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Abstract

Blood oxygenation level-dependent (BOLD) MRI, arterial
spin labeling (ASL) and dynamic contrast enhancement
(DCE) are current magnetic resonance imaging (MRI)
techniques allowing the non-invasive functional assess-
ment of peripheral microvasculature in healthy and
diseased individuals. The functional imaging of skeletal
muscle microvasculature helps to understand muscular and
vascular physiology and alterations of microcirculation
under certain pathological conditions such as peripheral
arterial occlusive disease, diabetes mellitus, chronic com-
partment syndrome and rheumatic disorders. BOLD MRI
uses blood as an endogenous contrast agent provided by the
different magnetic properties of oxy- and deoxyhemoglo-
bin. The BOLD contrast in skeletal muscle tissue primarily
arises from the microcirculation yielding a very sensitive
tool for alterations of the physiological oxygen supply and
demand. However, the complex nature of the BOLD
contrast’s origin also entails a variety of variables compli-
cating the interpretation of BOLD signal changes. ASL’s
ability to directly measure muscle perfusion may prove to
be a powerful tool for the evaluation of disease progression
and the evaluation of therapies aimed at improving muscle
perfusion. As is the case with BOLD MRI, this holds
particularly true for patients who are unable to receive
contrast agents, a collective which is often afflicted with
vascular impairments. Dynamic contrast enhanced MRI
may contribute considerably to objectively evaluate many
musculoskeletal diseases through its ability to measure
multiple microvascular properties. The potential of these
three MRI methods to non-invasively assess disease
severity and the efficacy of new therapeutic strategies,
such as stem cell and gene therapy, renders them as very
appealing future research targets.
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1 Keypoints

1. BOLD MRI of skeletal muscle tissue relies on the
intravascular ratio between deoxy- and oxyhemoglobin
primarily in small muscle vessels. This ratio is depen-
dent on the microcirculatory function, small vessel per-
fusion, blood volume, oxygen consumption, and
hemoglobin content. It is measured as T2* signal in
gradient echo MR sequences.

2. The muscle BOLD MRI signal is influenced by a variety
of factors, among them are age, weight, physical activity,
examined muscle fiber type, and the intake of vasoactive
drugs.

3. Muscle BOLD MRI requires special paradigms for
provoking an adequate signal which can be analyzed
quantitatively. Three paradigms are currently used in the
clinical arena: Arterial occlusion to provoke ischemia
and reactive hyperemia, muscle exercise, and oxygen
inhalation.

4. Muscle BOLD MRI shows significant differences in the
T2* time course and key parameters between healthy
volunteers and patients with peripheral arterial occlusive
disease, chronic compartment syndrome, diabetes mel-
litus, or rheumatic disease, such as systemic sclerosis
and granulomatosis with polyangiitis (also known as
Wegener’s granulomatosis).

5. ASL utilizes the selective excitement (tagging) of
inflowing blood spins into a tissue of interest. Without
the use of contrast agents and applying specially
designed radiofrequency pulses, the inflowing tagged
spins induce a measurable change in the apparent tissue
T1, which is directly used to calculate local perfusion.

6. DCE-MRI investigates the tissues intensity response to
an intravenously injected bolus of contrast agent over a
period of time. By applying compartmental models to
the data obtained, microvascular properties, such as
fractional volumes of plasma and blood, vessel perme-
ability and perfusion can be obtained.

2 Part 1 Skeletal Muscle BOLD MRI

2.1 General Principles of BOLD MRI

2.1.1 The BOLD Effect in Muscle Tissue
The oxygenation level of intravascular hemoglobin can be
used for the assessment of muscular microcirculation (i.e.,
arterioles, capillaries, and venules) in magnetic resonance
imaging (MRI) because of its influence on the static mag-
netic field (Jacobi et al. 2012). This method is called blood
oxygenation level-dependent (BOLD) MRI and is derived
from functional MRI of the human brain where it has been
applied since the early 1990s (Ogawa et al. 1990a).

The BOLD signal is based on the principle that the
hemoglobin iron ion without a coordinated oxygen mole-
cule has unpaired electrons in its atomic shell which render
deoxyhemoglobin paramagnetic. That means that deoxy-
hemoglobin leads to changes of the magnetic susceptibility
of water protons in the vessel surrounding, whereas dia-
magnetic oxyhemoglobin does not (Thulborn et al. 1982;
Ogawa et al. 1990b). The result is a dropout of T2/T2*

weighted MR signal with an increasing ratio between
intravascular deoxy- and oxyhemoglobin. Initially, this
effect has been used to map functional active brain regions
(Bandettini et al. 1992; Ogawa et al. 1992). In these regions,
neuronal activation is accompanied by a paradoxically lar-
ger increase of local microperfusion than of neuronal oxy-
gen consumption, an observation first made in 1986 (Fox
and Raichle 1986). This coupling of neuronal activity and
microperfusion results in an increase of the ratio between
capillary and venous oxy- and deoxyhemoglobin, resulting
in a decrease of paramagnetic species and hence a positive
BOLD signal. The understanding of the main functional
origin of the BOLD effect has led to a broad application of
BOLD studies in functional brain imaging (Fig. 1) (Partovi
et al. 2012a, e). But owing to the diverse physical and
physiological factors influencing the BOLD signal in the
brain, this field is still under investigation (Logothetis and
Wandell 2004).

Similar to neuronal tissue, skeletal muscles offer pro-
nounced alterations of microvascular blood flow depending
on the degree of resistance vessel vasodilatation (Boushel
et al. 2000). During muscular activity, local arteriolar
smooth muscle contraction is mainly reduced via local
mediators such as pCO2, H+/lactate, K+, adenosine, NO, and
recently discovered myokines such as IL-6, IL-8, and IL-15
(Sarelius and Pohl 2010; Pedersen et al. 2007). The first
attempts to use these large functional variations of muscular
perfusion in BOLD MR imaging were performed in the late
1990s.

In one study, an arterial occlusion paradigm (see Para-
digms and related time courses) was applied to show that
the T2* signal in a gradient echo sequence decreases during
ischemia and shows a fast surge to a pronounced peak
approximately 30 s after reactive hyperemia (Toussaint
et al. 1996). Both effects were mainly attributed to the
susceptibility effect of deoxyhemoglobin on protons in the
vessel surrounding already known from BOLD studies of
the human brain. This hypothesis was strengthened by the
finding that mean DR2 correlated well with perfusion as
measured indirectly by MR plethysmography during reac-
tive hyperemia. Another study from this early muscle
BOLD era further supported the fact that hemoglobin
oxygenation is mainly responsible for the T2* signal since
the desaturation of muscle myoglobin—as measured with
MR spectroscopy—started later and slower when compared
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with the T2* signal dropout during ischemia (Lebon et al.
1998a). Given the strong functional relationship between
neuronal activity and BOLD signal changes in the human
brain, it is quite interesting that first comparable studies,
investigating the physiological relationship between muscle
contraction and T2* signal changes, were not undertaken
until the beginning of the early 2000s. In a first report,
specific transient T2* signal boosts were discovered in the
calf after short 3 s lasting isometric muscle tension exer-
cises with the gastrocnemius or soleus muscles (see Para-
digms and related time courses) (Hennig et al. 2000).
Interestingly, those muscular hemodynamic responses bared
similar inherent time constants when compared with neu-
ronal tissue, indicating a possible common coupling
mechanism between oxygen demand and blood supply in
both tissues. Another study using a comparable exercise
paradigm with short muscle contractions demonstrated a
good temporal correlation between stimulation induced
BOLD signal surges and hemoglobin saturation as mea-
sured by near infrared spectrometry (NIRS) (Meyer et al.
2004). This correlation could even be clarified in a recent
work by Towse et al. showing that hemoglobin oxygenation
plays a major role in muscle BOLD signal changes,
depending primarily on perfusion and blood volume (Towse
et al. 2011). They proposed that—at least with regard to
exercise paradigms—muscle activity induces an increase of

blood volume in the local microcirculation that, depending
on hemoglobin’s oxygenation status, lead to a positive (in
case of an increase of the oxy- to deoxyhemoglobin ratio) or
negative (in case of a decrease of the oxy- to deoxyhemo-
globin ratio) BOLD response.

These major determinants of the BOLD effect in skeletal
muscle, i.e., hemoglobin oxygenation, perfusion, and blood
volume, have also been found to play a pivotal role with
regard to arterial occlusion paradigms. The increase of
muscle perfusion—as measured by arterial spin labeling
(ASL)—has been shown to be strongly associated with
BOLD signal peaking (Duteil et al. 2006). This effect was
closely dependent from the venous filling state, with
extensive venous filling producing a larger BOLD response.
The muscular BOLD response has also been compared with
standard clinical diagnostic tools for the assessment of tis-
sue perfusion (i.e., laser Doppler flowmetry, LDF) and
oxygenation (i.e., transcutaneous oxygen pressure mea-
surement, TcPO2) (Ledermann et al. 2006a). Although LDF
and TcPO2 measurements are limited to superficial skin
layers and do not measure perfusion or oxygenation changes
in the muscle tissue, the BOLD signal in the calf muscles
was closely correlated with blood flow and oxygenati on
during ischemia and reactive hyperemia.

In the case that perfusion and volume dependent hemo-
globin oxygenation changes are the main source of the

Fig. 1 BOLD MRI of the brain
showing activation in motor
gyrus as response to a finger
tapping task. BOLD imaging in
this patient with a low grade
glioma was performed
preoperatively for surgical
planning
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BOLD effect in skeletal muscle, one would expect that
primarily intravascular relaxation effects are responsible for
the measured T2* changes in muscle tissue. According to
experimental data and numerical simulations from the last
decade this is indeed the case (Meyer et al. 2004; Sanchez
et al. 2010). Sanchez et al. were able to eliminate T2*

changes induced by arterial occlusion using an inversion-
recovery sequence to null the arterial signal, showing that a
significant extravascular contribution to the bulk muscle
BOLD contrast could be ruled out (Sanchez et al. 2010).

Taken together, the current evidence of skeletal muscle
BOLD MRI supports a model, in which alterations of
muscle perfusion lead to blood volume changes that—
depending on the oxygenation status of hemoglobin—
increase or decrease the T2* signal. Of course, further work
will need to be done to fully understand the mechanisms
yielding a BOLD response in muscle tissue. It has to be
taken into account that the qualitative and especially the
quantitative influence of each physiological parameter on
the BOLD signal might change under different experimental
conditions and imaging paradigms. However, as the skeletal
muscle tissue represents the ‘‘end organ’’ of the peripheral
vasculature, BOLD MRI is a promising and evolving
imaging method for the functional evaluation of vascular
diseases, such as peripheral arterial occlusive disease
(PAOD), diabetes mellitus, compartment syndrome, and the
majority of rheumatic diseases (Partovi et al. 2012b).

2.1.2 Technical Fundamentals of BOLD MRI
BOLD MRI of skeletal muscles is usually performed in
whole body MRI scanners with magnetic field strengths
ranging between 1.5 and 4 T. Consecutively, it is possible
to analyze every muscle within the body, but—with regard
to accessibility for cuff compression and typical clinical
questions—usually arm or leg muscles are imaged.
Regardless of the paradigm used, it is crucial to place the
individual on the MR examiner couch for 10–15 min prior
to the beginning of the examination to prevent extensive
filling of venous vessels that will impact the results (Duteil
et al. 2006).

As oxygenation changes appear in a short time frame,
BOLD imaging needs high-speed acquisition methods.
These are generally based on echo-planar imaging (EPI)
(Howseman and Bowtell 1999). BOLD signal alterations of
conventional single-shot EPI are sensitive to changes in T2*

and T2—reflecting oxygenation—and initial BOLD signal
intensity (S0). S0 is influenced by several confounding
parameters such as blood inflow, changes in T1, and base-
line drifts (Speck and Hennig 1998; Schulte et al. 2001).
With Multi-echo gradient-echo EPI sequences it is possible
to isolate oxygenation-related changes (T2*) from these
other effects (Ledermann et al. 2006b; Schulte et al. 2008).
With each excitation, images at different effective echo

times usually ranging between 7 and 80 ms are acquired
(Jacobi et al. 2012; Ledermann et al. 2006b; Kos et al.
2009). Acquisition parameters have to be adjusted to the
short T2* (\20 ms) in skeletal muscle.

Several studies have shown that the magnetic field
strength has a significant impact on the extent of R2*

changes in skeletal muscle in both, arterial occlusion and
exercise paradigms (Meyer et al. 2004; Lebon et al. 1998b;
Partovi et al. 2012c). Partovi et al. directly analyzed the
relation between DR2* and the magnetic field (B0) strength
using 1.5 and 3.0 T whole body scanners (Partovi et al.
2012c). This study showed a nearly proportional relation-
ship between B0 and DR2*, being in good concordance with
previous studies evaluating this relationship in the human
brain (Fig. 2) (Turner 1997; Gati et al. 1997; Van der
Zwaag et al. 2009).

Spin echo sequences (T2) may also be applicable for
BOLD imaging but offer a bad temporal resolution.

Fig. 2 DR2*max values at 1.5 T (blue) and 3.0 T (red) BOLD MRI
of soleus a and gastrocnemius b muscle in each of the eight examined
volunteers. From Partovi et al. (2012c). This material is reproduced
with permission of John Wiley and Sons, Inc
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Additionally, gradient echo sequences emphasize local
magnetic field distortions induced by paramagnetic species
such as deoxyhemoglobin. To facilitate and improve the
placement of the ROIs on T2* maps calculated from the EPI
data, T1-weighted images of the same layers should also be
obtained. With regard to the placement of regions of interest
(ROI) for extracting the T2* dataset, this enables avoidance
of visible vessels from the BOLD measurement to minimize
inflow artifacts (Fig. 3).

2.1.3 Paradigms and Related Time Courses
BOLD imaging of skeletal muscles is based on the principle
of temporal changes in the ratio between oxy- and deoxy-
hemoglobin inside skeletal muscle microvessels, that lead to
an endogenous contrast in T2/T2* MR sequences. To pro-
voke measurable BOLD signal alterations in skeletal mus-
cles, different imaging paradigms have been developed. The
most often applied paradigms are arterial occlusion (= cuff
compression), muscle exercise, and oxygen inhalation.

Arterial occlusion is probably the most often applied
imaging paradigm in skeletal muscle BOLD MRI. This may
be due to its early implementation at the beginning of the
evaluation of BOLD MRI in skeletal muscle tissue and
several advantages when compared with other BOLD
muscle MRI settings (Toussaint et al. 1996; Lebon et al.
1998a). Arterial occlusion contains a simple experimental
setup, in which a standard air cuff is wrapped around the
mid-thigh or upper arm of the examined extremity (Fig. 4).
If the device consists of ferromagnetic parts, a safe distance
from the magnet should be achieved by using an extended
tube. Fast (automated) inflation of the air cuff to an occlu-
sion pressure at least 50 mmHg above the individual sys-
tolic blood pressure is needed to induce complete ischemia
and, on the other hand, minimize the discomfort of patients
with vascular disease and reduce their risk of exacerbat-
ing critical limb ischemia. Medial calcific sclerosis

(Mönckeberg’s arthrosclerosis) should be considered if
higher cuff pressures are needed to achieve full ischemic
conditions, especially in patients with diabetes. MR mea-
surements are usually started during resting state (reflecting
baseline), ischemia and during reactive hyperemia after cuff
deflation till reaching baseline level. The most important
advantage of this paradigm for skeletal muscle BOLD MRI
is the induction of profound oxygenation changes and a
consecutively excellent BOLD contrast. Furthermore, this
paradigm is independent from patient compliance, it can be
standardized in the clinical setting and motion artifacts—as
known from BOLD imaging of the brain or exercise para-
digms in muscle tissue—are reduced to a minimum. The
BOLD signal time courses extracted from studies with
arterial occlusion paradigms typically show a faster initial
T2* signal decay at the beginning of ischemia followed by a
slower decrease to a minimum ischemic value (MIV,
T2*

min) (Fig. 5). After cuff deflation, a fast surge of the

Fig. 3 Echo-planar-imaging (a), T2* map (b) and T1 anatomical
reference image (c) of a healthy 34-year-old volunteer showing the
upper region of the left calf. Anatomical reference is used to map ROIs

in the T2* maps and to exclude visible vessels which could influence
the BOLD signal

Fig. 4 Experimental setup of an arterial occlusion paradigm includ-
ing two flexible array coils and sphygmomanometer wrapped around
the thigh of the investigated leg. The cuff was additionally fixed with a
velcro strap. The lower leg was supported at knee and foot level
(insert) to prevent compression of the calf muscles. From Jacobi et al.
(2012). This material is reproduced with permission of John Wiley and
Sons, Inc
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BOLD signal is observed with peak values (HPV, T2*
max)

after approximately 30–60 s (Time to peak, TTP) and a
subsequent decrease to a steady state value around baseline.
A recent study performed with a lower limb phantom and
healthy volunteers revealed that compressed oxygen from
an air cuff can induce magnetic susceptibility changes
leading to a fast decline of the T2* signal (Yeung et al.
2012). This T2* signal dropout proofed to be pressure-
dependent and could also be localized in the contralateral
leg of the examined volunteers, where the blood flow was
not interrupted (Fig. 6). These interesting results call for a
critical reevaluation of the described fast initial signal
dropouts during the ischemia phase of arterial occlusion
studies. Furthermore it has to be evaluated, if cuff position
can be optimized or special inflation gases without effects
on magnetic susceptibility, such as nitrogen, need to be used
in this setting in the future.

Muscle exercise paradigms have also been applied in a
variety of muscle BOLD studies. They take advantage of
the physiological coupling between muscle contraction and
local perfusion. It has been shown that brief isometric
contractions of only 1 s are sufficient to evoke measurable
BOLD responses (Hennig et al. 2000; Meyer et al. 2004).
The peaking of such responses follows approximately 8 s
after each contraction induced motion artifact and the
baseline value is reached again after 10–15 s (Meyer et al.
2004). Those BOLD responses have been proven to be
dependent on the muscle contraction intensity (Wigmore
et al. 2004). Although being the most ‘‘physiological’’ of
the usually applied paradigms in skeletal muscle BOLD
imaging, voluntary muscle contractions are largely depen-
dent on patient compliance. Thus, standardization in the

clinical setting seems to be challenging. Motion artifacts are
a further drawback and require the use of specific fixation
devices.

Oxygen inhalation has been used to provoke a BOLD
signal increase of skeletal muscle (O2-enhanced MRI)
(Noseworthy et al. 1999, 2003). Prior to MR imaging, the
individual breathes 100 % oxygen for several minutes to
increase the amount of dissolved O2 of the blood. As arterial
hemoglobin is nearly completely saturated with oxygen
under normal conditions, it has been proposed that the
BOLD response of muscle tissue in oxygen inhalation
paradigms is primarily increased via an oxygen uptake by
venous deoxyhemoglobin (Noseworthy et al. 2003). How-
ever, O2 itself is paramagnetic and leads to changes of T1,
T2, and T2*. Studies using this paradigm should thus be
analyzed with care regarding true BOLD effects that depend
on hemoglobin oxygenation (Partovi et al. 2012b).

2.1.4 Important Parameters Influencing Muscle
BOLD Signal

Different parameters have been shown to have a certain
influence on the T2/T2* signal of skeletal muscles. The most
prominent role among those factors play age, weight,
physical activity, examined muscle fiber type, intake of

Fig. 5 Typical BOLD T2* time course extracted from a 30-year-old
male healthy volunteer during an arterial occlusion paradigm showing
the typical signal decrease during a 3 min lasting ischemia period and
a T2* surge after cuff deflation with subsequent hyperemia peaking
after approximately 40 s (TTP)

Fig. 6 T2* dynamic images (upper panel) acquired from both legs of
a healthy female volunteer with corresponding ROIs (left leg: blue;
right leg: red). Ischemia was only induced at the left leg. An aberrant
fast initial T2* signal drop could be detected in the left tibialis anterior
muscle. The similar pattern was also detected in the non-occluded
right leg. From Yeung et al. (2012). This material is reproduced with
permission of John Wiley and Sons, Inc
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vasoactive drugs, and Hb-content, some of which will be
further discussed in this section. Regardless of performing
skeletal muscle BOLD studies in a preclinical or clinical
setting it is crucial to take these parameters into account
since they may possibly confound the results.

Aging leads to specific structural and functional
impairments of skeletal muscle vasculature that result in an
increased vascular rigidity and decreased perfusion reserve
(Muller-Delp 2006; Proctor et al. 2003). Those alterations
might explain the BOLD T2*

max and TTP reduction found
in elderly volunteers (mean age 64.0 years ± 6.4, n = 11)
after cuff induced reactive hyperemia when compared with
younger subjects (mean age 30.3 years ± 6.5, n = 17)
(Schulte et al. 2008). However, due to the missing corre-
lation with methods enabling to investigate the relationship
to blood volume, perfusion, or oxygenation, the authors
could only speculate with regard to the noticeable elevated
end value after 350 s of hyperemia in the older study col-
lective (Fig. 7). During cuff induced ischemia, a significant
reduction of T2*

min and delay of the T2* decrease (Time to
reach half ischemic minimum, THIM) has been described in
the elderly (Kos et al. 2009). Interestingly, this ischemia
BOLD pattern does not match the alterations found in
patients with peripheral arterial occlusive disease (PAOD,
see Clinical applications), indicating that further mecha-
nisms beside atherosclerosis play a role in vascular aging.

Increased body weight is associated with vascular dys-
function and decreased vasodilatation reserve (Gu and Xu
2013). For this reason, it is not surprising that the BOLD
response of skeletal muscle tissue is also compromised in
obese patients when compared with lean people. However,

this effect could only be detected at a level of significance in
one of the examined muscles (extensor digitorum longus),
at maximum voluntary contractions and a short TE of 6 ms,
primarily reflecting blood volume changes (Sanchez et al.
2011).

Slow-twitch oxidative muscles (i.e., soleus, tibialis
anterior) show a higher capillary density and myoglobin
content than fast-twitch glycolytic muscles (i.e., gastroc-
nemius, extensor digitorum longus) (Noseworthy et al.
2003; Zierath and Hawley 2004). Consecutively, the largest
BOLD responses are usually detected in slow-twitch mus-
cles, whereas smaller changes are typically found in fast-
twitch muscles (Ledermann et al. 2006b; Noseworthy et al.
2003; Donahue et al. 1998). Regarding the high oxygen
sensitivity of BOLD MRI and the interindividual variation
of absolute T2* values, the selection of the optimal muscle
type to investigate is crucial to obtain significant results
when assessing patient and control collectives.

With regard to the activity level, individuals reporting to
participate in aerobic sports greater than 30 min per day for
at least 5 days a week bear an up to threefold larger BOLD
signal increase when compared with sedentary individuals
reporting no regular physical activity (Towse et al. 2005,
2011). The relation of constant physical activity to the
oxygenation status of skeletal muscle microcirculation may
obviously be explained by vascular adaptations such as
increased capillary density, collateral blood flow, and
exercise-provoked vasodilation (Green et al. 2011, 2012).
Thus, it will be helpful to control for the physical activity
level in muscle BOLD studies, for example by using an
adapted questionnaire. Furthermore, even brief exercising

Fig. 7 Mean BOLD responses
of four investigated calf muscles
during 360 s of reactive
hyperemia in elderly healthy
subjects (gray lines) and young
healthy subjects (black lines).
Note, the significantly lower T2*

hyperemia peak value
(P = 0.005) and significantly
elevated T2* end value
(P \ 0.001) in the elderly group
compared with the younger
individuals. From Schulte et al.
(2008). This material is
reproduced with permission of
Radiological Society of North
America (RSNA)
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over several minutes prior to BOLD imaging induces a
remarkable T2* increase in the exercised muscles and thus
has to be avoided in clinical settings (Bulte et al. 2006).

Especially in (pre)clinical muscle BOLD studies with
patient collectives suffering from vascular diseases, the
intake of vasoactive drugs might be a problem which has to
be taken into account. As the BOLD response has been
shown to be primarily dependent on perfusion induced
blood volume and oxygenation changes, drugs affecting the
vasodilatation capacity will influence the measured BOLD
signal changes. Indeed it has been demonstrated that drugs
inducing vasodilatation significantly increased oxygen- and
ischemia-induced BOLD responses, whereas vasoconstric-
tors significantly reduced DT2* (Bulte et al. 2006; Utz et al.
2005).

2.2 Clinical Applications of BOLD MRI

2.2.1 Peripheral Arterial Occlusive Disease
The morphological correlate of peripheral arterial occlusive
disease (PAOD) is stenoses and occlusions in peripheral
arteries leading to impaired blood supply to the end organs,
such as the muscular system and the skin. Symptoms
ranging from claudication to gangrene are the sequela of
these morphological changes. Stenoses on the arterial level
can be detected non-invasively with magnetic resonance
angiography (Prince 1998; Rofsky and Adelman 2000) or
color-encoded doppler ultrasonography (Leng et al. 1991).
In a couple of studies muscle BOLD MRI proved to be
useful for non-invasive assessment of PAOD. In one of the
earlier studies BOLD MRI during the hyperemic phase
using the arterial occlusion paradigm has been investigated
in PAOD patients versus an age-matched healthy volunteer
group. Despite inducing ischemia by cuff compression fol-
lowed by hyperemia after pressure release, the paradigm
was well tolerated with minor discomfort in the patient
group. In comparison to the healthy volunteers the BOLD
time course in PAOD patients showed a decreased T2*

max

and a delayed TTP (Fig. 8) (Ledermann et al. 2006b). The
lower T2*

max might be caused by a slower flow of blood
through the muscle microvasculature resulting in efficient
deoxygenation of hemoglobin and by a rarefaction of cap-
illaries in the calf muscle as a result of the disease as it was
found in previous studies (Hickey et al. 1992; Dawson and
Hudlicka 1990). The delayed TTP might be based on
impaired flow of oxygenated blood into the microcircula-
tory system of the calf muscle (Lebon et al. 1998a). Besides
a relationship between TTP and the ankle brachial pressure
index could be demonstrated; with some exceptions a lower
ankle brachial pressure index was associated with a higher
TTP (Ledermann et al. 2006b). Muscle BOLD MRI
investigations during the ischemic phase in PAOD patients

have been published as well. A significant altered T2* time
course in comparison to an age-matched healthy volunteer
group was found (Potthast et al. 2009). The T2*

min was
lower in the PAOD group versus the non-PAOD group
(Fig. 9).

The BOLD sequence as part of a multiparametric MR
imaging protocol is highly interesting for therapy response
evaluation. A study monitored PAOD patients longitudi-
nally 1 day before and 6 weeks after percutaneous trans-
luminal angioplasty (PTA) performing muscle BOLD MRI.
The arterial occlusion paradigm was well tolerated in this

Fig. 8 BOLD T2* signal changes of a male PAOD patient (stage IIA)
during reactive hyperemia is shown in green. For comparison, a
normal T2* time course of a healthy 67-year-old female volunteer is
shown in red. Pay attention to the profoundly decreased T2* recovery
during reactive hyperemia with no obvious peak in the patient with
PAOD

Fig. 9 T2* time course of a 36-year-old female PAOD patient (stage
IIa, green line) with a marked reduction of T2* decline during
ischemia. In red, a normal T2* time course of a healthy 52-year-old
male is shown with a substantially lower MIV at the end of ischemia
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PAOD patient population as well, proving the feasibility of
the innovative technique (Huegli et al. 2009). The cuff
compression paradigm is advantageous for clinical use as it
does not require compliance and its standardization is easier
than an exercise based approach (Berglund and Eklund
1981). It can be safely applied in PAOD patients with
intermittent claudication. However, those with higher grade
of the disease (critical limb ischemia or necrosis) were not
enrolled in previously published studies because of a the-
oretical risk of exacerbation when ischemia is provoked in
the early phase of the paradigm (Huegli et al. 2009). After
PTA T2*

max increased, whereas TTP and EV decreased but
these changes in BOLD key parameters did not reach sta-
tistical significance. However, they demonstrated a trend
resulting in reversal of the BOLD response towards a nor-
mal healthy course. Post PTA T2*

max increase can be
explained by improved blood supply and TTP decrease
might be based on a more effective and faster flow through
the re-opened superficial femoral arteries. Another reason
for the higher T2*

max is an improved vasodilatation reserve
after percutaneous intervention. The decreased EV found in
this study might be explained by a fast washout of oxy-
genated blood from the musculature.

A recently published study analyzed the reproducibility
of imaging techniques for the assessment of the macro- and
microcirculatory network in a PAOD patient collective in
comparison to a healthy volunteer group. The evaluation of
the microcirculation included dynamic BOLD imaging
during the hyperemic phase performing the arterial occlu-
sion paradigm. For BOLD imaging reproducibility was not
demonstrated. In detail the key parameter relative T2*

max

revealed poor reproducibility, whereas TTP showed mod-
erate reproducibility (Versluis et al. 2011). Further studies
with a standardized paradigm and imaging parameters are
warranted to improve the reliability of the BOLD response.
A potential alternative to muscle BOLD MRI for assess-
ment of PAOD is contrast-enhanced ultrasound. A recently
published study on healthy volunteers used an arterial
occlusion paradigm for muscle perfusion quantification
performing contrast-enhanced ultrasound. The arterial
occlusion paradigm can be applied in patient populations,
such as in subjects with PAOD for the evaluation of skeletal
muscle microperfusion (Krix et al. 2011). Another study
also showed that contrast-enhanced ultrasound is able to
diagnose PAOD by detecting skeletal muscle microperfu-
sion and arterial perfusion reserve alterations (Amarteifio
et al. 2011).

2.2.2 Rheumatic Disorders
The skeletal muscle tissue is the functional end organ of the
peripheral vascular system. In patients with rheumatic disor-
ders BOLD MRI has the potential to contribute to non-inva-
sive evaluation of the clinically relevant microcirculatory

system disorders. Furthermore, in those patients with symp-
toms of the musculoskeletal system muscle BOLD MRI may
even elucidate the cause as subclinical microcirculatory
alterations.

In a recently published case study a female patient with a
history of granulomatosis with polyangiitis (also known as
Wegener’s granulomatosis) presented with bilateral severe
myalgia (Jacobi et al 2013). The patient had no signs of
atherosclerotic disease and no associated risk factor for
macrovascular compromise. Morphological MR with T2
weighted images did not reveal any signs of inflammation
explaining the symptoms of the patient. However, BOLD
MRI could demonstrate pronounced impairment of calf
muscle microcirculation. In comparison to the BOLD signal
time course of a matched healthy volunteer substantial
differences in key parameters were shown: The T2*

min was
decreased and the declining slope during ischemia was
increased in the patient. The lower MIV might be explained
by small vessel vasculitis leading to a larger amount of
oxygen consumption.

Investigations of the BOLD response in systemic scle-
rosis (SSc) patients generated interesting results. SSc is a
disease with microangiopathy leading to insufficiency in a
variety of tissues (Gabrielli et al. 2009). Up to one-third of
patients have symptoms in the musculoskeletal system
(Walker et al. 2007). In a study the microvasculature of SSc
patients was analyzed performing BOLD imaging of the
calf muscle with the arterial occlusion paradigm. Impaired
muscle microcirculation was demonstrated by altered
BOLD time courses in the patients compared to a healthy
volunteer control group (Partovi et al. 2012d). Key
parameters were significantly different with lower T2*

max,
T2*

min, declining slope values and a prolonged TTP. Lower
T2*

min might be based on rarefaction of capillary or
occlusion of the microcirculatory system. The hyperemia
parameter differences might be the result of structural
(capillary loss or obliteration) or functional (vasoconstrictor
effect or decreased vasodilatation reserve) vasculopathy.
BOLD response alterations have been found to be more
pronounced in the gastrocnemius than the soleus muscle in
this study. A further study with SSc patients tried to elu-
cidate the origin of altered muscle BOLD MR time courses
by means of correlation with transcutaneous oxygen pres-
sure (TcPO2) measurements. TcPO2 is a technique utilizing
the modified Clark electrodes and reflecting the tissue
oxygenation status (Bunt and Holloway 1996; Slagsvold
et al. 1992). A comparison with healthy volunteers was
included in the analysis as well. Very strong cross corre-
lations between both imaging techniques in the patient and
healthy volunteer group were demonstrated for a time lag of
approximately 40 s (Partovi et al 2013). This proves BOLD
MRI as a valuable tool for the assessment of patients with
SSc as it reveals oxygen deficits in this patient population.
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The origin of the T2* signal of BOLD MRI can be explained
at least partially by tissue oxygenation alterations. When
comparing the signal course of both modalities, the T2*

decrease was more pronounced than the decrease of the
TcPO2 signal during ischemia. From a pathophysiological
standpoint this lower signal might be caused by the adaption
of the microcirculatory system to chronic hypoxia leading
to a pronounced capillary oxygen consumption. T2*

max and
the TcPO2 signal were lower in the patient population
versus healthy volunteers which is based on either structural
or functional vasculopathy as discussed above. In the future
vasoactive drugs might help to further clarify whether the
structural or the functional component contributed to the
BOLD response or if both components impact the signal to
a certain degree (Bulte et al. 2006). Furthermore muscle
BOLD MRI correlations in SSc patients with laser Doppler
flowmetry are of interest (Fagrell 1986; Ranft et al. 1986)
(Fig. 10).

2.2.3 Diabetes Mellitus
It is well known from a clinical perspective that the
microvasculature is impaired in patients with diabetes
mellitus type I and type II (Picchi et al. 2010; Marcovecchio
and Chiarelli 2011). Muscle BOLD MRI was assessed in
patient with diabetes mellitus type I and II versus healthy
controls conducting maximal isometric ankle dorsiflexion
for 1 s (muscle exercise) as paradigm. The authors of this
study also evaluated the distal macrovasculature with phase
contract MR angiography. No significant differences in the
BOLD response between patients and healthy controls
could be found. There was also no different in the findings
from phase contract MR angiography. This study could
confirm the impact of age on the BOLD signal time course

(Slade et al. 2011). Combining BOLD with a technique to
assess macrovasculature is a promising approach towards
functional musculoskeletal imaging.

For assessing the microvasculature of the skeletal muscle
in patients with diabetes mellitus contrast-enhanced ultra-
sound could be an interesting imaging modality. Contrast-
enhanced ultrasound in patients with diabetes mellitus type
II performing the arterial occlusion paradigm revealed
impaired skeletal muscle microperfusion in comparison to
healthy volunteers (Amarteifio et al 2013).

2.2.4 Compartment Syndrome
For certain applications it was suggested to integrate muscle
BOLD MRI and other advanced MR techniques in one
imaging protocol. For instance BOLD MRI can be com-
bined with diffusion tensor imaging which enables depiction
of muscle tears. In the same publication BOLD MRI was
demonstrated to be feasible for the detection of vascular
insufficiency in compartment syndrome (Noseworthy et al.
2010).

3 Part 2 Arterial Spin Labeling MRI

3.1 General Principles of ASL

3.1.1 Origin of the ASL Signal
The principal underlying ASL is the selective visualization
of fresh inflowing blood into a tissue of interest which can
be imaged with this technique. This is achieved by mag-
netically labeling (or ‘‘tagging’’) of inflowing arterial blood
water proximal of the tissue of interest, generally through
inversion or saturation of the longitudinal magnetization
using specifically designed radiofrequency (RF) pulses
(Detre et al. 1992).

The water molecules, acting as an endogenous contrast
agents and carrying the labeled magnetization, travel
through the vascular tree to a particular tissue where they
are extracted from the microvascular bed and join the larger
pool of tissue water distal of the tagging location. Once
arriving in the tissue, after a duration termed arterial transit
time, the tagged spins induce a measurable change in the
apparent tissue T1 signal and in the tissue magnetization,
which it is detected by a conventional MR sequence. To
produce a control image, the experiment is then repeated
without the labeling procedure. Consecutively, the image
signals are subtracted in pairs to yield a difference of signal,
which enables detection of tagged blood that was delivered
to the imaging slice (Fig. 11). This signal directly reflects
quantitative local perfusion which is calculated using
modifications in the original Bloch equations.

However, the tagging sequence produces additional sta-
tic signals in the tissue to be imaged (a process termed

Fig. 10 BOLD time courses of a 53-year-old male SSc patient (blue)
and a 26-year-old healthy female volunteer (red) showing a clear
reduction of T2*

min and T2*
max in this rheumatic disorder
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magnetization transfer), and therefore the control sequence
must produce an identical signal without labeling the
inflowing blood. Provided that the off-resonance and mag-
netization transfer effects of the tagged and control pulses
are equal, the ASL signal is simply proportional to the
difference in longitudinal magnetization in the tissue due to
the blood that entered the voxel during the defined time
interval. The goal of all the ASL techniques is to produce a
tagged image and a non-tagged control image in which the
static tissue signals are the same.

The essential problem in quantifying the ASL signal is to
estimate how much the magnetization of the tagged spins
has decayed by the time of measurement, so that the mea-
sured ASL signal can be appropriately scaled to represent a
quantity of blood delivered to the voxel (Buxton et al.
1998).

For each ASL method, a detailed model of the process
combining kinetics and relaxation is needed in order to
extract a quantitative measurement of perfusion. Although
all of these models rely on the same theoretical background
one should take into account that each ASL technique uses
different types of parameter values. These parameters
include: the degree of arterial spin inversion, transit time
from the labeling slice to the imaging slice, T1 of blood and

tissue, equilibrium magnetization of arterial blood, clear-
ance of magnetization by venous flow, blood-tissue parti-
tion coefficient for water, duration of the labeling pulse, and
the amount of blood water extracted by the tissue. These
parameters are subsequently used in equations describing
perfusion which are derived from the modified Bloch
equation.

It should be considered that the ASL calculation of
perfusion is not derived from dynamic datasets and does not
require deconvolution processing. The ASL signal is
directly and linearly proportional to perfusion.

3.1.2 Advantages and Disadvantages of ASL
The main advantage of ASL lies in its complete non-inva-
sive assessment of perfusion and microcirculation. This
permits serial measurements without the need for adminis-
tration of contrast agents. ASL is quantitative in absolute
terms and evaluates the actual tissue microperfusion as
opposed to blood flow to an organ. The information derived
from BOLD imaging can be acquired partially when
applying the ASL technique (Duteil et al. 2006; Carlier
et al. 2006). Additionally, ASL exhibits relatively high
spatial and high temporal resolution. Finally, ASL may be
used to conduct non-invasive MR angiography (Katoh et al.
2008; Rehwald et al. 2004; Wheaton and Miyazaki 2012).

The greatest disadvantage of ASL is the intrinsic low
signal-to-noise ratio (SNR). The difference in signal
between the two images is approximately 1 %, thus multi-
ple images are acquired (consisting of repeats of tag minus
control image) which are then averaged. This process is
time consuming and makes low perfusion states (such as
muscle perfusion at rest) more difficult to quantify, although
not impossible.

Since its first demonstration by Detre et al. (1992) and
Kwong et al. (1992), ASL has been applied extensively to
studies of the brain (Detre et al. 1999; Chalela et al. 2000;
Alsop et al. 2000), the heart (Troalen et al. 2013; Kober
et al. 2004; Zhang et al. 2005) as well as other organs (such
as the kidneys and lungs) (Robson et al 2012; Mai and Berr
1999) including the skeletal muscle (see section below and
Fig. 12).

3.1.3 Sources of Error and Artifacts Associated
with ASL

Motion Artifacts: Due to the lengthy acquisitions to achieve
adequate SNR, as well as the fact that ASL perfusion
imaging involves the subtraction of two images with an
intensity almost 100 times larger than the difference
between them, ASL scans are susceptible to motion arti-
facts. Recent technical advances offer several solutions to
the problem (Norris and Schwarzbauer 1999; Wong et al.
2006; Frouin et al. 2006; Garcia et al. 2005; Ye et al. 2000;
Blamire and Styles 2000; Duyn et al. 2001).

Fig. 11 Principle of ASL MR perfusion imaging. a In ASL MRI,
blood serves as intrinsic contrast agent. For this, blood is magnetically
labeled by an inversion pulse outside the imaging slice and then flows,
depending on the blood flow, into the imaging slice. b The difference
between the MR image with and the MR image without labeled blood
yields an image with signal only from inflowing blood, whereas
background signal is suppressed. This image is the perfusion weighted
ASL image. From Weber et al. (2007). This material is reproduced
with permission of Springer
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Magnetization Transfer (Discussed Above): Magnetiza-
tion transfer effects can be a significant source of error in
ASL measurements. They can be particularly problematic in
skeletal muscle, where magnetization transfer rates are
relatively high (Niemi et al. 1992) and can change signifi-
cantly and rapidly during exercise (Mattila et al. 1993; Zhu
et al. 1992).

Post Labeling Transit Time Delay: The exact duration of
the transit time is challenging to determine as it is not
uniform across a slice or between slices. The artifact results
from intravascular labeling that has not yet reached capil-
laries and tissue by the time the image the acquisition is
carried out. As a consequence perfusion might be
underestimated.

Alsop and Detre reduced the sensitivity of the continuous
ASL techniques to transit time heterogeneity by inserting a
postlabeling delay (PLD) (Alsop and Detre 1996). How-
ever, this approach still requires a good estimation of the
transit time since the optimal delay time equals the transit
time. This makes the approach difficult to implement in
skeletal muscle where arterial flow velocities can be
expected to change considerably between rest and exercise
(Wu et al. 2008).

Contribution of Labeled Water in Large Vessels: Intra-
vascular tagged blood flowing through the slice creates
large focal intensities, which are unrelated to tissue perfu-
sion. In practice, the signal from large arteries is typically
destroyed in the course of the echo-planar imaging acqui-
sition without the need of additional bipolar gradients
(Buxton et al. 1998). To further reduce this artifact another
possibility is to carefully exclude voxels containing vessels
or lipids (which cause large focal intensities as well).

Incomplete Inversion of the Arterial Blood (Labeling
Efficiency): In the skeletal muscle blood flow velocity can
range from very low to very high levels, potentially
resulting in different labeling efficiencies.

Venous Outflow Effect: An implicit assumption in most
existing quantitative perfusion models is that the tagged
blood does not leave the tissue prior to data acquisition. In
situations involving high flow rate this might not hold true.
It is particularly important to consider this in investigations
in the skeletal muscle, where fast flow rates are encountered
as well as conditions associated with low hematocrit levels
such as anemia (Wu et al. 2008). Insufficient consideration
of these artifacts will result in perfusion estimation errors.

3.2 Technical Principles

According to the tagging scheme, ASL can be divided into
four categories: continuous ASL (CASL), pulsed ASL
(PASL), pseudo-continuous ASL (pCASL), and alternative
labeling schemes.

Fig. 12 Anatomic T1-weighted image (a) and color-coded perfusion
weighted ASL image (b) of the right mid-thigh of a 24-year-old
woman at rest on a 1.5-T whole body scanner (PICORE tagging
scheme, 10-mm slice thickness, TR = 3,500 ms, TE = 30 ms, inflow
time TI = 600 ms, 256–128 matrix, 25 averages, acquisition time
TA = 3 min). After knee flexion exercise against a 3-kg weight for
5 min significant hyper-perfusion in all thigh-flexor muscles can be
observed (arrowheads), while the adductor muscles (asterisk) already
have elevated perfusion at rest-resulting from a preceding exercise test
(c). The blue arrow indicates the femoral vessels, which have the
highest signal on ASL images. As expected, no perfusion signal
appears in bones and subcutaneous fat tissue. From Weber et al.
(2007). This material is reproduced with permission of Springer
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3.2.1 Continuous ASL
With CASL techniques, the blood is continuously labeled.
A spatially localized RF field, positioned through the
feeding arteries of the tissue of interest, inverts the longi-
tudinal magnetization of the protons in the blood as they
flow through a thin slice. This technique uses long RF
pulses. The original scheme proposed only allows quanti-
fication of perfusion in a single slice (Detre et al. 1992).
This problem was overcome when a new CASL techniques
was developed in order to quantify regional cerebral blood
flow in multiple slices with a single coil (Alsop and Detre
1998; Talagala et al. 1998).

3.2.2 Pulsed ASL
As opposed to labeling blood as it flows through a plane,
PASL relies on the instantaneous labeling of a thick slice
(large blood volume) with a short RF pulse (*10–20 ms).
PASL sequences are based on a scheme originally referred
to as flow-sensitive alternating inversion recovery (FAIR)
sequences (Kwong et al. 1995; Kim 1995; Schwarzbauer
et al. 1996). In FAIR, an inversion-recovery sequence is
performed twice—a labeled one with slice-selective inver-
sion and a control one with nonselective inversion.
Following each inversion imaging is performed. The
inversion-recovery image with the slice-selective inversion
pulse is then subtracted from the image with the nonselec-
tive inversion pulse (Fig. 13).

3.2.3 Pseudo-Continuous ASL Techniques
pCASL is a novel labeling scheme that combines the
advantages of PASL and CASL (Silva and Kim 1999). The
advantages of pCASL include an increase of 50 % in SNR
as compared to PASL and a higher tagging efficiency than
CASL (Wu et al. 2007). pCASL measurement sequences
are available on MR systems of all three major vendors.

3.2.4 PASL versus CASL
Whereas pCASL and PASL can be implemented with
standard MR-systems, CASL requires a dedicated coil with
a capacity for generating continuous RF pulses (Wu et al.
2011). PASL is performed with shorter repetition times and
thus leads to superior temporal resolution (Wong et al.
1998). PASL is also less sensitive to variations in the
assumed or measured values of the tissue parameters.
BOLD data can be acquired simultaneously with PASL.
PASL exhibits lower influence of magnetization transfer
(Boss et al. 2006) and inversion efficiency is higher and thus
essentially flow-velocity independent.

For PASL, the inherent SNR is lower than that of CASL.
However, when tagging efficiency and coil configuration
are considered, the SNR is comparable between PASL and
CASL and is highest with pCASL (Wu et al. 2011). In
addition, CASL techniques are less susceptible to motion

interferences (Wong et al. 1998; Frank et al. 1999; Rich-
ardson et al. 2001).

3.2.5 Skeletal Muscle ASL
The first ASL measurements of muscle perfusion date back
to 1996 (Toussaint et al. 1996). The authors used a CASL-
NMR model originally developed by Detre et al. (1992). for
the brain, to measure perfusion in the calf muscle of human
volunteers during rest, ischemia, and reactive hyperemia.
The authors correlated the results successfully with NMR
plethysmography and were able to observe significantly
different perfusion rates in the various muscle groups.

Flow-Driven Arterial Water Stimulation with Elimina-
tion of Tissue Signal

FAWSETS was the first ASL sequence introduced to
specifically quantify muscle perfusion (Marro 1997; Marro
et al. 2005a). FAWSETS, a CASL technique, differs from
other CASL techniques in that the label consists of flow-
driven adiabatic excitation rather than saturation or inver-
sion of the arterial water. The technique offers several
advantages: It eliminates the need to compensate for mag-
netization transfer and also for arterial transit time effects.
Furthermore, it provides an improvement in time resolution

Imaging slice Labelling slice

• Tagging-phase • Control-phase

Labelled Area

Fig. 13 Principal of FAIR (flow-sensitive alternating inversion
recovery). During the tagging phase all the spins in the tagging slice
are inverted. Following this, only the spins in the imaging slice are
inverted (white box). The difference between the intensity of the
imaging slice at both these times delivers the signal, which is used to
calculate the blood flow. From Weber et al. (2004). This material is
reproduced with permission of Springer
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in the range of factor 2. Alas, FAWSETS can only eliminate
arterial transit times in a single slice. FAWSTES was
conducted in several studies to investigate perfusion in the
hind limb of rats (Marro et al. 2005a, b), combining
FAWSTES with 31P MR spectroscopy (though not simul-
taneously) in order to investigate local perfusion and met-
abolic demand.

Another manuscript presented a further CASL sequence
designed to specifically quantify muscle perfusion (Frank
et al. 1999) using a standard 1.5-T clinical imaging system
fitted with a local gradient self-designed knee coil. The
authors applied a modified version of continuous ASL to
demonstrate spatially and temporally resolved perfusion
images of exercising human skeletal muscle (Alsop and
Detre 1996). They were able to demonstrate the spatial
heterogeneity of perfusion values within the various muscle
groups of the lower leg and perfusion sensitivity to muscle
workload. In this manuscript a method for eliminating the
most serious sources of error in the measurement of muscle
perfusion with ASL was demonstrated as well (Alsop and
Detre 1996). This technique was combined later with 31P
chemical shift (CSI) imaging to compare metabolic demand
and perfusion response to exercise (Richardson et al. 2001).

Saturation Inversion Recovery
The first PASL sequence for the purpose of specifically

quantifying muscle perfusion was SATIR (Raynaud et al.
2001). SATIR offers the following advantages: The calcu-
lation of perfusion using SATIR is independent of possible
T2 variations, which are known to increase in exercising
muscles, and of T2* making it insensitive to the BOLD
effect. SATIR is highly temporal efficient, displaying a high
perfusion contrast per unit of time. The new sequence was
utilized to conduct multiple experiments in various setups,
combining multiple interleaved additional measurements
(termed multiparametric functional-NMR) to study muscle
physiology both at rest and at activity (Duteil et al. 2004,
2006; Gerontol et al. 2009; Baligand et al. 2011; Bertoldi
et al. 2006; Ménard et al. 2010).

3.2.6 Comparison of ASL and BOLD MRI
for Muscle Perfusion

Superiority of ASL
1. BOLD contrast is of a multifactorial nature. While ASL

provides a direct absolute measurement of perfusion
changes, T2* weighted BOLD MRI measures the local
increases in oxygenation. This should be taken into
account when interpreting BOLD information.

2. The vascular network architecture in skeletal muscle,
with a preferential alignment along fibers, may induce
an angular dependence of BOLD relative to the Bo
field.

3. ASL is less susceptible to artifacts arising from large
draining veins.

4. The exercising muscle induces an intrinsic T2 increase
which can be a confounding effect in BOLD signal
interpretation.

5. BOLD response tends to plateau at high perfusion rates
(Duteil et al. 2006).

6. ASL perfusion contrast is based on longitudinal mag-
netization, and as such it is insensitive to bulk suscep-
tibility effects which may impact BOLD studies (Detre
and Alsop 1999).

7. In conditions where angiogenesis is stimulated, associ-
ated changes in tissue vascular fractional volume could
affect BOLD response to a greater extent than vasodi-
lation itself, thus obscuring the evaluation of the skeletal
muscle vasodilatory capacity (Carlier et al. 2006).

Superiority of BOLD
1. The major advantage that BOLD has over ASL is that

while a typical BOLD signal is 2 % of the raw image
intensity, a typical baseline ALS signal (control-tag) is
only 1 % of the raw image intensity. Although the
change in ASL signal can be relatively high, this still
represents only 1 % of the raw image intensity. Signal
averaging can compensate for this drawback of ASL but
requires an increase in scan time which limits spatial
and/or temporal resolution (Lebon et al. 1998c).

2. ASL temporal resolution is limited by the need to
obtain two images (tag and control). Additionally,
because of the time required to allow for tagged blood
to flow into the imaging slice, even multislice ASL is
limited in its maximum rate of image acquisition rel-
ative to BOLD.

3. ASL requires a large number of additional measurements
or assumptions, which can result in the generation of
subsequent significant errors.

4. BOLD signal can be increased using high magnetic field
strengths (Partovi et al. 2012c). Higher magnetic field
strengths are gaining an increasing interest in the clinical
arena of musculoskeletal imaging.

5. Spin echo BOLD imaging has the advantage of mini-
mizing large vessel contributions. Moreover, it can be
extracted from the same series of ASL spin echo images,
which are acquired for perfusion quantification.

6. ASL suffers from a greater sensitivity to movement in
comparison to BOLD MRI.

3.3 Clinical Applications of ASL

3.3.1 Recent Human ASL Studies
ASL measurements for examining perfusion in multiple
human extremities was first recently performed performed
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(Wu et al. 2008). This study applied an ischemic-hyperemic
paradigm and a CASL scheme to study the flow heteroge-
neity between a variety of muscle groups (Wu et al. 2008).
Another study used a clinical 3.0T scanner and standard
coils in combination with the pulsed ASL technique FAIR-
TrueFISP, to investigate perfusion response in the forearm
musculature of healthy volunteers (Boss et al. 2006). While
employing an intense exercise paradigm, good delineation
could be achieved between active muscles and musculature
not involved in the exercise technique. Using the same
technique, it was feasible to assess perfusion changes in the
relatively small Masseter muscle after sustained clenching
(Schraml et al. 2011).

3.3.2 ASL in Peripheral Arterial Occlusive Disease
The first attempt to employ a continuous version of ASL to
measure calf muscle perfusion in subjects with PAOD was
realized using an ischemic-hyperemic paradigm to examine
calf microvascular flow in 40 subjects with varying degrees
of PAOD and 17 age-matched PAOD-free subjects. The
authors applied a CASL scheme on a 3T scanner demon-
strating that CASL flow measurements correlate with dis-
ease state as measured by ankle brachial pressure index and
that those measurements exhibited preserved microvascular
flow reserve in the presence of early to intermediate vas-
cular disease (Wu et al. 2009).

A PASL method was used in another study to measure
calf muscle perfusion in subjects with PAOD. The data of
this study was acquired on a 3T scanner with a peak exer-
cise paradigm to measure flow in 15 healthy volunteers and
15 age-matched patients with PAOD. In this study the
Q2TIPS [QUIPSS (Quantitative Imaging of Perfusion Using
a Single Subtraction) II with thin-slice TI1 periodic satu-
ration] sequence was implemented. Q2TIPS minimizes
errors caused by variable transit delay and deletes the
intravascular signal (Pollak et al. 2012). In this study a
higher peak exercise calf perfusion was found in healthy
volunteers in comparison to PAOD patients, thus differen-
tiating healthy from PAOD patients. Moreover, in the
healthy subjects, the anterior tibialis and gastrocnemius
revealed to be the calf muscles with the highest perfusion
rate. In contrast for the PAOD group the calf muscle with
the highest perfusion was the anterior tibialis muscle. The
within subject correlation coefficient between repeated
studies was 0.87 and the interobserver reproducibility was
0.96 indicating both reliability and reproducibility (Luh
et al. 1999).

In conclusion ASL may prove useful for the evaluation
of disease progression in PAOD. Those patients unable to
receive contrast agents may profit from perfusion imaging
with ASL. Clinical trials in a large patient collective are
warranted to further elucidate the application of ASL in
PAOD.

4 Part 3 Dynamic Contrast Enhanced
(DCE)-MRI

4.1 General Principles of Dynamic Contrast
Enhanced (DCE)-MRI

4.1.1 Origin of the DCE-MRI Signal
and Technical Principles

Dynamic contrast enhancement (DCE) is the temporal study
of the tissues response to an intravenously injected bolus of
contrast agent (CA). This technique is conducted through
acquisition of baseline native images, followed by a series
of images acquired over time after administration of
the CA.

A paramagnetic CA is present into the vascular system of
a subject over a short period of time. The CA disperses and
as it enters a tissue, it changes the MR signal intensity of the
tissue to a degree that is associated with its local concen-
tration. The induced signal intensity variation of the tissue
is monitored over time through a serial acquisition of
images every few seconds. This signal is used to plot a
so-called time-intensity curve (TIC, Fig. 14) for the tissue
which reflects the tissue’s response to the arrival of the CA.
Through the analysis of this curve, certain physiological
properties that are related to the microvascular blood flow
can be derived, such as vessel permeability, vessel surface
area product and tissue volume fractions.

In a typical DCE-MRI imaging session, a region of
interest (ROI) is selected and MR images are collected.
Each image acquired corresponds to one time point, and
each pixel in each set of images generates its own time
course of intensity values. Images of the resultant changes
in signal intensity can then be analyzed to derive parametric
maps of specific microvascular biomarkers (Fig. 15). These
parameters generally reflect the two-compartment pharma-
cokinetics exhibited by contrast agents, comprising of
intravascular and extravascular components.

A paramagnetic particle will induce changes in the MRI-
signal of a tissue, through which it passes due to two
different physical–chemical properties:

Fig. 14 Typical time-intensity curve derived from a subcutaneous
tumor. The initial upslope describes the wash in phase and the
subsequent downslope the washout phase. In DCE-MRI quantitative
analysis the whole curve is used to calculate single values of different
microvascular parameters
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1. Reduction of tissue relaxation times T1 and T2 through
diffusible CA (relaxation effect). This effect is used to
generate positive enhanced T1 weighted images and the
technique is called DCE-MRI or T1-W DCE or Dynamic
Relaxivity MRI.

2. Transient formation of magnetic field heterogeneities
during the passage of a paramagnetic CA through the
capillaries (susceptibility effect). This effect is used to
produce negative enhanced T2 or T2* weighted images.
Studies assessing this effect are commonly referred to
dynamic susceptibility contrast (DSC) MRI or T2-W
DCE (Themen 1997).

4.1.2 Data Acquisition Using DCE-MRI
For data acquisition using DCE-MRI three steps are
required:
(1) Recording a map of the native T1 values (T10 map)

before contrast administration, as the calculation of the
CA concentrations also requires knowledge of the ini-
tial T1 value of the tissues prior to CA arrival (Yan-
keelov and Gore 2009).

(2) Acquisition of heavily T1-weighted images before and
after CA introduction. Quick acquisition of heavily
T1-weighted images is commonly carried out by spoiled
gradient echo sequences (synonym: fast low angle

Fig. 15 Comparison of treated
experimental breast cancer bone
metastases-bearing rats at day 30
after tumor cell injection; T1-
weighted MRI after contrast
agent application (a), DCEMRI-
derived color-coded maps for
amplitude A (c), and exchange
rate constant kep (e) with sham-
treated rats; T1-weighted MRI
after contrast agent application
(b), DCEMRI-derived color-
coded maps for amplitude A (d),
and exchange rate constant kep

(f). Arrows point to soft tissue
parts of bone metastases.
DCEMRI color code; red color
indicates higher values and blue
color depicts lower values for
amplitude A (d) and exchange
rate constant kep (f)
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shot = FLASH). Using a saturation-recovery-turbo
FLASH sequence enables estimation of precontrast
T1 relaxation times derived from the dynamic image
series (Brix et al. 2004).

(3) The arterial input function (AIF) is a method to estimate
the concentration of the CA in the blood plasma of a
feeding vessel as a function of time.

Acquiring the AIF is essential for nearly all quantitative
analysis methods. A perquisite of pharmacokinetic models
is the arrival of the CA at the tissue in the form of an
ultra-narrow, well-defined bolus (i.e., impulse input of
tracer) (Themen 1997). This ideal bolus will flood the
tissue and create a response, a concentration time curve
within the tissue, which is termed the residue (or residual)
response. It is this curve that can be used to extract
quantitative information regarding intrinsic tissue proper-
ties. However, in reality the concentration time course of
the CA in a vessel entering the tissue (the AIF) differs
substantially from the ideal form and hence the residual
function cannot be measured directly (Fig. 16). Alterna-
tively concentration times curves of both the tissue and a
feeding artery (AIF) can be measured whereupon these
two curves can be used to reconstruct the residual function
and quantification can performed accurately. The mathe-
matical process of deriving information in order to
reconstruct an underlying unknown original function (in
our case the residual function) which has been altered by a
second function (the AIF) to consequently produce a third
function (tissue concentration time course) is termed
deconvolution.

In practice the form of the CA bolus is affected by
individual parameters, such as CA dose, injection tech-
nique, cardiovascular status, and other physiological vari-
ables. These variations can be minimized by the
deconvolution of data from each voxel using the AIF. The
analysis relies on the measurement of a surrogate AIF from
a major feeding artery which equals only an approximation
of the true AIF.

The number of measurements required for data acquisi-
tion is dependent on the quantification method one wishes
to apply. For simple semiquantitative analysis of signal
intensity curves, method 2 will suffice. For additional CA
concentration values method 1 must also be included. For
quantitative pharmacokinetic analysis all three methods
should take place.

4.1.3 DCE Analysis Procedure
Shortly after a bolus of paramagnetic contrast agent is
intravenously administered it enters the tissue. The
enhancement pattern of the tissue depends on a wide variety
of factors, including but not limited to vascularity, capillary

permeability, perfused capillary surface area, volume and
composition of extracellular fluid, renal clearance and tissue
perfusion. The analysis of the contrast enhancement pattern
can be performed using a variety of techniques, such as
simple semiquantitative methods, analysis of curve mor-
phology and quantitative methods. Simple semiquantitative
values can be derived from the tissue time-intensity curve
alone. More complex pharmacokinetic based analyses
require the identification of the AIF.

4.1.4 Semiquantitative Analysis
The signal intensity curve alone is very helpful for simple
semiquantative analysis.

Model-free parameter extractions have several advanta-
ges as they are (1) robust, (2) obviate the need for an AIF
measurement, (3) some of them, such as area under-curve
(AUC) are independent of injection protocols (Galbraith
et al. 2002), (4) easy to calculate, and (5) do not have any
rigorous requirements in terms of data acquisition (Jaspers
et al. 2010). Regrettably semiquantitative parameters do not
necessarily have any obvious physiological correlates, since
they represent a mix of microcirculatory and tissue prop-
erties. The degree to which each of these physiological
parameters contributes is challenging to determine. Another
limitation is the fact that most of the signal intensity based
methods are influenced by the type of acquisition protocol
applied. They depend on factors such as sequence
parameters, hardware settings, scan duration, amount of
administered CA (Lavini et al. 2007), CA properties,
injection protocol and so on. These varations will occur
even if identical sequences are used since the baseline
signal for any given tissue, using a particular sequence, will
differ by the choice of imager. In summary the comparison

Fig. 16 Should a CA arrive at the tissue as an ideal, ultra-narrow
flooding bolus, the tissue response is the sought after residual function.
In reality the form of the bolus in the feeding artery (the AIF) differs
substantially from the ideal form. The measured signal in the tissue is
not the residual function but a widely spread time-concentration curve.
From Themen (1997). This material is reproduced with permission of
Springer
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of semiquantitative studies are difficult and should be made
with caution due to the aforementioned variations.

Having said this, semiquantitative parameters reflect
physiological mechanisms and qualitative signal based
analysis is very useful, especially where measurement of
relative changes in an individual or group of patients is
required.

Commonly used metrics for this measurement technique
include:
1. Initial area under the curve (iAUC): computes the area

under tissue concentration time curve up to a stipulated
time that includes a major portion of tissue response.

2. Maximum (relative) enhancement (in %): maximum
signal difference (MSD)/signal baseline (SB).

3. Time to maximum signal intensity (in sec.): time between
the arterial peak enhancement and SImax.

4. Time to peak enhancement (in sec.): time between the
arterial peak enhancement and the end of the steepest
portion of enhancement.

5. Rate of peak enhancement: [(SIend - SIprior/(SI-
base 9 T)] 9 100 (in %/min).

6. Rate of enhancement: [(SImax – Slbase)/(SIb-
sae 9 Tmax)] 9 100 (in %/min).
The slope of the time-intensity curve can also be nor-

malized by dividing it with the arterial TIC slope. This
parameter is termed perfusion index (PI) by some authors
and has been used both in studies of skeletal muscle and the
myocardium (Isbell et al. 2007; Jiji et al. 2013; Panting
et al. 2002).
7. T90 (in sec.): Measurement of the time taken for the

tissue to attain 90 % of its subsequent maximal
enhancement.

8. Maximum rate of change of enhancement (maximal
intensity change per time interval ratio)(in %/min).
The last two parameters are designed to minimize the

variation which occurs between patients as a result of
variations in contrast dose, injection, scanning techniques,
and scanner type (Jackson 2004).

Semiquantitative analysis can also be applied performing
first-pass methods. These methods are easily implemented
in clinical settings with relatively low scanning time. It is
assumed that the dynamic enhancement pattern observed
early during the first pass (the slope) will represent above
all, the kinetics of the contrast agent within the blood ves-
sels. The method has been applied in several studies of
cervical cancer (Mayr et al. 1996, 2000) and other varia-
tions of the method have been applied extensively in studies
of the heart (Panting et al. 2002; Pack and DiBella 2010;
Saeed 2001) and the skeletal muscle (see section Investi-
gations of the musculoskeletal system with DCE-MRI
techniques).

4.1.5 Morphologic Analysis
This approach primarily considers the shape of the uptake
and washout of the TIC and has been named ‘‘curve-ology’’
(Yankeelov and Gore 2009). Distinctive curve patterns are
defined and attempts are made to assign them to physio-
logical or pathological findings (Van Rijswijk et al. 2001).
For instance in the skeletal muscle, a rapid signal intensity
increase followed by a narrow peak and a washout phase is
evident for an adequate vascular reserve. In contrary, should
the signal intensity curve shows a shallow increment, a
delayed peak and only a weak or absent washout after
exercise, this might be a hint toward a limited vascular
reserve (Leppek et al. 2004) (Fig. 17). The method has been
successfully applied to rheumatoid arthritis (Van de Sande
et al. 2012; Van der Leij et al. 2009), breast imaging (Rieber

Fig. 17 Diagram of a signal intensity curve of DCE-MRI, represent-
ing the contrast agent dependent signal intensity over time. Charac-
teristic curve segments are the linear upslope (wash-in) reaching a
maximum intensity, i.e., peak enhancement. Subsequently, there is a
washout of contrast medium. The time to peak describes the time from
onset of bolus appearance (time to contrast arrival) to peak contrast
enhancement. The perfusion reserve of patients can be assessed by
measuring the reactive hyperemia after occluding the arterial inflow by
suprasystolic cuff compression or after symptom-limited treadmill
exercise in comparison with age-matched controls. In case of
peripheral arterial occlusive disease (PAOD), there is a delay in
contrast arrival time, a less steep upslope, and a lower peak
enhancement (arrows). From Weber et al. (2007). This material is
reproduced with permission of Springer
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et al. 2002) and a variety of musculoskeletal lesions (Lavini
et al. 2007).

4.1.6 DCE Quantitative Analysis
One of the appealing features of DCE-MRI is its capability
to calculate absolute measures directly related to the
physiological and pathophysiological properties of the
microvascular environment and the surrounding tissue. This
is usually performed by means of model-based pharmaco-
kinetic analysis. The purpose of a model is to describe the
underlying physiological phenomenon in mathematical
terms in order to enable the estimation of specific tissue
parameters from a measured signal. Tracer kinetic models
describe tracer transport processes within the tissue. The
model should adequately describe the aspects relevant for
the investigation. To this end the result of a quantitative
analysis is model dependent.

The fundamental physiological parameters describing
the CA movement across the vascular endothelium include:
vessel wall permeability, vessel surface area, intravascular
and extracellular extravascular volume fractions, blood flow
(i.e., perfusion) and ratios of the CA concentrations across
the endothelium.

With model-based quantitative analysis three relevant
microscopic parameters for the characterization of the
microcirculation are acquired: CA exchange rates between
the capillaries and the interstitial tissue (the so-called cap-
illary permeability), regional blood volumes, and regional
blood flow.

To enable quantitative analysis the following steps are
performed:
a. Measurement of baseline T1 before gadolinium injection

(this enables transformation of the signal intensity-time
curve into a time-concentration curve).

b. Measurement of signal intensity changes before and after
CA application in the tissue.

c. Conversion of signal intensity data to CA concentrations:
The conversion of signal intensity curves into time-
concentration curves is carried out by means of an
appropriate signal-model since in MRI there is no direct
correlation between CA concentration and measured
signal intensity changes.

d. Computed time-concentration curves (TCC) are ana-
lyzed by tracer kinetic modeling using curve-fitting
techniques, either on a region of interest or, less com-
monly, on a pixel-by-pixel basis.

4.1.7 Curve Fitting
The bulk of quantitative analyses techniques rely on curve-
fitting methods to produce estimates of parametric values.
Each model is an equation containing multiple numbers
of free fitting (adjustable) parameters. These are the

physiological parameters which are extracted in order to
ascertain receipt of significant information about the tissue.
By varying the parameters’ values in those equations using
mathematical algorithms (for example nonlinear least
squares fit), a parameter combination that best fits the
observed TCC is sought. Pharmacokinetic analysis and
interpretation of dynamic data are complex and computa-
tionally demanding. It is complicated by the availability of a
plethora of analysis algorithms and by the fact that some
calculated parameters may represent different biological
phenomena depending on the model applied. Model derived
pharmacokinetic parameters have the advantage of being
more directly related to physiological events in the tissues
and are potentially independent of the type of scanner,
scanning technique, or individual patient variations. Lon-
gitudinal studies as well as accurate comparison between
results are very well doable.

4.2 Dynamic Susceptibility MRI

In conventional MRI local magnetic heterogeneities arise
on the boundaries between structures that differ in their
magnetic susceptibility leading to signal reduction on T2*

weighted gradient echo sequences (Themen 1997)
(Fig. 18). The same effect occurs when a paramagnetic CA
resides in the intravascular space of a tissue. Thus, this
effect can only be utilized in tissues where specific vas-
cular barriers prevent a fast passage of the CA into the
interstitial space such as brain, retina, and testes. Alter-
natively, the use of intravascular (blood pool) contrast
agents, which leave the vessels at a much slower rate, are
warranted.

In DSC a CA bolus is quickly injected intravenously and
the resulting transient T2* reductions are monitored during
the first passage of the CA through the capillary bed. The
rapid loss of MR signal on T2* weighted images is mea-
sured and then used to calculate the change in concentration
of CA for each individual voxel. The conversion of time-
intensity curves into time-concentration curves is utilized to
calculate estimates of local blood volume and flow. The
transient signal reduction is proportional to local blood
volume and flow (Fig. 19).

4.2.1 Data Acquisition Using DSC MRI
The typical imaging technique for DSC is single or multi-
shot echo-planar imaging (EPI).

Either spin echo or gradient echo sequences can be
employed. Spin echo sequences minimize the signal con-
tribution from large vessels, gradient echo sequences
maximize T2* weighting (Essig et al. 2002).
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4.2.2 DSC Quantification Approaches
The main objectives of DSC MRI are the measurement of:
(a) Regional blood volume (rBV): volume (ml) of blood

perfused vessel in a voxel divided by the tissue mass in
the voxel (g).

(b) Mean transit time (MTT): average transit time of a
tracer particle through the capillary bed.

(c) Regional blood flow (rBF): i.e., perfusion (milliliters per
minute).

Analysis of DSC MRI data works with the assumption
that the contrast agent remains within the vascular space
throughout the examination acting as an intravascular CA
(blood pool). As mentioned earlier this assumption is only
valid for very few tissues and naturally not for tumors.
Therefore, the application of DCS was initially limited to
studies of normal brain although modifications of the
technique have subsequently allowed its use in other tissues.

The standard approach for estimating absolute blood
flow from the obtained data includes four steps:
1. The time-concentration data from an individual voxel

are deconvolved with an arterial input function (AIF),
derived from a major vessel (O’Connor et al 2011).

2. The area under the contrast concentration curve is used
for an analytical calculation to estimate the blood vol-
ume (BV) within the pixel.

3. The mean transit time (MTT) is then estimated using
some form of a standardized relationship between the
surface and the height of the time-concentration curve.

4. Blood flow is calculated using the central volume theo-
rem: rBF = rBV/MTT (ml�min-1�g-1).

Fig. 18 T2*-W images of a tube
filled with a Gd-DTPA solution
within a water phantom. The
signal reduction effect increases
as the echo times are prolonged
(i.e., the stronger the T2*-W).
From Themen (1997). This
material is reproduced with
permission of Springer

Fig. 19 Conversion of a signal time-intensity curve (a) into a time-
concentration curve (b). The signal time-intensity curve (a) depicts the
signal loss during the passage of a CA through a tissue, which is
registered with a T2*-weighted GE-EPI sequence. The relative blood
volume is proportional to area under the time-concentration curve (b).
From Weber et al. (2005). This material is reproduced with permission
of Springer
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Challenges exist, which makes the estimation of absolute
flow complex (O’Connor et al 2011). Quantitative mea-
surements are complicated by the following factors: Con-
trast leakage and subsequent tissue enhancement, contrast
recirculation, bolus dispersion and accurate estimation of
rBV and MTT.

The most prevailing clinical applications of DSC are
stroke (Wang et al. 2012; MacDonald et al. 2011), cere-
brovascular insufficiency (Crane et al. 2012; Calviere et al.
2012) and brain tumors (Aronen et al. 1993, 1994), though
it has been used on occasion to measure muscle perfusion in
animal experiments (Rissanen et al. 2005; Goyault et al.
2012).

4.2.3 DCE and DSC MRI Combination Approaches
Dual-echo DSC MRI can be used to simultaneously extract
reliable DCE-MRI kinetic parameters (related to extrava-
sation) in addition to conventional blood volume and blood
flow metrics. The feasibility of separately measuring T1-
and T2*-weighted induced signal changes using dual-echo
pulse sequences was conducted in studies of brain tumors
(Kuperman et al 1996; Vonken et al. 2000; Barbier et al.
1999). When combined with a precontrast T1 map the dual-
echo DSC MRI technique enables reliable determination
of Ktrans and ve. These parameters showed a high degree
of correlation with the DSC MRI-derived measurements
(Quarles et al. 2012) (Table 1).

4.3 Investigations of the Musculoskeletal
System with DCE-MRI Techniques

4.3.1 Human Studies
Early DCE-MRI studies of the muscle focused on assessing
the potential of the technique for distinguishing between
malignant and benign conditions using semiquantitative
slope values. Though significant differences were found
between benign compared to malignant tissues and the
method exhibited fair sensitivity, a significant overlap per-
sisted between malignant neoplasms and several highly
vascularized benign lesions (Verstraete et al. 1994; Konez
et al 1997; Van der Woude et al. 1998). A variety of
musculoskeletal (MSK) pathological conditions have been
investigated with the previously described semiquantitative
curve shape analysis method (Lavini et al. 2007). Although
the shape maps obtained revealed a significant heteroge-
neity of TIC patterns within the lesions, the method was not
able to differentiate malignant from benign. In patients
suffering from medial tibial pain the sensitivity of DCE-
MRIs to depict periosteal edema was compared to other
MRI sequences such as proton density, T2 weighted and
post-contrast T1 weighted images (Mattila et al. 1999). The

gradually enhancing periostitis was best demonstrated by
DCE-MRI in comparison to the other techniques.

Similar to other functional MRI methods, DCE uses the
hyperemia and exercise paradigms to investigate muscle
perfusion. The majority of perfusion experiments using the
technique were directly performed on patients with PAOD
(discussed in the section below). DCE measurements of the
calf of four healthy young adults performing a plantar
flexion exercise paradigm at different workloads were
compared with blood flow in the popliteal artery by ultra-
sonography. The collected MRI parameters enabled to
visually separate the muscles into an exercising and non-
exercising group. However, the increase in SI measured by
MRI was much smaller compared to the increase in blood
flow values acquired from ultrasonography and the corre-
lation between the two measurements was limited (Nygren
et al. 2000).

A further investigation applied a postarterial occlusion
paradigm leading to reactive hyperemia for assessing the
first pass perfusion in the calf muscle of 20 healthy vol-
unteers. Applying the general Tofts model (Tofts et al.
1999) for quantification, the data was then compared to
corresponding measurements from segmental volume
plethysmography. Results showed highly significant chan-
ges in calf muscle signal dynamics in the hyperemic leg
versus those in the contralateral resting leg, both when
applying semiquantitative and deconvolution (quantitative)
analysis. Furthermore, flow extraction fraction products
within the non-compressed leg were in agreement with
published resting perfusion values (Lutz et al. 2004).

In 2005 a new method was described to quantitatively
measure skeletal muscle first pass blood flow during post-
ischemic reactive hyperemia without the requirement of
deconvolution. This method uses the quick release of an
occlusive thigh cuff to deliver a step-input of CA that was
injected after cuff inflation. The simple input function
required only the optimization of Larsson’s model (Larsson
et al. 1994) to extract Ktrans (or Ki = E�F) and ve. The
authors compared the DCE protocol to blood flow studies
with the same volunteers, using phase-contrast velocimetry
(PCV) obtained from the popliteal artery. The results for the
distribution volume (ve) were in good agreement with val-
ues reported in the literature and correlated significantly
with the blood flow studies with the same volunteers,
though the PCV yielded significantly lower flow values.
DCE blood flow values were significantly different in the
observed muscle groups and correlated well with the known
distribution of different muscle fibers (Thompson et al.
2005).

4.3.2 Animal Studies
Similar to human studies the majority of animal experi-
ments examining muscle microperfusion deal with PAOD.
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Mainly utilizing the well-established arterial ligation model
(Jaspers et al. 2010; Rissanen et al. 2005; Luo et al. 2002;
De Lussanet et al. 2007; Ziv et al. 2004) several experi-
ments have successfully quantified muscle perfusion in
small animals using both DCE-MRI (Luo et al. 2002; De
Lussanet et al. 2007; Ziv et al. 2004; Loerakker et al. 2011;
Faranesh et al. 2006; Cheng 2007) and DSC MRI (Rissanen
et al. 2005; Goyault et al. 2012) administering a variety CAs
[including blood pool agents (Jaspers et al. 2010; Ziv et al.

2004; Faranesh et al. 2006; Cheng 2007) and Superpara-
magnetic Iron Oxide Particles (Rissanen et al. 2005)].

4.3.3 Peripheral Arterial Occlusive Disease
Blood flow to the lower leg muscles were quantified at rest
and after individually adjusted plantar flexion muscular
exercise in five subjects: A female patient with PAOD
(Fontaine IIb) before and after PTA, a male patient with
coronary heart disease without clinical signs of a PAOD, a

Table 1

Symbol Name Definition Units

Ktrans Transfer constant (or coefficient) Volume transfer constant between blood plasma and
EES

min-1

kep Rate constanta Rate constant between EES and blood plasma
(backflux exchange rate)

min-1

ve Volume of extravascular extracellular
space (EES)

Volume of extravascular extracellular space per unit
volume of tissue

None (values either 0 \ ve \ 1
or as %)

a Kep = Ktrans /ve

Table 2

Quantity Definition Unit

Ca Tracer concentration in arterial whole blood mM = 1 mmol/L

Ce Tracer concentration in EES mM

Cp Tracer concentration in arterial blood plasma mM

Ct Tracer concentration in tissue mM

Cv Tracer concentration in venous whole blood mM

CLd Distribution clearance ml min-1

E Initial extraction ratio (fractional reduction in capillary blood concentration
of a CA as it passes through tissue)

None (%)

Hct Hematocrit None

F Perfusion (or flow) of whole blood per unit mass of tissue ml g-1 min-1

P Total permeability of capillary wall cm min-1

PS Permeability surface area product per unit mass of tissue ml min-1 g-1

S Surface area per unit mass of tissue cm2 g-1

Vb Total whole blood volumea ml

Ve Total EES volumea ml

Vp Total blood plasma volumea ml

Vt Total tissue volumea ml

vb Whole blood volume per unit volume of tissuea None (%)

vp Blood plasma volume per unit volume of tissue None (%)

k Tissue blood partition coefficient ml g-1

q Density of tissue g ml-1

a Vb = vbVt; Ve = veVt; Vp = vpVt = (1 - Hct)Vb

C = concentrations (mM)
V = total volumes (ml)
v = fractional volumes (%)
e, a, p, t, v = extravascular extracellular space, arterial blood, plasma, tissue, venous respectively [for example: kep stands for—constant (k)
extravascular extracellular space (e) to plasma (p)]
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healthy volunteer and two professional athletes. The semi-
quantitative analysis showed distinctive exercise induced
changes of the upslope, wash-in, peak and washout of the
SI-curves in the different muscles of the calf in all subjects.
The magnitude of the changes induced also seemed to be
dependent on the individual fitness of the subjects. Notably,
the PAOD patient demonstrated a steeper SI-curve post-
exercise after PTA (Leppek et al. 2004).

A sequence was presented enabling simultaneous
acquisition of the arterial input function and tissue perfusion
images. The technique utilized a saturation recovery GRE
sequence for the estimation of the AIF, interleaved with an
inversion-recovery GRE sequence for the measurement of
tissue perfusion. Though the study did not employ model
based analysis, a normalized perfusion index (PI) was
defined as the slope of the time-intensity curve in muscle
divided by the arterial TIC slope. First pass imaging was
applied to the measurement of the PI in 11 patients with
mild to moderate symptomatic PAOD and 22 normal sub-
jects directly after peak exercise. In the PAOD group the
ankle-brachial index (ABI) failed to correlate with PI.
Neither the ABI nor the PI correlated with the workloads
achieved (PAOD patients approx. 450 J, normal subjects
approx. 1,100 J). Interestingly, peak-exercise measurements
were able to distinguish PAOD patients from normal sub-
jects (Isbell et al. 2007).

New methods were applied to determine the utility and
reproducibility of rest, exercise, and perfusion reserve
(PR = ratio of exercise to rest blood flow) measured by
DCE-MRI. Tissue perfusion and arterial input both at rest
and peak exercise in the calves of PAOD patients with
claudication and age-matched controls were investigated.
Though highly reproducible, rest perfusion parameters were
too variable and too low in the muscle to distinguish
between controls and PAOD patients. This held also true for
the PR which was reproducible but highly variable as well.
The exercise parameters could distinguish between patients
and healthy volunteers (Jiji et al. 2013).

Recently, the ability of DCE to reproducibly asses the
functional peripheral vascular status was tested. In this
study the first pass step-input method was used (Thompson
et al. 2005) extracting the influx constant Ki (Ktrans = E�F�p
(1 - Hct) and Ki is defined as E�F). Besides, the area under
the curve up to 90 s after CA arrival was calculated. Inter-
scan and inter-reader reproducibility were determined as
well. The reproducibility of DCE-MRI to measure micro-
vascular function was poor in patients due to large inter-
scanvariations (Versluis et al. 2011). In a similar study
Gadofosveset, a blood pool CA (Blood pool agents are a CA
group, also referred to as intravascular CA, which in con-
trast to conventional contrast agents leave the intravascular

space at a much slower rate) was used. The pharmacokinetic
parameters vp and k were significantly lower for all muscle
groups in PAOD patients as compared to healthy control
subjects (Versluis et al. 2012) (Table 2).

DCE-MRI has been applied for studying plaque neo-
vascularization in animals and patients with atherosclerosis
(Kerwin et al. 2003; Calcagno et al. 2008). Plaque angio-
genesis is an attractive target to identify asymptomatic yet
high-risk atherosclerotic lesions.

5 Conclusion

Muscle BOLD MRI has proven to be a very sensitive tool to
detect microvascular pathologies in a variety of different
disease settings. Despite its multifactorial origin in skeletal
muscle tissue, the BOLD contrast primarily depends on
perfusion related changes of muscle tissue oxygenation.
However, current muscle BOLD studies often suffer from
the uncertainty of uncontrolled parameters influencing the
T2* signal. ASL allows a direct measurement of micro-
vascular perfusion and—as BOLD MRI—is independent of
the administration of contrast agents but suffers from a bad
signal to noise ratio and the need of additional parameter
measurements or assumptions what may compromise the
resulting datasets. With DCE, microvascular properties,
such as fractional volumes of plasma and blood, vessel
permeability and perfusion can be obtained. If these MR
techniques are to find their way into the clinics, standardi-
zation, further validation, and reproducibility experiments
must precede.
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