfusion method Intravoxel Incoherent Motion
(IVIM) is able to quantify muscle activation.
Purpose: To non-invasively determine quantitative changes in local microvascular perfusion and blood flow via
IVIM in order to characterize specific muscle activation of the lower limb at rest, during walking and during
running.
Methods: 3 T MR IVIM diffusion-weighted images of N=16 lower extremities (bilateral imaging of n=8
healthy volunteers; mean age 27.5 ± 5.7 years) were acquired at rest and immediately after walking and
running for 15min, respectively. A transverse monopolar pulsed gradient fat suppressed spin echo EPI sequence
was used (9 b-values from 0 to 1000s/mm2, 3 orthogonal directions). Anatomical transverse T1-weighted turbo
SE images were acquired at rest. Muscles at the pelvis, thigh and lower leg were segmented. IVIM perfusion
parameters f, D* and fD* and the diffusion coefficient D were obtained after standard two-steps fitting of the
IVIM bi-exponential signal equation. Descriptive statistics, t-tests, Pearson's correlations and Partial Spearman
correlations were used for statistical analyses.
Results: The microvascular blood flow (fD*) increased significantly and stepwise from rest
(1.65 ± 0.83*10−3 mm2/s) to walking (1.99 ± 0.80*10−3 mm2/s, P < 0.001) and running
(2.18 ± 0.98*10−3 mm2/s, P < 0.001). The perfusion increase was most pronounced for lower leg and feet
muscles (P < 0.001). Hamstring muscles showed a higher microvascular perfusion increase than quadriceps
muscles (P < 0.05). A higher increase of the heartrate from walking to running correlated significantly with a
lower increase of fD* from walking to running (R= -0.16, P=0.001).
Conclusion: IVIM MRI quantitatively measures local microvascular muscle perfusion to detect muscle activation
patterns through walking and running. A redistribution of blood flow towards the lower leg was observed during
running as compared to walking.

1. Introduction

The mechanics of human walking and running are known to differ.
During walking, the body acts like an inverted pendulum, that swings
along step by step. During walking, at least one foot is in contact with
the ground at any given time. Running is characterized by a bouncing
gait: during the first half of the step, mechanical energy is absorbed to

slow down and lower the body, during the second half of the step,
energy is released to lift and accelerate the body. During running, the
time of foot contact to the ground is minimal. For a small period, nei-
ther of the feet is in contact with the ground. Knees are lifted up to a
higher degree during running as compared to walking. Walking is as-
sociated with first striking the heel, whereas running with higher speed
involves landing on the midfoot or forefoot.
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The mechanics of human legged locomotion involve many muscles
with various mechanical function. Surprisingly, little is known on the
specific distribution of energy use among the individual skeletal mus-
cles in vivo, which might be due to a lack of methodology permitting
non-invasive assessment of muscular activation patterns.

Direct measurements of the oxygen consumption of individual
muscle using the arteriovenous oxygen difference (Fick method) are not
realistic, as they require sampling of the inflowing arterial blood and of
the outflowing venous blood in order to determine the oxygen content
and calculate the muscle specific oxygen use. Electromyography (EMG)
measures the recruitment of active muscle fibers [1]. It has the lim-
itation that simultaneous recording of a several muscles at the same
time is tedious: Non-invasive EMG with surface electrodes is not en-
tirely muscle specific and performing intramuscular EMG of several
muscles simultaneously is very invasive and inconvenient for the sub-
ject. Further, EMG results do not correlate directly with quantitative
metabolic use [1]. Marsh et al. suggested that the best technique for
accurately assessing muscle energy use during locomotion is perfusion
imaging [2]. The authors measured the distribution of radioactively
labeled microspheres (size 15 μm, large enough to lodge in the systemic
capillaries). The quantitative distribution of the fraction of blood cor-
related with the energy consumption of the individual muscle during
locomotion. Obviously, the use of this method in healthy humans is
ethically not acceptable.

Magnetic resonance (MR) imaging allows to assess muscle compo-
sition and perfusion in a non-invasive manner. T2 relaxation time
measurements have been used to estimate the volume of muscle that
was active during a preceding exercise. Further, an increase in the long
component of bi-exponential T2 with exercise was observed in different
studies [3,4]. This finding may be caused by an increased blood flow or
muscle edema due to local inflammation after exercise [5–7]. Still,
these measurements are not able to provide information on the quan-
titative amount of energy used [1,8]. An MR technique that aims to
determine muscle perfusion is dynamic contrast-enhanced T1-weighted
MR imaging [9]. Disadvantages are the need of intravenous contrast
injections and small regions of interest. Also, due to the contrast media
injection the measurements cannot be repeated several times in a short
time period. Arterial spin labeling is an MR perfusion technique that
does not require contrast injection. However, this method is anatomi-
cally limited to regions with simple vascular anatomy [10]. Intravoxel
Incoherent Motion (IVIM) is a perfusion MR imaging technique that is
based on non-invasive local diffusion measurements. A good reprodu-
cibility of IVIM measurements was demonstrated previously [11]. The
IVIM parameters are f, D, D* and fD*. The IVIM parameter f is the
perfusion fraction. The IVIM parameters D and D* describe two me-
chanisms of incoherent motion on a voxel level in human tissue: D is the
diffusion coefficient (order 10−3 mm2/s) representing the thermal
molecular diffusion, and D* is the pseudo-diffusion coefficient (order
10−2 mm2/s) representing the microcirculation of blood in the capillary
network (perfusion). fD* is a blood flow related parameter which is the
multiplication of f and D* on a voxel-by-voxel basis. IVIM may be ap-
plied for whole body imaging [12,13]. While initially developed for the
evaluation of brain tissue [14–17], IVIM has recently been applied
successfully in several skeletal muscle perfusion studies [12,17–21].
IVIM provides microvascular perfusion information shortly after dedi-
cated exercises, performed inside or outside the MR scanner [20–22].
Selectivity to a specific muscle exercise [20] and proportionality to the
muscle effort [21] were demonstrated. Therefore, IVIM microvascular
perfusion MRI seems to be an optimal technique to determine the local
metabolic contribution of muscles during specific tasks. It permits
quantitative, non-invasive local perfusion assessment of an entire limb.

The purpose of this study was to determine the IVIM parameters of
the different muscles of the lower limb during walking and running in
human.

2. Methods

2.1. Subjects

A total of N=16 legs was assessed (bilateral legs of n=8 healthy
female volunteers; mean age ± SD of 27.5 ± 5.7 years). Inclusion
criteria were normal range of motion of all joints at the lower leg and
ability to run for 15min on a treadmill. Exclusion criteria were clinical
symptoms at any joint of the lower leg including pain, instability or
blocking phenomena. Further exclusion criteria were general health
conditions that prohibited running for 15min (e.g. cardiovascular dis-
eases) and MR contraindications such as pacemaker or pregnancy. The
study protocol, amendments and informed consent documentation were
reviewed and approved by the local institutional review boards. The
study has been conducted according to the principles expressed in the
Declaration of Helsinki. All volunteers gave informed consent to this
work after the nature of the study, the study sequence, the walking and
running tasks and the required MR scans had been fully explained.

2.2. Experimental design

The study sequence was as follow: first, the volunteers had to rest
for 15min in a lying position on the MR scanner table in order to relax
all muscles. After these 15min a first MR scan (“rest”) was obtained.
Following, volunteers had to walk on the treadmill at a fix speed of
6 km/h for 15min and continued to walk back to the MR scanner
(about 1min walk). Then the second MR scan (“walking”) was acquired
immediately. After the second scan, volunteers had to run on the
treadmill for 15min at a fix speed of 10 km/h, or 9 km/h if 10 km/h
was too fast for the volunteer. The volunteers continued running back
to the MR scanner (about 40 s run). Following, the third (last) MR scan
(“running”) was acquired immediately.

2.3. Walking and running task

Walking was defined as continuous motion with continuous contact
to the ground (one foot had to be in contact with the ground at all
times). Running was defined as intermittent loss of contact to the
ground of both feet. During the walking and running task, the heartrate
was continuously monitored. All volunteers had previous experience
with treadmill running, therefore only minor instructions were re-
quired. Walking and running was performed without grabbing the
handle bar. Speed was kept up for the entire task.

2.4. MR image acquisition

MR images from lower thoracic region to the toes were acquired on
a 1.5 T scanner (Siemens Avanto Fit, Erlangen, Germany) using an 18-
channel whole body coil. The acquisition was performed in the trans-
verse plane in 5 to 6 blocks. Image stacks were appended for image
analyses. An anatomical transverse T1-weighted turbo spin-echo (SE)
sequence was acquired at rest. Identical IVIM diffusion-weighted
images were acquired at rest, after walking and after running, respec-
tively, using a standard monopolar pulsed gradient fat suppressed SE
EPI sequence, with 9 b-values (0, 50, 100, 150, 200, 400, 600, 800,
1000 s/mm2) acquired in 3 orthogonal directions. Further sequence
parameters were: TR= 3100ms, TE= 73ms, bandwidth 2490 Hz/
pixel, slice thickness 10mm, acquisition matrix 134× 92, FOV
274×399mm. Time for the acquisition of one full set of IVIM images
of the lower limb was 8min 32 s (5 blocks) or 10min 14 s (6 blocks).

2.5. Postprocessing

Using the Levenberg–Marquardt algorithm implemented in C++,
the IVIM bi-exponential signal equation model was fitted in a standard
two-steps procedure after pooling of the signal for each b value in the
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full region of interest (ROI) as described previously [13,20]. For the
quantitative analysis, first the signal of the full region of interest (ROI)
was averaged for each b-value before performing the fitting procedure,
as described previously [20,23]. The IVIM perfusion parameters f
(perfusion fraction) and D* (pseudo-diffusion), as well as the diffusion
coefficient D were calculated. For the parameter D, the curve was fitted
for b < 200 s/mm2. Following, the curve was fitted for f and D* over
all b-values, while keeping D constant. For the parameter fD* the
parameters f and D* were multiplied scalar on a voxel-by-voxel basis.
Finally, all images were convoluted with a rotationally symmetric
Gaussian lowpass filter (size 10, standard deviation 3) [21].

2.6. MR image analysis

Manual segmentation of the muscles was performed using a custom
designed graphical user interface programmed in Matlab (Mathworks,
Natick, MA, USA) by one musculoskeletal radiologist (__BLINDED FOR
REVIEW__, 10 years of experience). For segmentation of each entire
muscle or muscle compartment, ROIs were drawn on all slices of the
IVIM b0 images that showed the respective muscle, when necessary,
with the help of the anatomical images acquired at rest. To determine
quantitative values and changes in local diffusion and microvascular
perfusion, the IVIM parameters f, D, D* and fD* were determined for
each individual muscle/ muscle compartment. In the following, means
were calculated for muscle groups (roman numerals) and muscle sub-
groups. The following muscles/ compartments were assessed for both
legs of all volunteers (Fig. 1):

(i) Gluteal muscles and iliopsoas muscle: Iliopsoas muscle, gluteus
maximus muscle, gluteus medius muscle, and gluteus minimus
muscle

(ii) Thigh: tensor fascia lata muscle, major adductor muscle, long ad-
ductor muscle, short adductor muscle, vastus medialis, lateralis
and intermedius muscle, rectus femoris muscle, short and long
head of biceps femoris muscle, semimembranosus muscle, semi-
tendinosus muscle, gracilis muscle, and sartorius muscle

(iii) Lower leg: anterior compartment, peroneal compartment, deep
posterior compartment, medial and lateral gastrocnemius muscle,
and soleus muscle

(iv) Foot: feet extensor muscles, feet flexor muscles.

Subgroups were additionally defined and analyzed as follow:
Gluteal muscles included the gluteus maximus, medius and minimus.
Adductor muscles included the major, short and long adductor muscle.
The quadriceps included the rectus femoris muscle and the vastus
medialis, laterals and intermedius muscles. Hamstrings included the
semimembranosus, semitendinosus and biceps muscle.

2.7. Statistical analysis

Statistical analyses were performed with SPSS version 20.0.0 (SPSS
Institute, Chicago, IL, USA) (-BLINDED FOR REVIEW-). All tests were
performed based on a 0.05 level of significance. Mean values±
standard deviations (SD) were obtained for descriptive statistics. IVIM
values (f, D, D*, fD*) were calculated as absolute values for each
muscle/ muscle compartment, each muscle group and each muscle
subgroup. Further, change of IVIM values from rest to walking, from
rest to running and from walking to running was determined by cal-
culating the percentage increase (%). Paired t-tests were used to com-
pare quantitative IVIM parameters between the different groups (rest,
walking, running). Independent samples t-tests were used to compare
different muscle subgroups and muscle groups. Mean values± SD,
mean differences between groups and 95% confidence intervals (95%
CI, lower value, upper value) were determined. Pearson correlations
were calculated to assess correlations between IVIM values and IVIM
change values with age and heartrate. Partial Spearman correlations

were calculated to assess correlations of IVIM change with the increase
of heartrate while controlling for age.

To calculate the required sample size, a retrospective power analysis
(comparisons of matched pairs; student's sample t-test) was performed
for important comparisons with statistically significant differences be-
tween the two groups. An alpha of 0.05, a power of 0.95 and a two-

(caption on next page)
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tailed test was used.

3. Results

3.1. Demographics

All 8 volunteers were able to complete the entire 15min walking at
6 km/h, and the 15min running (10 km/h for 6/8 subjects; 9 km/h for
2/8 subjects who were not able to run at 10 km/h for 15min). The
mean heartrate was 63 ± 3 bpm at rest, 113 ± 14 bpm during
walking and 166 ± 14 bpm during running.

3.2. Global absolute IVIM perfusion parameters

For all IVIM perfusion parameters the mean value of all muscles
increased stepwise and significantly from rest to walking and from
walking to running (Table 1). The stepwise increase from rest
(1.65 ± 0.83·10−3 mm2/s) to walking (1.99 ± 0.80·10−3 mm2/s,
P < 0.001) and from walking to running (2.18 ± 0.98·10−3 mm2/s,
P < 0.001) was most pronounced for the IVIM blood flow related
parameter fD*. Comparisons of absolute fD* values for each muscle or
muscle group between rest, walking and running are shown in Fig. 2.
Changes in fD* were most pronounced in the lower leg muscles
(160.8% after walking and 237.3% after running relative to the fD*
value at rest, P < 0.001) and in the foot muscles (178.4% and 281.4%,
P < 0.001; Fig. 3). Exemplary curves of the relative IVIM decay and
the corresponding bi-exponential fit of the soleus muscles at rest, after
walking and after running are provided in Fig. 4. As for fD*, also for f
and D* the increase was most pronounced in the lower leg muscles and/
or foot muscles. A different behavior was observed in the thigh muscles:
from rest to walking, an increase in fD* was observed (P < 0.001),
while from rest to running a decrease was observed (P < 0.001). Also
for the parameters f and D*, a decrease from walking to running was
observed for the thigh muscles (P < 0.001 and P=0.079, respec-
tively). In contrast, the diffusion parameter D showed an increase also
in the thigh muscles from walking to running (107.0%, P < 0.001),
particularly at the hamstrings.

3.3. Specific findings at the thigh

In several muscles of the thigh fD* was higher after walking than at
rest, but lower after running than at rest. Specifically, fD* was sig-
nificantly lower after running as compared to rest in the hamstrings
(1.90 ± 0.72·10−3 mm2/s versus 1.67 ± 0.60·10−3 mm2/s,
P=0.001) in the gluteus maximus muscles (1.71 ± 0.58·10−3 mm2/s

versus 2.20 ± 0.75·10−3 mm2/s, P=0.018), in the tensor fascia lata
muscles (1.80 ± 0.61·10−3 mm2/s versus 2.00 ± 0.73·10−3 mm2/s,
P=0.035) and in the adductor muscles (1.47 ± 0.47·10−3 mm2/s
versus 1.85 ± 1.21·10−3 mm2/s, P=0.300). In the quadriceps mus-
cles, fD* was non-significantly lower after running as compared to rest
(2.06 ± 0.60·10−3 mm2/s versus 2.15 ± 0.56·10−3 mm2/s,
P=0.197).

3.4. Relative muscle perfusion changes

A higher fD* increase from rest to running was found for the
hamstrings as compared to the opposing quadriceps muscles
(P=0.033; Table 2), for the vastus medialis muscles as compared to
the vastus lateralis muscles (P=0.040) and for the gastrocnemius
medialis muscle as compared to the gastrocnemius lateralis muscle
(P=0.041).

3.5. Correlation analyses

Significant positive correlations were found for fD* at rest with fD*
after walking (R=0.49, P < 0.001) and for fD* after walking with fD*
after running (R=0.41, P < 0.001). Age showed an inverse correla-
tion with fD* at rest (R= -0.36, P < 0.001), after walking (R= -0.18,
P=0.001) and after running (R= -0.19, P < 0.001). When control-
ling for age in Spearman correlation analyses, the heartrate during the
respective activity showed significant negative correlations with fD* for
rest (R= -0.27, P < 0.001), for walking (R= -0.18, P < 0.001) and
for running (R= -0.20, P < 0.001). The change of fD* between the
activities also showed an inverse correlation with the respective change
of the heartrate (P < 0.05; Fig. 5).

3.6. Power analyses

In the retrospective power analysis, for the lower leg, the total
sample size needed for comparisons of fD* between rest and running
was 5. For f, D* and D the total sample sizes needed were 4, 11 and 6,
respectively.

4. Discussion

This study demonstrates the detailed specific local activation pat-
terns of lower limb muscles in human during walking and running, by
using the ability to non-invasively measure local microperfusion with
IVIM MRI. From rest to walking and from walking to running, an in-
crease of the local blood flow towards the lower extremity was ob-
served. Besides, a redistribution of the local blood within the lower leg
regarding gluteal muscles, thigh, lower leg and foot muscles was found.

The overall muscle microvascular blood-flow of the lower ex-
tremity, described by the parameter fD*, increased stepwise and sig-
nificantly from rest to walking and from walking to running. The in-
crease of fD* from rest to walking for all muscle groups indicates, that
all leg muscles contribute to gait movements. In a three-dimensional
muscle-actuated model of the body a gait cycle dependency of the lower
extremity muscle activation during walking, contributions of gluteal
muscles, thigh muscles and lower leg muscles to walking were detected
[24]. The contributions of the rectus femoris and hamstrings were de-
scribed to be minor. This is in good accordance with our finding of only
minor increases of fD* in the rectus femoris after walking. In contrast,
the fD* increase was most pronounced at the lower leg and foot and
from walking to running, which is in line with a stronger activation at
the lower leg during running as reported by Anderson et al. [24].
Mastropietro et al. also found an increase in all IVIM parameters during
isometric plantar flexion of the lower leg in the MR scanner, which is in
line with our findings [22]. Still, they do not assess the effect of walking
and running and the related distribution of muscle activation in the
lower extremity. Interestingly, Mastropietro et al. report, that the IVIM

Fig. 1. Exemplary transverse T1-weighted slices that demonstrate muscle seg-
mentation at the pelvis (A), thigh (B), lower leg (C) and foot (D). Regions of
interest (ROIs) were drawn around muscles or muscle compartments on each
slice. Dark blue: gluteal muscles; light blue: iliopsoas muscle; dark green:
hamstrings; light green: adductor muscles; mint green: tensor fascia lata muscle,
sartorius muscle, gracilis muscle; red: lower limb muscles; yellow: foot muscles.
Il.psoas, Iliopsoas muscle; Gl.max., Gluteus maximus muscle; Gl.med, Gluteus
medius muscle; Gl.min, Gluteus minimus muscle; Tensor, tensor fascia lata
muscle; Add.magn, Adductor magnus muscle; Add.long, Adductor longus
muscle; Add.brev, Adductor brevis muscle; Rectus, Rectus femoris muscle;
Vast.med, Vastus medialis muscle; Vast.lat, Vastus lateralis muscle; Vast.int,
Vastus intermedius muscle; SM, Semimembranosus muscle; ST, Semitendinosus
muscle; Bi.long, long head of biceps muscle; Bi.short, short head of biceps
muscle; Sartor., Sartorius muscle; Gracilis, Gracilis muscle; G.med.,
Gastrocnemius medialis muscle; G.lat., Gastrocnemius lateralis muscle; Soleus,
Soleus muscle; LL.d.pos, lower leg deep posterior compartment; LL.ant, lower
leg anterior compartment; LL.per, lower leg peroneal compartment; Feetext,
feet extensor muscles; Feetflex, feet flexor muscles. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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parameters reverted to the resting values within 3min during the re-
covery phase. This observation is in contrast to Filli et al. [19], who
showed that the IVIM signal after muscle exercise remained sig-
nificantly increased at least 20min after exercise. In the present study,
there was also no recovery of the calf during the scan time of 8 to
10min, possibly due to the long activation time of the muscles prior to
IVIM measurements.

No increase of fD* from walking to running was observed for the
gluteal muscles, tensor fascia lata, quadriceps, hamstrings and adductor
muscles. This observation is consistent with the well-known redis-
tribution of blood flow during physical exercise in favor of the working
muscles. For example, Bradley et al. [25] found in an asymmetric cy-
cling exercise an increased blood flow to the cycling leg and a decrease

in the contralateral non-cycling leg. Using IVIM, Nguyen et al. de-
monstrated an increase of the fD* parameter in the subscapularis
muscle though activation via the lift-off test, while a decrease of the fD*
in the non-active supraspinatus and infraspinatus muscle was observed
[20]. In the present study, running initiated a redistribution of blood-
flow towards the lower leg and foot.

On the other hand the iliopsoas, gluteal and thigh muscles (mainly
the hamstrings) are more intensively activated only with higher speed
in order to increase the stride frequency [26]; the running exercise
performed in this experiment was only of moderate intensity. Although
the tensor fascia lata is known as the “sprinter muscle”, it is not par-
ticularly active during running at a lower speed [27]. During running at
a lower speed, the main forward movement is caused by the lower legs

Fig. 2. Absolute fD* and D values of all muscles or muscle compartments. Il.psoas, Iliopsoas muscle; Gl.max., Gluteus maximus muscle; Gl.med, Gluteus medius
muscle; Gl.min, Gluteus minimus muscle; Tensor, tensor fascia lata muscle; Add.magn, Adductor magnus muscle; Add.long, Adductor longus muscle; Add.brev,
Adductor brevis muscle; Rectus, Rectus femoris muscle; Vast.med, Vastus medialis muscle; Vast.lat, Vastus lateralis muscle; Vast.int, Vastus intermedius muscle;
Semimemb, Semimembranosus muscle; Semitend, Semitendinosus muscle; Bi.long, long head of biceps muscle; Bi.short, short head of biceps muscle; Sartor.,
Sartorius muscle; Gracilis, Gracilis muscle; G.med., Gastrocnemius medialis muscle; G.lat., Gastrocnemius lateralis muscle; Soleus, Soleus muscle; LL.d.pos, lower leg
deep posterior compartment; LL.ant, lower leg anterior compartment; LL.per, lower leg peroneal compartment; Feetext, feet extensor muscles; Feetflex, feet flexor
muscles.
* significantly different to “rest”
# significantly different to “walking”
Error bars: 95% confidence intervals.
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and feet; Up to a speed of ca. 25 km/h, the soleus and gastrocnemius
contribute to vertical support in order to increase the stride length
forces and hence increases the stride length [27]. Considering the
smaller muscle size in the lower leg compared to the upper leg, the
resulting force per unit muscle is extremely high.

The differences of the activation patterns between the thigh versus
lower leg and foot muscles as well as between the different muscle
groups may also be explained by the stance-phase and the swing-phase
of the gait. The redistribution of blood towards the swing-phase muscles
at the lower leg and food and the relatively low additional need of
blood for the mostly stance-phase associated gluteal and thigh muscles
may explain these findings. Awai et al. also found a proximal-distal
imbalance in response to unloading [28]. Through the pre-swing phase,
gastrocnemius and soleus undergo concentric activity and accelerate

the trunk and leg forward while decelerating the downward motion of
the trunk resulting in forward progression [29,30]. Around mid-stance
the gastrocnemius and soleus net effect on the trunk and the leg is
minor [30]. Neptune et al. described that the uniarticular knee (vastus)
and hip extensor muscles (gluteus maximus) are critical to body support
in the beginning of stance underlining their important stance-phase
role, before the plantar flectors become active [30]. The hamstring
muscles have a more complex role [30]. They decelerate the leg in late
swing while accelerate the leg in the beginning of stance [30]. This is in
line with findings of the present study, where the hamstrings had a
higher activation during walking and running as had the quadriceps
muscles.

Changes of the diffusion coefficient D in skeletal muscles after ex-
ercise has been observed in several other studies [19,21,31]. Besides

Fig. 3. Change of fD* through running as compared to rest. The relative value after running is presented as percentage of the value at rest (fD* value at rest equals
100%). Il.psoas, Iliopsoas muscle; Gl.max., Gluteus maximus muscle; Gl.med, Gluteus medius muscle; Gl.min, Gluteus minimus muscle; Tensor, tensor fascia lata
muscle; Add.magn, Adductor magnus muscle; Add.long, Adductor longus muscle; Add.brev, Adductor brevis muscle; Rectus, Rectus femoris muscle; Vast.med, Vastus
medialis muscle; Vast.lat, Vastus lateralis muscle; Vast.int, Vastus intermedius muscle; Semimemb, Semimembranosus muscle; Semitend, Semitendinosus muscle;
Bi.long, long head of biceps muscle; Bi.short, short head of biceps muscle; Sartor., Sartorius muscle; Gracilis, Gracilis muscle; G.med., Gastrocnemius medialis muscle;
G.lat., Gastrocnemius lateralis muscle; Soleus, Soleus muscle; LL.d.pos, lower leg deep posterior compartment; LL.ant, lower leg anterior compartment; LL.per, lower
leg peroneal compartment; Feetext, feet extensor muscles; Feetflex, feet flexor muscles.
Error bars: 95% confidence intervals.

Fig. 4. Exemplary relative signal decay curve as a function of the b-value and the corresponding bi-exponential fit (blue line), measured in the soleus muscle of one
volunteer. The dashed blue line corresponds to the mono-exponential fit for a b-value> 200 s/mm2. The IVIM perfusion effect can be seen as deviation of the straight
line from the blue line at low b-value. Note the gradual increase in steepness of the curve at low b values from rest to walking to running. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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being due to a slight increase in local temperature, the increase in the
diffusion coefficient may be mainly due to an osmotically driven in-
crease of interstitial water in contracting muscles [32]. This theory is in
accordance with the significant changes observed in T2 weighted con-
trast in the muscle after exercise [33,34].

In the present study, we found an interesting negative correlation
between changes in heart rate and changes in fD*, while no correlation
of D with the heart rate was found. Those findings may relate to the
previously reported dependence of fD* in the brain on the cardiac cycle.
Similarly, no significant influence of the cardiac cycle on D was found
for the brain [35]. Additionally, those heartrate dependent findings
may reflect the training level of the individual volunteers: better trained
individuals, with lower increases of the heart rate during the same
activity also have a better “microvascular reserve of the muscles”,
probably due to higher rates of microvessels, as shown in a histological
study by Lee et al. [36]. Interestingly, this suggests that the IVIM
method might be used to monitor the level of training of the micro-
vascular reserve for example in athletes.

There are several limitations of this study. First, the number of
volunteers was small (n=8 volunteers, n=16 legs). However, the
retrospective power analysis revealed a minimum sample size of n=5
for the main IVIM parameter fD*. Also the required sample sizes for the
parameters f, D and D* were all< 12. Still, further investigations in
larger cohort studies are needed to assess physiological and patholo-
gical muscle activation patterns. All volunteers were female. Moreover,

although the volunteers walked or ran to the MR scanner and therefore
finished the activity only just before the MR scan started, perfusion
changes might have occurred during preparation and acquisition of the
MR images. It is important to note that the region with the largest
changes, the lower leg and foot, was scanned last. Finally, the IVIM MR
method allows only for scanning post exercise, therefore no gait cycle
dependent activation of the muscles could be determined.

5. Conclusions

In conclusion, the specific activation pattern of the muscles of lower
limb during walking and running in human by using the non-invasive
IVIM microvascular MR perfusion method was demonstrated.
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Table 2
Comparisons of different muscle subgroups regarding the change of IVIM measurements (in percent increase, %) from rest to walking, walking to running and rest to
running. Mean difference ± SEM of the blood-flow values including 95% confidence intervals (CI; lower value, upper value) and P-values for the comparisons of the
subgroups are provided for the perfusion parameter fD* and for the diffusion parameter D. P-values< 0.05 (in bold) are considered statistically significant.

Change rest to walking (%) Change walking to running (%) Change rest to running (%)

Mean difference ± SEM (95% CI), P-value Mean difference ± SEM (95% CI), P-value Mean difference ± SEM (95% CI), P-value

fD*
Gluteal vs adductor muscles 2.9 ± 10.9 (−18.8, 24.6), 0.790 8.7 ± 6.9 (−5.0, 22.3), 0.211 4.8 ± 10.5 (−16.0, 25.7), 0.646
Quadriceps vs hamstring

muscles
−21.9 ± 8.2 (−38.1, −5.7), 0.009 −0.7 ± 5.3 (−11.2, 9.8), 0.899 −19.9 ± 9.2 (−38.2, −1.7), 0.033

Vastus medialis vs lateralis 17.0 ± 7.9 (0.8, 32.1), 0.040 1.6 ± 10.0 (−1.9 22.1), 0.873 16.8 ± 11.1 (−5.9, 39.6), 0.142
Gastrocnemius medialis vs

lateralis
35.1 ± 16.8 (0.7, 69.5), 0.046 4.0 ± 15.7 (−28.2, 36.1), 0.803 57.2 ± 27.8 (0.5, 113.9), 0.048

D
Gluteal vs adductor muscles −3.0 ± 1.4 (−5.8, −0.1), 0.041 −1.1 ± 1.4 (3.9, 1.7), 0.446 −4.2 ± 1.7 (−7.6, −8.1), 0.016
Quadriceps vs hamstring

muscles
−2.3 ± 1.7 (−5.7, 1.1), 0.187 −1.0 ± 2.0 (−5.0, 3.0), 0.616 −3.3 ± 2.2 (−7.6, 1.0), 0.135

Vastus medialis vs lateralis 2.0 ± 2.5 (−3.1, 7.2), 0.424 −0.4 ± 1.8 (−4.1, 3.2), 0.813 1.7 ± 2.5 (−3.3, 6.7), 0.502
Gastrocnemius medialis vs

lateralis
−1.3 3.7 (−8.8, 6.2), 0.724 4.2 ± 2.4 (−0.8, 9.1), 0.094 6.7 ± 4.0 (−1.6, 14.9), 0.108

Fig. 5. Graphs demonstrating the inverse correlation of the increase of the heart rate (given as a relative value in percent) with the change of fD* (given as a relative
value in percent) from rest to walking, walking to running, and rest to running, respectively.
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