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Abstract: Peripheral arterial occlusive disease (PAOD) is a result of atherosclerotic disease which is

currently the leading cause of morbidity and mortality in the western world. Patients with PAOD may

present with intermittent claudication or symptoms related to critical limb ischemia. PAOD is associated

with increased mortality rates. Stenoses and occlusions are usually detected by macrovascular imaging,

including ultrasound and cross-sectional methods. From a pathophysiological view these stenoses and

occlusions are affecting the microperfusion in the functional end-organs, such as the skin and skeletal

muscle. In the clinical arena new imaging technologies enable the evaluation of the microvasculature. Two

technologies currently under investigation for this purpose on the end-organ level in PAOD patients are
contrast-enhanced ultrasound (CEUS) and blood-oxygen-level-dependent (BOLD) MR imaging (MRI). The

following article is providing an overview about these evolving techniques with a specific focus on skeletal

muscle microvasculature imaging in PAOD patients.
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Introduction

Peripheral arterial occlusive disease (PAOD) represents one
of the manifestations of generalized atherosclerotic disease
and is characterized by mostly slowly progressing stenoses
and occlusions of extremity arteries. Prevalence based on
ankle brachial index (ABI) measurements is high, being
3% in 45-50 years old men, and up to 18% in 70-75 years old
men (1). While the presence of PAOD rarely ends with
a critical limb ischemia and loss of tissue as an impeding
consequence, it indicates a 20-60% increased risk for
myocardial infarction; a 2- to 6-fold increased risk of death
due to coronary events and a 4 to 5 times higher risk of a
cerebrovascular events (2).

The gold standard for the diagnosis of PAOD is

© Cardiovascular Diagnosis and Therapy. All rights reserved.

angiography which is hampered by its invasiveness,
nephrotoxic contrast agent load and costs. Therefore blood
pressure measurements at the ankle (ABI) after history
and physical examination is the mainstay of diagnosis
nowadays, an ABI value <0.9 indicating the presence of
PAOD with a sensitivity and specificity of >90%. The
vast majority of PAOD patients are either asymptomatic
or may complain of intermittent claudication. While in
chronical critical ischemia the skin followed by muscle,
bone and nerves is mainly affected, the system that suffers
primarily from exercise related reduced perfusion in
claudicants is the skeletal muscle. These are the functional
end organs of interest in PAOD patients causing the actual
clinical symptoms. It is known that in these patients an
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adaptation of the calf muscle occurs. A change from type
I (fast twitch, glycogenolytic) to type II (slow twitch,
oxydative) and a reduced number of capillaries have been
detected in patients with claudication compared to healthy
volunteers (3). On a cellular level an increased rate
of apoptosis in the calf muscles of these patients was
appreciated (4). These informations could only be gained
by biopsy and histophatology analysis. Efforts have
been undertaken to understand metabolic and perfusion
alterations in the skeletal muscle non-invasively but it
remains an open field for research. In the last years new
methods have been propagated to study the actual end organ
in PAOD, namely the skeletal muscle, using microperfusion
imaging techniques, such as contrast enhanced ultrasound
(CEUS) and blood-oxygen-level-dependent (BOLD) MR
imaging (MRI). In the following article these two methods
and the most important new insights gained herewith are
described in the clinical setting of PAOD.

Technique of CEUS

The contrast agent used to depict macrocirculation but
especially microcirculation and tissue perfusion contains
stabilized microbubbles that are infused intravenously.
These bubbles consist of a core with sulfur hexafluoride gas
surrounded by a phospholipid shell. Unlike contrast agents
for cross sectional imaging, CEUS microbubbles do not
leave the vascular system. Apart from severe pulmonary
hypertension and known allergy against microbubbles there
are no absolute contraindications. These microbubbles
are not nephrotoxic and can therefore given in patients
with renal insufficiency as they are eliminated through the
respiratory tract. The ultrasound equipement for vascular
examinations regarding probes ranges from low frequency
(e.g., 1-5 MHz) to higher frequencies (e.g., 3-9/10 MHz)
depending on the necessity of depth of penetration. In order
not to destroy the microbubbles a low mechanical index
setting CEUS imaging is mandatory (e.g., pulse inversion
harmonic imaging). The contrast agent is generally given as
a bolus of 2.4 mL but can be reduced to 1 mL or increased
to a maximum of 4.8 mL depending on the equipment and
the investigated region (5). Especially for tissue perfusion
quantification the kinetics of the time intensity curve after
bolus injection is analyzed and larger amounts of contrast
agent can be necessary. Parameters derived from the
intensity curves often used are time-to-peak (T'TP), peak
intensity, or wash in- and wash out-time. When working
with a continuos infusion the disruption-replenish analysis
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based on an augmentation of the mechanical index for a
few frames can be applied to enhance the microperfusion
analysis.

CEUS in PAOD

Several groups have applied this technology to study the
skeletal muscle under different physiologic and pathological
conditions, i.e., different populations (healthy volunteers,
patients with PAOD or diabetes mellitus) and with different
provocation manoeuvers. The vast majority of examinations
are performed at the muscles of the calf as they are relatively
easy to depict and are representative for distal limb skeletal
muscle tissue. Skeletal muscle microperfusion on CEUS
in a healthy volunteer and in patient with PAOD including
time-intensity-curves is shown in Figure 1.

Obvious differences in the wash-in-curves at rest
were described between healthy people and patients with
intermittent claudication (6). The TTP was significantly
longer in the patient group. In another study the authors
were able to show that TTP also significantly differed
within the PAOD patients with shorter TTP in those
having good collateral vessel development while ankle/
brachial-index did not reveal this difference (7). In diabetic
patients the transit time (arrival) from a small artery to
a muscle vein in the calf was significantly longer than in
PAOD patients or in healthy volunteers (8). Most authors
have conducted CEUS with a certain provocation maneuver
(similar to the paradigms applied in cross sectional imaging
to provoke signals in muscle BOLD MRI or fMRI of the
brain) in order to simulate or exacerbate the situation of
reduced perfusion in patients with claudication. A further
CEUS imaging investigation in long-standing diabetics
(more than ten years) applying a cuff compression/
decompression paradigma found decreased (though
partially not statistical significant) values in maximum
signal intensity, slope to maximum and area under the
curve in the hyperermia phase in comparison to healthy
volunteers and diabetics with a short course (less than ten
years) (9). In PAOD patients on the other hand differences
after provocation compared to healthy volunteers were
overt. T'TP was shown to be shorter, slope to the maximum
intensity stepper and vascular response after occlusion was
more pronounced, all parameters statistically significant
different in PAOD patients vs. healthy volunteers (10).
Beyond the differentiation between diseased and healthy
microvascular state CEUS-parameters as calculated exercise
blood flow and flow reserve during or after plantar-flexion
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Figure 1 Demonstrates skeletal muscle microperfusion on CEUS in a healthy volunteer (left part of the figure) and a patient with PAOD

(right part of the figure). Time-intensity-curves of a region of interest (green square) within the skeletal muscle (gastrocnemius muscle) after

bolus injection of the ultrasound contrast agent show a steeper slope in of wash-in-curve in combination with a shorter time-to-peak in the

healthy volunteer.

exercise even allowed for predicting severity of disease in
terms of claudication threshold (11). Finally, successful
interventions (bypasses or dilatations) in PAOD patients
could be detected based on quantitative CEUS. TTP
obtained without provocation maneuvers compared before
and after intervention was equivalent to improvement in
ankle/brachial-index or pulse volume recordings and may
therefore serve as an alternative in certain patients (12).

In summary CEUS of the skeletal muscle is able to
differentiate between healthy people and patients with
PAOD and gives a unique insight in the microperfusion of
the end organ responsible for vascular claudication.

BOLD MRI of skeletal muscle to examine PAOD
The BOLD signal in muscle tissue

In recent years, BOLD MRI has made its way from an
extraordinary valuable neuroimaging tool to the functional
assessment of skeletal muscle tissue. BOLD imaging relies on
the principle that deoxygenated hemoglobin is paramagnetic
and thus leads to magnetic field distortions in its vicinity. As a
consequence, via an increase of the oxy- to deoxyhemoglobin
ratio, for example through increased muscle perfusion,
muscle exercise or oxygen inhalation, a decrease of the
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transverse relaxation rate (R2, R2*) and thus an increase of
T2/T2* in muscle tissue occurs. This BOLD effect is even
enhanced in gradient echo sequences (13). As initial studies
in the late 1990s revealed, this effect is a “true” BOLD effect
originating from changes of the intravascular hemoglobin
oxygenation rate and not depending on muscular myoglobin
oxygenation (14). This finding has been corroborated a few
years later by a study showing via arterial signal nulling
that no significant extravascular influence on the muscle
BOLD signal existed, at least when applying the cuff
compression paradigm (15). These findings were in line
with studies showing a good correlation between blood
flow as measured via laser Doppler flowmetry or arterial
spin labeling with BOLD imaging in healthy and diseased
study populations (16-19). Microvascular oxygenation
state could also be positively correlated with BOLD
signal changes (20-22). However, as the oxygenation level
of intravascular hemoglobin is not only dependent from
oxyhemoglobin supply (i.e., perfusion) and deoxygenation
rate of the respective tissue (i.e., metabolic activity) but
also influenced by further factors such as blood volume,
hemoglobin concentration and metabolic variables (i.e.,
pH, lactate, phosphate), one has to consider the origin of
the BOLD signal as multifactorial (23-26). Additionally,
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many studies conducted to reveal the underlying physiology
of muscle BOLD effect are based on different imaging
paradigms, post processing routines or study collectives and
thus difficult to interpret (27).

Irrespective of its exact (patho)physiologic and physical
origins, it is widely accepted that the skeletal muscle BOLD
signal is strongly dependent on microvascular function
of muscle tissue and has consequently been analyzed an
indicator of small vessel disease in the clinical setting (28).

Evaluating BOLD responses of skeletal muscle tissue

BOLD MRI of skeletal muscles can be performed on
standard whole body MR scanners used in the daily
clinical routine. As with regular morphologic MR studies,
certain contraindications exist, such as claustrophobia,
ferromagnetic implants and certain pacemakers. Due to
the different variables influencing BOLD response several
precautions should be taken into considerations. It should
be ensured that the imaged person has rested at least five
minutes prior to the beginning of the examination as physical
exercise has been shown to modulate the BOLD signal (29).
For interpreting BOLD signal changes it is important to
consider that vasoactive drugs can influence T2* (30).
Resting should be performed in a laying position on
the examination couch as the vascular filling status of the
examined extremities should not be changed shortly prior
starting the examination. The extremity is usually placed
within a vascular array coil between foam braces which
are used to reduce motion artifacts. As BOLD imaging
needs high speed acquisition methods, typically echo
planar imaging (EPI) methods are applied. EPI maps are
often generated from several transverse sections of the
respective skeletal muscle to reduce through plane motion
artifacts. For each section, regions of interest are placed
within the desired skeletal muscles using T'1 anatomical
reference images (Figure 2). Multi-echo sequences with
fat suppression can be used to measure at different echo
times and thus reduce inflow artifacts in contrast to
conventional single-echo EPI images. Multi-echo-gradient
echo sequences are used to separate real oxygenation level
dependent T2* signal changes from other influences such as
changes of T'1, baseline drifts and inflow artifacts (13,27,31).
Several different imaging paradigms have been proposed
for the functional evaluation of skeletal muscle tissue using
BOLD MR, including arterial occlusion (also known as the
ischemia/hyperemia paradigm), muscle exercise and oxygen
inhalation. In preclinical studies, arterial occlusion and
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muscle exercise are the most common used variants. The
prevention of blood inflow into the extremity is induced
via supra-systolic inflation of an air cuff wrapped around
the proximal part of the thigh or upper arm. Especially
when studying subjects with vascular diseases such as
PAOD applying supra-systolic pressure, it is important to
ensure that no active clinical signs of critical limb ischemia
are present. During the initial resting period the baseline
BOLD signal is determined. After cuff compression, a
typical fast ischemic signal decline is observed, followed by
a slower decline to the minimum ischemic value or T2* min
(Figure 3). Quickly after cuff deflation, hyperemia leads to
a T2* increase up to the hyperemia peak value or T2* max
after 30-60 seconds. The times to (half) ischemic minimum
[T(H)IM] and/or to hyperemic peak (T'TP) may be used as
further key parameters describing the kinetics of the BOLD
time course. Then peaking T2* normally shows a fast signal
decline to reach the end value, again reflecting essentially
the baseline. Key parameters can be calculated to compare
healthy and diseased individuals or to show intra-individual
signal changes over time.

Muscle exercise paradigms are making use of the
post-contractile blood flow increase in muscle tissue which
shows comparable kinetics to the BOLD signal changes
observed in activated neuronal tissue (32). Beside voluntary
isometric contractions which are most commonly used
in this kind of paradigm also electrical stimulation may
be used in this setting but represents a challenge due to
the necessary metallic materials in the MR environment.
Solicited contractions require a high level of compliance
from the participant and lead to motion artifacts in the
induced time courses. They have however been shown to
represent a reliable paradigm in experimental and preclinical
skeletal muscle BOLD studies (16,33,34). Those studies
showed that even brief contractions lasting only between
one and three seconds are sufficient to elicit significant T2*
signal changes which are peaking about 10 to 15 seconds
after the contraction.

BOLD MRI in PAOD

Arterial stenoses and occlusions in PAOD cause a decrease
in blood flow in the extremities leading to a decreased skin
and muscle perfusion, which are the functional end-organs.
Peripheral arterial macrovascular lesions may be localized
and characterized by invasive catheter-directed angiography
or magnetic resonance angiography (MRA). However the
assessment of the microvasculature at the end-organ level
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Figure 2 Demonstrates the T2* image (panel A) which is fused with a T1 weighted image (panel B) in order to place the ROIs in the

corresponding calf skeletal muscle. The T2* signal is most apparent in the gastrocnemius and soleus muscles.
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Figure 3 Shows the T2* time course in a healthy 26-year-old
male volunteer (upper part of the figure) and a 36-year-old
female PAOD patient (lower part of the figure). The ischemia-
hyperemia paradigm was applied. The T2* time course of the

patient clearly differs in comparison to the healthy volunteer.
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cannot be recorded with purely morphological MRI. BOLD
MRI has made an entrance into the literature as a method
of muscular oxygenation assessment at the microvascular
level (14,35). The technique was studied in different
patient populations including PAOD, systemic sclerosis,
compartment syndrome. Ledermann et #/. compared
calf musculature BOLD response during post-ischemic
reactive hyperemia in healthy controls and in patients
with PAOD, and concluded that there were significant
differences in maximal T2* change (AT2*,,,, P<0.001) and
TTP (P<0.001) between the groups (36). Subsequently,
Potthast et al. actually studied the calf musculature BOLD
response both in healthy controls and in patients with
PAOD during induced ischemia, finding a significantly
reduced decrease in signal in the PAOD group during the
ischemia phase compared to an age-matched control group
(P<0.05) (37). Both of these studies demonstrate the value
of muscle BOLD MRI of the skeletal muscle in assessment
of microvascular function in patients with PAOD. The
disease is not only affecting the macrovasculature, but it
also impairs microvasculature on the end-organ level. A
representative example of the T2* time course in a healthy
volunteer and a PAOD patient is shown in Figure 3. Muscle
BOLD MRI might also be of benefit in evaluating post-
intervention treatment response in PAOD patients. Huegli
et al. conducted a study evaluating calf musculature BOLD
signal change prior to and after percutaneous transluminal
angioplasty (PTA) of the superficial femoral artery in
patients with symptomatic stenoses (38). It was concluded
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that there was an increase in AT2*,,. (P<0.51) and there
were decreases in TTP (P<0.11) and T2* end value (P<0.69)
following successful PTA using induced reactive hyperemia.
These changes are basically directed towards the normal
muscle BOLD response in healthy volunteers, indicating
the potential usefulness of the technique in evaluation of
treatment approaches at the microcirculatory end organ
level. All of these studies have demonstrated promising
initial results regarding the use of BOLD MRI in studying
the microvascular integrity of the skeletal muscle in PAOD
patients.

Reproducibility of results is an important aspect of
novel MR techniques when considering applicability in
the clinical setting. A study by Versluis ez 4/. addressed the
concerns regarding reproducibility by examining patients
with PAOD and compared PAOD patients vs. healthy
volunteers with calf musculature BOLD MRI (39). Two
independent MRI readers analyzed the imaging and the
calculated quantitative BOLD data (T2%,,,, and TTP). The
reproducibility was found to be poor with a coefficient of
variation up to 50.9%. Therefore, additional research needs
to be undertaken in order to optimize and standardize this
technique for evaluating the skeletal microvasculature in
PAOD patients.

Comparison of BOLD and dynamic contrast
enhanced MRI (DCE-MRI)

Different techniques exist with regard to skeletal muscle
MR microperfusion imaging. In the previous section
the BOLD technique was discussed. BOLD MRI is a
completely non-invasive technique, even not requiring
the administration of contrast agents. DCE-MRI provides
information about the skeletal muscle microcirculation
by tracking a contrast agent when passing through the
muscle tissue and generating based on these data a time-
intensity curve. The contrast agent is gadolinium based and
injected intravenously. Based on the enhancement pattern
reflected in the time-intensity curve information about
blood volume, vascular permeability and perfusion can be
drawn. This differs from the BOLD technique which is
primarily supposed to reflect perfusion induced changes
of oxygenation on the muscle tissue level (19,21). Both
techniques, BOLD and DCE-MRI have in common that
their signal is influenced by a variety of factors. BOLD
and DCE-MRI have been applied with promising results
in PAOD patients (40). Generally speaking, the ischemia-
hyperemia paradigm revealed to play a major role in
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BOLD MRI whereas different exercise protocols have been
established for the use of DCE-MRI (41).

Summary

CEUS imaging and BOLD MRI offer new insights in
skeletal muscle microperfusion in PAOD patients. The
skeletal muscle is a functional end-organs contributing
to the claudication symptoms experienced by PAOD
patients. Both, CEUS and BOLD MRI enable quantitative
assessment of the skeletal muscle microvasculature. The
success of treatment approaches on the end-organ level
can be demonstrated using these evolving techniques. The
treatment approaches which can be assessed with CEUS
or muscle BOLD MRI may also include induction of
neovascularization after gene therapies or effects of new
vasoactive drugs. Further studies on the microperfusion in
larger PAOD patient populations using quantitative CEUS
and BOLD imaging are warranted.
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